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Triple-negative breast cancer represents about 15% of all cases of breast cancer, and

still represents a therapeutic challenge. 3
′
-Azido-3

′
-deoxythymidine (AZT) is a nucleoside

reverse transcriptase inhibitor with antitumor activity. Chalcogenides compounds, such

as selenium, are very important intermediates applied in organic synthesis. Our objective

was to investigate the effect and the underlying cell death mechanisms of AZT and its

derivatives, in human breast cancer cell lines. The inhibitory effect of AZT and derivatives

(1072, 1073, and 1079) was determined by MTT assay (0.1, 1, 10, 50, and 100µM for

concentrations and times 4, 24, 48, and 72 h) and Live/Dead in tumor cell lines MCF-7,

MDA-MB 231 and also in non-tumor cell line CHO. Gene expression profiles related to

apoptosis were investigated by qRT-PCR and induction of apoptosis was investigated

by flow cytometry. MTT and Live/Dead assays showed that AZT derivatives decreased

the rate of cell proliferation at concentrations of 50 and 100µM in tumor cell lines MCF-7

and MDA-MB 231 while the commercial AZT presented a low antitumoral potential in

all strains tested. In flow cytometry analysis we demonstrated that derivatives of AZT

induced apoptosis, with an increase in both initial and late stages in both tumor cell

lines evaluated, especially in MDA-MB 231. Our data show that the AZT derivative 1072

increased the expression of transcripts of the genes caspase 3 and 8 in MDA-MB 231 cell

line when compared to control, suggesting that the extrinsic pathway of apoptosis was

activated. In conclusion, derivatives of AZT, especially 1072, induce cytotoxicity in vitro

in the triple negative breast cancer cell line through activation of the extrinsic pathway

of apoptosis. These compounds containing selenium in its formulation are potential

therapeutic agents for breast cancer.
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INTRODUCTION

Breast cancer is the most frequently diagnosed cancer and the
main cause of cancer-related death among females worldwide,
with an estimative of more than one million cases per
year (1). A set of molecular alterations complex is involved
in tumorigenesis and tumor evolution, such changes may
confer to tumor cells greater proliferative potential, evasion
of apoptosis, sustained vascularization, and ability to tissue
invasion and metastasis (2). Triple-negative breast cancer is
characterized by the lack of expression of estrogen receptors
(ER), progesterone receptors (PgR), and the HER-2 gene (3).
This type of tumor comprises about 15% of all cases of
breast cancer and still represents a therapeutic challenge, due
to its poor prognosis and no standard treatment available to
date (4).

Several nucleoside analogs have showed important anti-

viral and anti-tumoral activities (5). 3
′
-Azido-3

′
-deoxythymidine

(AZT) is a nucleoside analog used in the treatment of
acquired immunodeficiency syndrome (AIDS) due to its
antiretroviral activity, however it was firstly developed as an
anti-cancer agent (6). Anti-neoplasic potential of AZT has been
shown for several tumor cell lines, including those derived
from colon (7), breast (8), bladder (9, 10), and esophageal
(11) cancers.

AZT effects in the inhibition of cancer cell growth likely
involve several biological mechanisms. AZT incorporates into
DNA during replication and blocks chain elongation. It has
also been described as a telomerase inhibitor (12) and a
substrate of thymidine kinase (TK), an enzyme responsible
for thymidine phosphorylation [9]. The potential of AZT
as an antiproliferative agent is highlighted by the increased
thymidine synthesis in tumor cells and mitochondrial toxicity
associated with prolonged exposition to this drug (13). However,
due to several drawbacks of AZT therapy, such as bone
marrow toxicity, myopathy, low blood brain barrier uptake
and short half-life in plasma, efforts have been directed to
the development and characterization of new AZT-derivated
compounds (14, 15).

Chalcogenides compounds, such as selenium (Se) and
tellurium (Te), are very important intermediates and
reagents used in organic synthesis. These compounds have
been associated with improvement of antioxidant and
antitumoral effects of several molecules (16, 17). Selenium
is an essential element involved in many cellular function
including antioxidant pathways, and its effects on cell
proliferation has been investigated (18). Sufficient intakes
of this trace element have been associated with prevention
of many types of cancer, mainly prostate and colorectal.
Chemical derivatives of Se have been developed and their
potential in cancer chemotherapy have been demonstrated
(17, 19).

Therefore, the aim of our study was to
investigate the cytotoxic effect of AZT and seleno-
AZT derivatives on human breast cancer cell lines
and characterize the underlying cell death-related
mechanisms.

MATERIALS AND METHODS

Chemical
The seleno-AZT derivatives were synthesized in the Department
of Chemistry, University of Santa Maria as previously reported
(17). Briefly, in a flask under argon atmosphere diaryl
dichalcogenide (0.6 mmol) solubilized in THF (3mL) and
ethanol (2mL), was treated with NaBH4 (1.0 Equation) and
the reaction was stirred until a colorless appearance. Further,
the zidovudine-mesylate 1 (1 mmol) dissolved in THF (3mL)
was added dropwise to the reaction flask and stirred at
room temperature for 6 h, affording the respective seleno-AZT
derivatives S1072, S1073, and S1079 (Figure 1).

Cell Culture
MCF-7 (moderately invasive) and MDA-MB 231 (highly
metastatic), human mammary adenocarcinoma cell lines, and
CHO, a non-tumor cell line derived from the ovary of the
Chinese hamster, were obtained from the Rio de Janeiro Cell
Bank (PABCAM, Federal University of Rio de Janeiro, RJ, Brazil).
MCF-7, MDA-MB 231, and CHO cell cultures were maintained
in RPMI1640, supplemented with 20% of fetal bovine serum
(FBS), Leibovitz’s supplemented with 10% FBS and Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS,
purchased from Vitrocell Embriolife (Campinas, Brazil) and
Gibco (New York, USA), respectively. Cells were grown at 37◦C
in an atmosphere of 95% humidified air and 5% CO2. The
experiments were performed in cells at logarithmic phase of
growth.

Determination of Cytotoxicity
The viability of CHO, MCF-7, and MDA-MB 231 cells was
determined by measuring the reduction of soluble MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to
water insoluble formazan. The cells were seeded on 96-well
plates at a density of 1 × 104 cells per well and grown at
37◦C in a 5% CO2 atmosphere. Following 24 h, cells were
incubated with medium containing derivatives 1072, 1073, 1079,
and commercial AZT (SigmaAldrich—Missouri, USA) at various
concentrations (0.1, 1, 10, 50, and 100µM) for 4, 24, 48, and
72 h at 37◦C. After these periods cells were washed twice with
phosphate-buffered saline (PBS; Gibco, New York, USA); 5
mg/mL of MTT solution was added to each well and cells
were incubated for 3 h at 37◦C in 5% CO2. The medium was
removed and then 200 µL of DMSO was added to each well, for
solubilization of formazan crystals using a shaker for 20min at
100 × g. The absorbance of each well was read on a microplate
reader at a wavelength of 492 nm. The inhibition (%) of cell
proliferation was determined as follows: growth inhibition rate
(%) = [1 – (Abs492 treated cells/Abs492 control cells)] × 100.
Results were expressed as media ± SD of three independent
experiments performed in triplicate.

Assessment of Cell Viability by Live/Dead
Assay
The LIVE/DEAD cell viability assay (Invitrogen R©, Carlsbad,
USA) was conducted following the manufacturer’s instructions.
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FIGURE 1 | Synthesis of seleno-AZT derivatives.

Cells were cultured and incubated with the AZT derivatives as
described above. Live cells were analyzed by green fluorescent
light emission (488 nm), resulted from calcein uptake. Permeable
membrane of dead cells allows diffusion of ethidium bromide
homodimer and its binding to DNA, which was detected by
the red fluorescent signal (546 nm). The results were analyzed
in a Olympus IX71 fluorescence microscope (Olympus Optical
Co., Tokyo, Japan) by multicolor imaging using a digital camera
(Olympus, Tokyo, Japan). The recorded images were analyzed
using Cell∧F software (Cell∧F, Olympus, Tokyo, Japan). The
data were expressed as the mean ± SEM of percentage of
dead cell, based 3 different fields of view, with 100 cells
per field.

Measurement of Apoptosis by Annexin V
Staining
CHO, MCF-7, and MDA-MB 231 cells were seeded on 6-well
plates at a density of 1 × 105 cells per well. Twenty-four hours
later, cells were exposed to 50 or 100µM of AZT, 1072, 1073, or
1079. After 48 h of incubation, cells were trypsinized, centrifuged
and washed in phosphate-buffered saline. The viable cell number
in each well was counted using the Guava Via Count Assay
(Merck, Darmstadt, Germany). Apoptosis was assessed using
the Guava Nexin kit and the Guava TUNEL assay (Merck,
Darmstadt, Germany).

Analysis of Gene Expression by
Quantitative Real-Time PCR
To evaluate the expression profile of apoptotic genes, total
RNA was extracted and cDNA was synthesized as previously
described (20). Cells were seeded on 6-well plates at a density
of 1 × 105 cells per well and grown at 37◦C in a 5% CO2

TABLE 1 | Primer sequences used in this study.

Primers Sequence 5′
→ 3

′

p53 For AGCGAGCACTGCCCAACA

p53 Rev CACGCCCACGGATCTGAA

Bcl-2 For GTGTGGAGAGCGTCAACC

Bcl-2 Rev CTTCAGAGACAGCCAGGAG

Bax For ATGCGTCCACCAAGAAGC

Bax Rev ACGGCGGCAATCATCCTC

Casp3 For CAGTGGAGGCCGACTTCTTG

Casp3 Rev TGGCACAAAGCGACTGGAT

Casp8 For GGATGGCCACTGTGAATAACTG

Casp8 Rev TCGAGGACATCGCTCTCTCA

Casp9 For CCAGAGATTCGCAAACCAGAGG

Casp9 Rev GAGCACCGACATCACCAAATCC

GAPDH For GGATTTGGTCGTATTGGG

GAPDH Rev TCGCTCCTGGAAGATGG

atmosphere. Cells were then incubated for 48 h with 50 or
100µM of AZT, 1072, 1073, or 1079. After the incubation
period, RNA extraction was performed using TRIzol R© Reagent
(Invitrogen R©, Carlsbad, USA) followed by treatment with
DNAse using a DNA-free kit (Ambion R©, Carlsbad, USA). The
cDNA synthesis was performed with an input of 2 µg of
RNA using High Capacity cDNA Reverse Transcription kit
(Applied Biosystems R©, Carlsbad, USA). All steps described
were performed according to the manufacturer’s protocol.
Real-Time PCR reactions were performed on a Stratagene R©

Mx3005P R© Real-Time PCR System (Agilent Technologies,
California, USA) using SYBR R© Green PCRMaster Mix (Applied
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FIGURE 2 | Effect of AZT and derivatives in cell proliferation. The cell lines (A) MCF-7 and (B) MDA-MB 231 were treated with AZT and derivatives (1072, 1073, and

1079) at concentrations of 50 and 100µM in times of 24, 48, and 72 h. Cytotoxicity was assessed by MTT assay. Data are expressed as mean ± SEM from three

independent experiments, performed in triplicate. Different letters above the horizontal lines indicate that there are signifcant differences among treatments at a P <

0.05.

FIGURE 3 | Morphological analyzes after treatment with AZT or derivatives. The tumor cell line MDA-MB 231 was incubated without treatment (control) or with 50µM

of AZT or derivatives (1072, 1073, and 1079) during 48 h. Cells treated with AZT derivatives showed morphology similar to apoptotic cells, with cell shrinkage and lose

of cell-cell contact.

Biosystems
TM

, Massachusetts, USA) and primers described in
Table 1. Validation experiments were previously conducted to
ensure that efficiencies of all primer pairs were equivalent.

Amplification was carried out using the following cycling
conditions: 95◦C for 2min, 40 cycles of at 95◦C for 15 s, and 60◦C
for 60 s. The melting curves were analyzed after amplification
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FIGURE 4 | LIVE/DEAD cell viability assay. Representative figures of MDA-MB 231 incubated without treatment (control) or with 50µM of AZT or derivatives (1072,

1073, and 1079) after 48 h (A). Live cells are shown in green and dead cells are shown in red. The graphic shows the mean ± SEM of three different areas of the plate

of MCF-7 (B) and MDA-MB 231 (C) cells. Different letters above the horizontal lines indicate that there are significant differences among treatments at a P < 0.05.

cycles at a linear temperature transition rate of 0.1◦C/s from 55
to 95◦C. Variations on gene expression were calculated using the
2−11Ct method (21).

Data Analysis
Data sets from MTT assay were analyzed using factorial
ANOVA followed by a Tukey test for multiple comparisons.
Three factors were considered: compound used (four levels),
treatment time (four levels), concentrations (two levels). Data
sets from Live/Dead, Annexin V, and real-time PCR were
analyzed using a two-way ANOVA followed by a Tukey test for
multiple comparisons. Two factors were considered: compound
used (four levels), concentrations (two levels). Significance was
considered at P < 0.05 in all analyses. All data were expressed as
mean± SEM.

RESULTS

Determination of Cytotoxicity
The results from MTT assay (Figure 2) showed that incubation
with AZT by 4, 24, 48, or 72 h did not induce cytotoxicity
on CHO, MCF-7, and MDA-MB 231 cells. However, the

derivatives 1072, 1073, and 1079 showed a selective decrease
in cell proliferation, showing superior results in tumor cell line
MDA-MB 231, with inhibition rates of 90% in concentrations
of 50 and 100µM in 48 and 72 h (Figure 2B). The tumor
cell line MCF-7 showed intermediate results, with inhibition
rate of 35% (Figure 2A). The control cell line (CHO) had
lower rates of growth inhibition in the same concentrations
and times in relation to tumor cell lines. The concentrations
of 0.1, 1, and 10µM showed no significant inhibition
rates (data not shown). All compounds tested showed a
decrease in cellular viability in vitro in a time-dose-dependent
manner.

AZT Derivatives Alter Morphology of
MDA-MB 231 Cells
After treatment with the compounds 1072, 1073, and 1079
in a concentration of 50µM during 48 h, MDA-MB 231 cell
line showed apoptotic morphology, characterized by loss of
attachment to other cells and extracellular matrix as well as
rounding up. Cells incubated with AZT showed morphology
similar to the non-treated control (Figure 3).
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FIGURE 5 | Induction of apoptosis by AZT and derivatives. MCF-7 and MDA-MB 231 cells treated with AZT and derivatives were examined for apoptosis by 7-AAD

and Annexin V-PE staining. The graph shows the percentage of cells in early apoptosis (marked only with Annexin V-PE) and late apoptosis or dead (marked with

V-PE e 7-AAD). Significant differences were considered at P < 0.05. Different capital letters indicate significant differences between stages of apoptosis. Different

lowercase indicate significant differences between different treatments.

AZT Derivatives Reduce Cell Viability
LIVE/DEAD, a two-color fluorescence assay, was conducted to
evaluate cell viability after treatment with AZT derivatives. An
increase in cell death (red fluorescence) after treatment with
AZT derivatives was observed in line cell MDA-MB 231 when
compared to control group (Figure 4). The reduction in cell
number can be clearly observed in the tumor cell line MDA-MB
231, with a cell death rate of 35% (Figure 4C), while <15% was
observed for MCF-7 cells (Figure 4B). There was a significant
difference between the concentrations of 50 and 100µM in
compound derivatives (P < 0.05). DMSO vehicle had 5% of cell
death, the same rate found for the control group (P > 0.05).

Apoptosis Analysis
In order to analyze the induction of apoptosis by AZT, 1072, 1073,
and 1079 in CHO,MCF-7 andMDA-MB 231 cells, we performed
flow cytometry with annexin V-PE/7-AAD staining (Figure 5).
Concentrations of 50 and 100µM promoted significant different
rates of late apoptosis in MCF-7 cell line (P < 0.05). The
derivatives 1072, 1073, and 1079 induced rates of late apoptosis
statistically different (P < 0.05) from control group in MDA-MB
231 cell line (Figure 6B). We also observed differences between

the concentrations of 50 and 100µM (P < 0.05). Compound
1072 at a concentration of 50µM had a satisfactory response in
the induction of apoptosis compared with the concentration of
100µM. Treatment with AZT showed no difference compared to
the control and DMSO (P > 0.05) vehicle.

Analysis of Gene Expression
The expression levels of pro and anti-apoptotic genes (Bax, Bcl-2,
caspase3, caspase 8, caspase 9, and p53) in MCF-7 and MDA-
MB 231 cells were evaluated by qRT-PCR (Figure 6). Figure 6A
shows the levels of expression in MCF-7 line. Figure 6B shows
the levels of expression in MDA-MB 231 cell line, in which we
observed significant difference compared to control for caspase 3
and 8 genes after treatment with derivative 1072 (P < 0.05). No
difference (P > 0.05) was observed for the other genes evaluated
(Bax, Bcl-2, p53, and caspase 9).

DISCUSSION

Several studies have demonstrated that AZT has antitumor
activity and interesting biological properties (22–26).
Chalcogenides compounds, such as selenium, were identified as
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FIGURE 6 | Gene expression profile. (A) MCF-7 and (B) MDA-MB 231 lines were treated with AZT and derivatives (in 1072, 1073, and 1079) at concentrations of 50

and 100µM during 48 h. RNA and cDNA was extracted was synthesized. Relative expression data demonstrated a significant increase of caspase 3 and caspase 8

expression levels, in MDA-MB 231 cell line treated with the compound in 1072. Different letters above the horizontal lines indicate significant differences among

compounds. For caspase 8 different letters indicate significant differences among the bars. Significant differences were considered at P < 0.05.

Frontiers in Oncology | www.frontiersin.org 7 November 2018 | Volume 8 | Article 525

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Wagner et al. Seleno-AZT Activity in Breast-Cancer Cells

chemopreventive agents that induce apoptosis in experimental
models in vitro (18). Selenium compounds have shown anti-
cancer effects especially based on production of reactive
species of oxygen (ROS) and chromatin modification (27).
Induction of apoptosis mediated by the combination of AZT
with elements chalcogenides is considered a promising strategy
for chemopreventive agents (9, 10). In this context, the present
study demonstrated the effect of AZT and derivatives in breast
tumor cell lines.

The breast tumor cell lines MCF-7 and MDA-MB 231 exhibit
important differences regarding the presence of receptors for
estrogen and progesterone, as well as for the human epidermal
growth factor receptor 2 (HER2) (28). Furthermore, these tumor
cell lines differ in the degree of malignancy (28–30). It is known
that tumors that are positive for hormone receptors have a better
prognosis (30), while triple negative tumors are more aggressive,
resulting in lower treatment options (31–33). The MCF-7 line is
positive for estrogen and progesterone receptors and negative for
HER2 protein, whileMDA-MB 231 line is triple negative for these
receptors (28).

The MTT assay was conducted to detect cytotoxic effects
of AZT and its derivatives (1072, 1073, and 1079) on MCF-
7 and MDA-MB 231 cell lines. AZT showed a low rate of
growth inhibition in all strains tested, indicating its decreased
efficacy at the concentrations evaluated. Similarly, low levels
of inhibition were observed in the CHO cell line for all
compounds tested. However, derivatives of AZT were able to
significantly increase the rate of growth inhibition in tumor
cell lines, with the most important results in MDA-MB 231,
an invasive cell line. These findings suggest a selective action
of the AZT compounds on tumor cell lines, which may be
supported by the differential expression of receptors in these
cells, involving multiple intracellular signaling pathways (34,
35). Selenium-based molecules have shown efficacy and high
selectivity as chemotherapeutic compounds (27). The higher
rates of growth inhibition in the more aggressive line MDA-
MB 231, highlight the selective potential of the compounds
tested in this study. The Live/dead assay confirmed the
results obtained by MTT. Cells treated with AZT showed
a low percentage of viability, similar to what was found
in control and drug vehicle groups. These data show the
importance of the modifications in AZT derivative compounds
in order to obtain a significant antiproliferative effect (14,
22).

Therapeutic targets involve intracellular signaling networks,
leading to changes in gene expression, cell energetics, immune
modulation, arrest of the cell cycle, and/or apoptosis (2).
Apoptosis is the process of programmed cell death, one of the
targets of antitumor therapies (36). Through Annexin-V/7-AAD
analysis, we demonstrated that the derivatives of AZT induced
apoptosis. An increase in both early and late stages of apoptosis
was observed in tumor cell lines MCF-7 and MDA-MB 231,
with the more significant apoptosis rates in the line MDA-
MB 231. Annexin V binds to cells that present externalized
phosphatidylserine, an indicative that cells are entering in
apoptosis (37).

One family of proteases, the caspases, has long been
considered the main performer of all programmed cell death
(38). When recruited by the extrinsic pathway, which is initiated
by activation of cell surface death receptors, the caspase 8
activates caspase 3 (36). The activation of caspase 3 promotes
the degradation of cellular proteins and chromosomal DNA,
leading to loss of cell integrity (39). Our data show that the
derivative 1072 of AZT increased the expression of transcripts
of the genes caspase 3 and 8 in the line MDA-MB 231 compared
to control, suggesting that the extrinsic pathway of apoptosis was
activated after treatment with this compound. These results are
in accordance with other studies that analyzed the antitumor
action of compounds containing selenium in its formulation
(19, 40, 41).

The antiproliferative effects were better observed
at longer times of exposition (48–72 h), suggesting a
mechanism of action mediated by a slow gene expression
regulation. Although the more promising results have
been obtained with the highest concentrations of AZT
derivatives (50–100µM), no cytotoxic effect was observed
in non-tumor cells at these doses. Our study showed
a cytotoxic and selective effect of AZT derivatives in
different breast tumor cell lines, indicating their potential
as chemotherapeutic agents. Moreover, the efficacy of these
compounds in MDA-MB-231 cell line highlights their ability
to overcome limitations in treatment of triple negative breast
cancer.

In conclusion, our results indicate that derivatives of AZT
promote cytotoxicity in vitro in the line of triple negative breast
cancer, probably through activation of the extrinsic pathway of
apoptosis as demonstrated for 1072 derivative. These compounds
containing selenium in its formulation are potential therapeutic
agents for breast cancer.

AUTHOR CONTRIBUTIONS

MW, IO, DS, OR, TC, and FS conceived and designed the
experiments. MW, ES, PdL, and HT performed the experiments.
MW, VC, TC, and FS analyzed the data. MW, ES, TO, TC,
and FS wrote the paper. MW, ES, TO, PdL, HT, VC, IO,
DS, OR, TC, and FS final approval of the version to be
submitted.

FUNDING

This study was supported by CAPES, CNPq, and FAPERGS
Brazilian funding agencies.

ACKNOWLEDGMENTS

This work was supported by the Brazilian funding
agencies: Coordenação de Aperfeiçoamento de Pessoal
de Nível Superior (CAPES), Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), and
Fundação de Amparo à Pesquisa do Rio Grande do Sul
(FAPERGS).

Frontiers in Oncology | www.frontiersin.org 8 November 2018 | Volume 8 | Article 525

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Wagner et al. Seleno-AZT Activity in Breast-Cancer Cells

REFERENCES

1. Torre LA, Islami F, Siegel RL, Ward EM, Jemal A. Global cancer in women:

burden and trends. Cancer Epidemiol Biomarkers Prev. (2017) 26:444–57.

doi: 10.1158/1055-9965.EPI-16-0858

2. Fouad YA, Aanei C. Revisiting the hallmarks of cancer. Am J Cancer Res.

(2017) 7:1016–36. doi:10.1016/j.jmwh.2009.11.004

3. Lee A, Djamgoz MBA. Triple negative breast cancer: emerging therapeutic

modalities and novel combination therapies. Cancer Treat Rev. (2018)

62:110–22. doi: 10.1016/j.ctrv.2017.11.003

4. Bramati A, Girelli S, Torri V, Farina G, Galfrascoli E, Piva S, et al. Efficacy of

biological agents in metastatic triple-negative breast cancer. Cancer Treat Rev.

(2014) 40:605–13. doi: 10.1016/j.ctrv.2014.01.003

5. Shelton J, Lu X, Hollenbaugh JA, Cho JH, Amblard F, Schinazi RF.

Metabolism, biochemical actions, and chemical synthesis of anticancer

nucleosides, nucleotides, and base analogs. Chem Rev. (2016) 116:14379–455.

doi: 10.1021/acs.chemrev.6b00209

6. Horwitz JP, Chua J, Noel M. Nucleosides. V. The monomesylates of

l-(2’-Deoxy-β-D-lyxofuranosyl)thymine. J Org Chem. (1964) 29:2076–8.

doi: 10.1021/jo01030a546

7. Fang X, Hu T, Yin H, Yang J, Tang W, Hu S, et al. Differences in telomerase

activity and the effects of AZT in aneuploid and euploid cells in colon cancer.

Int J Oncol. (2017) 51:525–32. doi: 10.3892/ijo.2017.4043

8. Armando RG, Gomez DM, Gomez DE. AZT exerts its antitumoral

effect by telomeric and non-telomeric effects in a mammary

adenocarcinoma model. Oncol Rep. (2016) 36:2731–6. doi: 10.3892/or.2016.

5094

9. Da Rosa RM, Piccoli BC, Da Silva FDA, Dornelles L, Rocha JBT, Sonego MS,

et al. Synthesis, antioxidant and antitumoral activities of 5
′
-arylchalcogeno-

3-aminothymidine (ACAT) derivatives. Medchemcomm (2017) 8:408–14.

doi: 10.1039/C6MD00640J

10. Munchen TS, SonegoMS, de Souza D, Dornelles L, Seixas FK, Collares T, et al.

New 3’-Triazolyl-5’-aryl-chalcogenothymidine: synthesis and anti-oxidant

and antiproliferative bladder carcinoma (5637) activity. ChemistrySelect

(2018) 3:3479–86. doi: 10.1002/slct.201800156

11. Wang H, Zhou J, He Q, Dong Y, Liu Y. Azidothymidine inhibits cell

growth and telomerase activity and induces DNA damage in human

esophageal cancer.Mol Med Rep. (2017) 15:4055–60. doi: 10.3892/mmr.2017.

6549

12. Gomez DE, Armando RG, Alonso DF. AZT as a telomerase inhibitor. Front

Oncol. (2012) 2:113. doi: 10.3389/fonc.2012.00113

13. Priego EM, Karlsson A, Gago F, Camarasa MJ, Balzarini J, Pérez-Pérez

MJ. Recent advances in Thymidine Kinase 2 (TK2) inhibitors and new

perspectives for potential applications. Curr Pharm Des. (2012) 18:2981–94.

doi: 10.2174/138161212800672787

14. Turk G, Moroni G, Pampuro S, Brión MC, Salomón H. Antiretroviral

activity and cytotoxicity of novel zidovudine (AZT) derivatives and the

relation to their chemical structure. Int J Antimicrob Agents (2002) 20:282–8.

doi: 10.1016/S0924-8579(02)00191-7

15. Wu D, Ji S, Wu Y, Ju Y, Zhao Y. Design, synthesis, and antitumor activity

of bile acid-polyamine-nucleoside conjugates. Bioorg Med Chem Lett. (2007)

17:2983–6. doi: 10.1016/j.bmcl.2007.03.067

16. Tabarelli G, Dornelles L, Iglesias BA, Gonçalves DF, Terra Stefanello

S, Soares FAA, et al. Synthesis and antitumoral lung carcinoma A549

and antioxidant activity assays of new chiral β-Aryl-chalcogenium azide

compounds. ChemistrySelect (2017) 2:8423–30. doi: 10.1002/slct.201

701107

17. De Souza D, Mariano DOC, Nedel F, Schultze E, Campos VF, Seixas F,

et al. New organochalcogen multitarget drug: Synthesis and antioxidant

and antitumoral activities of chalcogenozidovudine derivatives. J Med Chem.

(2015) 58:3329–39. doi: 10.1021/jm5015296

18. Suzuki M, Endo M, Shinohara F, Echigo S, Rikiishi H. Differential

apoptotic response of human cancer cells to organoselenium compounds.

Cancer Chemother Pharmacol. (2010) 66:475–84. doi: 10.1007/s00280-009-

1183-6

19. Nedel F, Campos VF, Alves D, McBride AJ, Dellagostin OA, Collares T, et al.

Substituted diaryl diselenides: cytotoxic and apoptotic effect in human colon

adenocarcinoma cells. Life Sci. (2012) 91:345–52. doi: 10.1016/j.lfs.2012.07.023

20. Begnini KR, Rizzi C, Campos VF, Borsuk S, Schultze E, Yurgel VC,

et al. Auxotrophic recombinant Mycobacterium bovis BCG overexpressing

Ag85B enhances cytotoxicity on superficial bladder cancer cells in vitro.

Appl Microbiol Biotechnol. (2013) 97:1543–52. doi: 10.1007/s00253-012-

4416-2

21. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-

time quantitative PCR and the 2-11CT method. Methods (2001) 25:402–8.

doi: 10.1006/meth.2001.1262

22. Celewicz L, Józwiak A, Ruszkowski P, Laskowska H, Olejnik A, et al.

Synthesis and anticancer activity of 5’-chloromethylphosphonates of 3’-

azido-3’-deoxythymidine (AZT). Bioorg Med Chem. (2011) 19:6375–82.

doi: 10.1016/j.bmc.2011.08.069

23. Modica-Napolitano JS, Nalbandian R, Kidd ME, Nalbandian A, Nguyen CC.

The selective in vitro cytotoxicity of carcinoma cells by AZT is enhanced by

concurrent treatment with delocalized lipophilic cations. Cancer Lett. (2003)

198:59–68. doi: 10.1016/S0304-3835(03)00274-X

24. Pereira J, Levy D, Ruiz JLM, Brocardo GA, Ferreira KA, Costa RO,

et al. Azidothymidine is effective against human multiple myeloma: a new

use for an old drug? Anticancer Agents Med Chem. (2013) 13:186–92.

doi: 10.2174/187152013804487416

25. Humer J, Ferko B, Waltenberger A, Rapberger R, Pehamberger H,

Muster T. Azidothymidine inhibits melanoma cell growth in vitro and

in vivo. Melanoma Res. (2008) 18:314–21. doi: 10.1097/CMR.0b013e32830

aaaa6

26. Fang JL, Beland FA. Long-term exposure to zidovudine delays cell

cycle progression, induces apoptosis, and decreases telomerase activity in

human hepatocytes. Toxicol Sci. (2009) 111:120–30. doi: 10.1093/toxsci/

kfp136

27. Fernandes AP, Gandin V. Selenium compounds as therapeutic agents

in cancer. Biochim Biophys Acta Gen Sub. (2015) 1850:1642–60.

doi: 10.1016/j.bbagen.2014.10.008

28. Holliday DL, Speirs V. Choosing the right cell line for breast

cancer research. Breast Cancer Res. (2011) 13:215. doi: 10.1186/

bcr2889

29. Talhouk RS, Fares MB, Rahme GJ, Hariri HH, Rayess T, Dbouk HA, Bazzoun

D, Al-Labban D, El-Sabban ME. Context dependent reversion of tumor

phenotype by connexin-43 expression in MDA-MB231 cells and MCF-7 cells:

role of β-catenin/connexin43 association. Exp Cell Res. (2013) 319:3065–80.

doi: 10.1016/j.yexcr.2013.10.002

30. Nagaraja GM, Othman M, Fox BP, Alsaber R, Pellegrino CM, Zeng Y,

et al. Gene expression signatures and biomarkers of noninvasive and

invasive breast cancer cells: comprehensive profiles by representational

difference analysis, microarrays and proteomics.Oncogene (2006) 25:2328–38.

doi: 10.1038/sj.onc.1209265

31. Hurvitz S, Mead M. Triple-negative breast cancer. Curr Opin

Obstet Gynecol. (2015) 28:59–69. doi: 10.1097/GCO.000000000

0000239

32. Kronenwett U, Ploner A, Zetterberg A, Bergh J, Hall P, Auer G, et al.

Genomic instability and prognosis in breast carcinomas. Cancer Epidemiol

Biomarkers Prev. (2006) 15:1630–5. doi: 10.1158/1055-9965.EPI-06-

0080

33. Stagg J, Allard B. Immunotherapeutic approaches in triple-

negative breast cancer: latest research and clinical prospects.

Ther Adv Med Oncol. (2013) 5:169–81. doi: 10.1177/17588340

12475152

34. Gest C, Joimel U, Huang L, Pritchard LL, Petit A, Dulong C, et al. Rac3 induces

amolecular pathway triggering breast cancer cell aggressiveness: differences in

MDA-MB-231 and MCF-7 breast cancer cell lines. BMC Cancer (2013) 13:63.

doi: 10.1186/1471-2407-13-63

35. Gupta P, Srivastava SK. Antitumor activity of phenethyl isothiocyanate

in HER2-positive breast cancer models. BMC Med. (2012) 10:80.

doi: 10.1186/1741-7015-10-80

36. Vangestel C, Van de Wiele C, Mees G, Peeters M. Forcing cancer

cells to commit suicide. Cancer Biother Radiopharm. (2009) 24:395–407.

doi: 10.1089/cbr.2008.0598

37. Wlodkowic D, Skommer J, Darzynkiewicz Z. Cytometry of apoptosis.

Historical perspective and new advances. Exp Oncol. (2012) 34:255–62.

doi:10.1016/j.biotechadv.2011.08.021.Secreted

Frontiers in Oncology | www.frontiersin.org 9 November 2018 | Volume 8 | Article 525

https://doi.org/10.1158/1055-9965.EPI-16-0858
https://doi.org/10.1016/j.ctrv.2017.11.003
https://doi.org/10.1016/j.ctrv.2014.01.003
https://doi.org/10.1021/acs.chemrev.6b00209
https://doi.org/10.1021/jo01030a546
https://doi.org/10.3892/ijo.2017.4043
https://doi.org/10.3892/or.2016.5094
https://doi.org/10.1039/C6MD00640J
https://doi.org/10.1002/slct.201800156
https://doi.org/10.3892/mmr.2017.6549
https://doi.org/10.3389/fonc.2012.00113
https://doi.org/10.2174/138161212800672787
https://doi.org/10.1016/S0924-8579(02)00191-7
https://doi.org/10.1016/j.bmcl.2007.03.067
https://doi.org/10.1002/slct.201701107
https://doi.org/10.1021/jm5015296
https://doi.org/10.1007/s00280-009-1183-6
https://doi.org/10.1016/j.lfs.2012.07.023
https://doi.org/10.1007/s00253-012-4416-2
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.bmc.2011.08.069
https://doi.org/10.1016/S0304-3835(03)00274-X
https://doi.org/10.2174/187152013804487416
https://doi.org/10.1097/CMR.0b013e32830aaaa6
https://doi.org/10.1093/toxsci/kfp136
https://doi.org/10.1016/j.bbagen.2014.10.008
https://doi.org/10.1186/bcr2889
https://doi.org/10.1016/j.yexcr.2013.10.002
https://doi.org/10.1038/sj.onc.1209265
https://doi.org/10.1097/GCO.0000000000000239
https://doi.org/10.1158/1055-9965.EPI-06-0080
https://doi.org/10.1177/1758834012475152
https://doi.org/10.1186/1471-2407-13-63
https://doi.org/10.1186/1741-7015-10-80
https://doi.org/10.1089/cbr.2008.0598
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Wagner et al. Seleno-AZT Activity in Breast-Cancer Cells

38. Leist M, Jäättelä M. Four deaths and a funeral: from caspases to alternative

mechanisms. Nat Rev Mol Cell Biol. (2001) 2:589–98. doi: 10.1038/350

85008

39. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol.

(2007) 35:495–516. doi: 10.1080/01926230701320337

40. Yamaguchi K, Uzzo RG, Pimkina J, Makhov P, Golovine K, Crispen P,

et al. Methylseleninic acid sensitizes prostate cancer cells to TRAIL-mediated

apoptosis. Oncogene (2005) 24:5868–77. doi: 10.1038/sj.onc.1208742

41. Kim T, Jung U, Cho DY, Chung AS. Se-methylselenocysteine induces

apoptosis through caspase activation in HL-60 cells. Carcinogenesis (2001)

22:559–65. doi: 10.1093/carcin/22.4.559

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Wagner, Schultze, Oliveira, de Leon, Thurow, Campos, Oliveira,

Souza, Rodrigues, Collares and Seixas. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 10 November 2018 | Volume 8 | Article 525

https://doi.org/10.1038/35085008
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1038/sj.onc.1208742
https://doi.org/10.1093/carcin/22.4.559
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Revitalizing the AZT Through of the Selenium: An Approach in Human Triple Negative Breast Cancer Cell Line
	Introduction
	Materials and Methods
	Chemical
	Cell Culture
	Determination of Cytotoxicity
	Assessment of Cell Viability by Live/Dead Assay
	Measurement of Apoptosis by Annexin V Staining
	Analysis of Gene Expression by Quantitative Real-Time PCR
	Data Analysis

	Results
	Determination of Cytotoxicity
	AZT Derivatives Alter Morphology of MDA-MB 231 Cells
	AZT Derivatives Reduce Cell Viability
	Apoptosis Analysis
	Analysis of Gene Expression

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


