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Abstract. Taurine (Tau), the most abundant free amino acid 
in humans has numerous potential health benefits through 
its antioxidant and anti‑inflammatory properties. However, 
limited studies have assessed its effect on tumors and the 
antitumor mechanism remains unknown. The present study 
investigated the cellular and molecular changes induced by 
Tau, leading to the induction of apoptosis in human breast 
cancer cell lines MCF‑7 and MDA‑MB‑231. MCF‑7 is p53 
proficient (p53+/+) and MDA‑MB‑231 is a p53 null mutant 
(p53-/-). Cell proliferation and viability were assessed by MTT. 
Flow cytometry and hoechst33342 fluorescent staining were 
employed to detect apoptosis. Spectrophotometry was used 
to detect caspase‑3 activity. Reverse transcription‑polymerase 
chain reaction and western blot analysis were used to detect 
the levels of mRNA and proteins of p53‑upregulated modu-
lator of apoptosis (PUMA), Bax and Bcl‑2. Finally, the affect 
of Tau on the growth of MDA‑MB‑231‑cell‑nude mice xeno-
grafts was examined. In the study, Tau inhibited growth and 
induced apoptosis of the two cell lines in a concentration‑ and 
time‑dependent manner. Notably, the inhibitory effect of Tau 
on p53-/- cancer cells was clearly significant compared to the 
p53+/+ cancer cells. Further studies showed that Tau promoted 
apoptosis in human breast cancer cells and inhibited the 
growth of tumor in nude mice by inducing the expression of 
PUMA, which further up‑ and downregulated the expression 
of Bax and Bcl‑2 protein, giving rise to increased activation 
of caspase‑3. Collectively, these results indicate that Tau is a 

potent candidate for the chemotherapy of breast cancer through 
increasing the PUMA expression independent of p53 status.

Introduction

In recent years, cancer has become the leading cause of 
mortality, and it is detrimental to health and quality of life. 
Environmental chemical carcinogens have been estimated to 
contribute significantly to the causation of a sizable fraction, 
perhaps a majority, of human cancers, when exposures are 
correlated to 'life‑style' factors, such as diet (1). Therefore, 
the anticancer substances in the diet have become of current 
interest in research for cancer prevention.

Tau, chemically identified as 2‑aminoethanesulfonic 
acid, is a sulfur‑containing amino acid of a simple chemical 
structure. Tau accounts for ~0.1% of total human body weight 
and exists in a free‑state in all the organs. However, the ability 
of endogenous Tau synthesis is limited. A large number of 
studies and clinical applications demonstrated that Tau has 
extensive physiological effects, and has been identified to be 
the endogenous anti‑injury material. Recently, Tau has been 
used to in the therapy of diseases, including liver and gall-
bladder disease (2), cardiovascular disease (3), diabetes (4,5) 
and cataract (6,7). However, studies on its effect on tumors 
remains limited and the mechanism of its antitumor ability 
is ambiguous. Tau has been reported to protect cells from 
oxidant‑induced injury by scavenging strong oxidant and 
cytotoxic agents (8). Therefore, Tau as an effective antioxidant 
may hinder an increase in reactive oxygen species in tumors, 
thereby reducing the development of cancer (9). In addition, 
Tau could have anti‑tumor activity by downregulation of 
MMP‑2, upregulation of N‑acetylgalactosaminytransferase, 
and inhibition of the potential invasion and metastasis induced 
by ionizing radiation (10).

Apoptosis, also known as programmed cell death, is an 
autonomous cell death based on a genetic program. Bcl‑2 
family members focus the majority of their efforts on mito-
chondria, which play a pivotal role in the apoptotic cells. Bcl‑2 
family members share homology in one to four conserved 
regions designated the Bcl‑2 homology (BH) domains; BH1, 
BH2, BH3 and BH4. Among them, the BH3 domain plays 
an important role in apoptosis by mediating the interaction 
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among the Bcl‑2 family members. Once the cells are exposed 
to apoptotic stimuli, the BH3‑only protein and other regulators 
translocate to mitochondria, where they promote the release 
of pro‑apoptotic factors through changing the mitochondrial 
permeability.

PUMA is a member of the BH3‑only subgroup of Bcl‑2 
family proteins. Once exposed to a variety of apoptosis 
stimuli, the BH3 domain of PUMA interacted directly with 
anti‑apoptotic Bcl‑2 family members, inhibiting their inter-
action with the pro‑apoptotic molecules. Thus, PUMA was 
indicated as the most potential regulator that could trigger 
apoptosis (11,12). PUMA is an essential apoptotic mediator of 
p53‑dependent and ‑independent (13) pathways and reported 
to have a potential binding site for p53 in its promoter region. 
In the p53‑dependent pathway, within hours of apoptosis 
stimuli, p53 was recruited to the p53‑responsive element, 
and furthermore, induced the transcription and translation 
of PUMA  (14,15). PUMA can also be induced by other 
regulators that are independent of p53, such as transcription 
factor E2F1 (16), transforming growth factor‑β (17) and c‑Jun 
kinase (18). A number of studies have confirmed that PUMA 
plays important roles in tumors (19), cerebral vascular and 
myocardial hypoxia reoxygenation injury  (20,21), and cell 
apoptosis in multiple cell lines. Therefore, PUMA may be an 
efficient target for cancer therapy.

In the present study, Tau was used for treatment of the 
human breast cancer cells lines, MCF‑7 and MDA‑MB‑231, 
and it was found that it could induce cell apoptosis and repres-
sion of the tumor growth in vivo and in vitro. The results 
indicated that Tau may be useful in the therapeutic target 
selection for p53‑deficient breast cancer.

Materials and methods

Reagents and antibodies. Tau was purchased from 
Sigma‑Aldrich (Munich, Germany). RPMI‑1640 medium, 
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine 
serum (FBS) were purchased from Gibco (Gaithersburg, MD, 
USA). The cDNA Reverse Transcription kit was purchased 
from Thermo Scientific (Waltham, MA, USA). Anti‑GAPDH 
polyclonal antibody (TA‑08), anti‑Bcl‑2 monoclonal antibody 
(sc‑783) and anti‑Bax monoclonal antibody (sc‑526) were 
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA, USA). Anti‑PUMA polyclonal antibody (#Q9BXH1‑4976) 
was purchased from Cell Signaling Technology (Beverly, 
MA, USA). Horseradish peroxidase (HRP)‑conjugated goat 
anti‑mouse immunoglobulin G (IgG) (ZDR‑5307) and goat 
anti‑rabbit IgG (ZDR‑5306) were purchased from Beijing 
ZSGB‑Bio (Beijing, China).

Cell lines and animals. The human breast cancer cell lines, 
MCF‑7 and MDA‑MB‑231, were purchased from the Cell Bank 
of Type Culture Collection of Chinese Academy of Sciences 
(Shanghai, China). MCF‑7 cells were cultured in DMEM 
medium supplemented with 10% FBS, and MDA‑MB‑231 
cells were cultured in RPMI 1640 medium supplemented 
with 10% FBS. All the cell lines were maintained at 37˚C in a 
humidified atmosphere of 5% CO2.

Seven‑week old female‑specific pathogen‑free nude 
mice (BALB/C) (certificate NO. HNASLKJ20121369) were 

purchased from Hunan Slack King of Laboratory Animal 
Co., Ltd., (Changsha, China) and maintained in a laminar flow 
cabinet (Su net Aetna, Suzhou, China) in the Department of 
Animal Science, Nanchang University (Nanchang, China), at 
a constant temperature, constant humidity and sterile environ-
ment.

Drug treatment. The breast cancer cells were treated with 
a concentration gradient of Tau (10‑160 mM, dissolved in 
medium without fetal bovine serum) for different time periods. 
The cells treated with 4 µg/ml cisplatin were used as a positive 
control.

MTT assay. Cell viability was determined with the 3‑(4, 
5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) assay. After treating with Tau for 24, 48 and 72 h, 
cultures were washed with phosphate‑buffered saline (PBS; 
Solarbio Science and Technology Co., Ltd., Beijing, China). 
Subsequently, MTT (0.5  mg/ml) was added to each well 
and the mixture was incubated at 37˚C for 4 h. To dissolve 
formazan crystals, culture medium was replaced with an equal 
volume of dimethyl sulfoxide. After the mixture was agitated 
at room temperature for 10 min, the absorbance of each well 
was determined at 490 nm using a microplate reader (Bio‑Tek, 
Winooski, VT, USA). The inhibition rate was calculated as 
follows:

Inhibition rate (%) = (1 - experiment group absorbance/ 
control group absorbance) x100%

Quantification of apoptosis by flow cytometry. The cells 
(1-5x105 cells) were treated with Tau for the indicated times, 
washed twice with PBS and resuspended in staining buffer 
containing 1 µg/ml propidium iodide (PI) and 0.025 µg/ml 
Annexin V‑fluorescein isothiocyanate (FITC). Double‑labeling 
was performed at room temperature for 10 min in the dark, 
and cells were immediately analyzed by FACScan and the 
Cellquest program (Becton Dickinson; Lincoln Park, NJ, 
USA).

Hoechst33342 staining. Subsequent to adjusting the concen-
tration, the cell suspension was seeded in a 12‑well plate, 
and three parallel holes were designated for each group. On 
the following day, the cells were treated with 80 mM Tau 
for 48 h, and 500 µl Hoechst33342 dyes were subsequently 
added to cover the cells, which were incubated in the dark 
for 20‑30 min. Finally, the unbound dye was removed and the 
morphology of the apoptotic cells were observed using the 
fluorescence microscope.

Spectrophotometry analysis. The assay is based on the 
ability of the active enzyme to cleave a chromophore from 
the enzyme substrate, Ac‑DEVD‑pNA (for caspase‑3). Cell 
lysates were prepared and incubated with anti‑caspase‑3. 
Immunocomplexes were incubated with peptide substrate in 
assay buffer (caspase‑3 activity assay kit; Beyotime Institute 
of Biotechnology, Jiangsu, China) for 2 h at 37˚C. The release 
of p‑nitroaniline was monitored at 405 nm. Results are the 
percentage change in activity compared to the untreated 
control.
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Reverse transcription‑polymerase chain reaction (RT‑PCR) 
analysis. Total RNA was routinely extracted using Trizol 
(Invitrogen, Carlsbad, CA, USA). RNA concentration and 
purity were detected using an Eppendorf nucleic acid quanti-
tative determination meter. Subsequently, RNA integrity was 
observed following gel electrophoresis. GAPDH was used 
as the internal control. PUMA, Bax and Bcl‑2 levels were 
detected by RT‑PCR. The primers of PUMA, Bax, Bcl‑2 and 
GAPDH are listed in Table I. The PCR amplification prod-
ucts were analyzed in 1.5% agarose gel electrophoresis. Gel 
images were captured for strap grayscale analysis. Optical 
density values of the target genes and the corresponding 
GAPDH products in each group were detected. The ratio 
between the target gene and GAPDH was statistically 
analyzed.

Western blot analysis. After treatment with Tau for 48 h, the 
protein was collected and denatured, and 30 µg protein was 
separated in sodium dodecyl sulfate‑polyacrylamide gels 
electrophoresis and transferred onto polyvinylidene difluoride 
membranes by the wet‑transfer method. The membranes were 
incubated with the primary antibodies against PUMA, Bax 
and Bcl‑2 (1:200) overnight at 4˚C, and HRP‑labeled second 
antibodies (1:200) were incubated with membrane for 1.5 h. 
Finally, the protein signals were detected by the enhanced 
chemiluminescence detection system. The grayscale of 
protein bands were scanned using Image‑Pro Plus 6.0 (Media 
Cybernetics, Rockville, MD, USA). The expression relative to 
GAPDH was analyzed.

In vivo tumor xenograft study. MDA‑MB‑231 cells (1x106 in 
200 µl) were injected subcutaneously into the flanks of nude 
mice, and tumors were allowed to develop until the diameter 
of the tumor tissue reached a size of ~2‑3 mm. The mice were 
treated with saline or with 200 mg/kg (i.p total volume 200 µl) 
Tau every day for 25 days (5 mice/group). The volume of 
implanted tumors in the dorsal side of the mice was determined 
every 5 days. All the mice were manipulated in accordance 
with the Animal Care and Use Guidelines of the China Medical 
University (Taichung, Taiwan) under a protocol approved by 
the Institutional Animal Care and Use Committee.

Immunohistochemistry. Immunohistochemical detection of 
PUMA, Bax and Bcl‑2 proteins were performed on 3‑mm 
paraffin sections of formalin‑fixed samples according to the 
manufacturer's instructions. The sections were deparaffinized 
in xylene three times for 15 min, followed by rehydration in 
graded alcohol (100% I, 100% II, 95% I, 95% II, 85%, 70% and 
water) for 2 min. Heat‑induced antigen retrieval was performed 
for 30 min using the pressure cooker Retriever 2100 with 
unmasking buffer citrate (Solarbio Science and Technology 
Co., Ltd.), followed by cooling at room temperature for 30 min 
and washing with PBS three times for 5 min. The histostaining 
was carried out using Histostain‑Plus Kits (ZYMED, San 
Diego, CA, USA) according to the manufacturer's instructions. 
The antibodies PUMA, Bax and Bcl‑2 diluted in 1% skimmed 
milk in Tris‑buffered saline containing Tween‑20 were used. 
The mean density values were used to indicate the relative 
expression levels.

Statistical analysis. The results are expressed as the 
means ± standard deviation (SD). Data were analyzed by the 
one‑way analysis of variance test by SPSS 17.0 (SPSS, Inc., 
Chicago, IL, USA) software. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Tau kills human breast cancer cells in a time‑ and dose‑depen‑
dent manner. To investigate the potential cell growth inhibition 
by Tau in breast cancer, the effect of Tau on cell proliferation 
was first examined in MCF‑7 and MDA‑MB‑231 cells. As 
shown in Fig.  1A and  B, Tau significantly inhibited cell 
growth in the cancer cell lines in a time‑ and dose‑dependent 
manner. Calculation of the IC50 value for the MCF‑7 and 
MDA‑MB‑231 cells at 24, 48 and 72 h were 284.50, 133.61 
and 106.40, and 617.99, 127.21 and 90.46 mM, respectively. 
This showed that the inhibitory effect of Tau was more evident 
on p53-/- cells compared to p53+/+ cells. After 48 h of treatment 
with different concentrations of Tau, microscopic analysis 
found that the cell density was significantly decreased, there 
was membrane shrinkage and cell debris was found (Fig. 1C 
and D). To eliminate Tau toxicity on cell growth, the same 

Table I. Primer sequences for RT‑PCR.

Gene	 Primer sequence	 Length of product, bp

PUMA	 Forward:	5'‑CCTCAGCCCTCGCTCTCGC‑3'	 559
	 Reverse:	 5'‑CCGATGCTGAGTCCATCAGC‑3'
Bcl‑2	 Forward:	5'‑GTGGAGGAGCTCTTCAGGGA‑3'	 304
	 Reverse:	 5'‑AGGCACCCAGGGTGATGCAA‑3'
Bax	 Forward:	5'‑TTGCTTCAGGGTTTCATCCA‑3'	 298
	 Reverse:	 5'‑CAGCCTTGAGCACCAGTTTG‑3'
GAPDH	 Forward:	5'‑GGCTCTCCAGAACATCAT‑3'	 241
	 Reverse:	 5'‑CACCTGGTGCTCAGTGTA‑3'
GAPDH	 Forward:	5'‑TCACCATCTTCCAGGAGCGAG‑3'	 648
	 Reverse:	 5'‑TGTCGCTGTTGAAGTCAGAG‑3'

RT‑PCR, reverse transcription‑polymerase chain reaction; bp, base pair.
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dose and time were used as the human kidney epithelial cells 
293T. Tau, even at the highest dose of 160mM, showed no 
effect on the cellular viability of 293T cells (data not shown).

Tau induces apoptosis in MCF‑7 and MDA‑MB‑231 cells. To 
evaluate whether the cell death observed in the cells following 
Tau treatment may occur through apoptosis, Annexin v‑FITC/PI 
and Hoechst33342 fluorescent staining were utilized to observe 
the apoptotic rates and morphological changes in the cell lines 
in response to Tau. The apoptotic rates in the cells lines were 
significantly increased in a concentration‑dependent manner, 
and the pro‑apoptotic effect was more significant in p53-/- 
compared to p53+/+ cancer cells (Fig. 2A‑D). Hoechst33342 
staining showed that untreated cells had round and light‑blue 
nuclei with a high cell density. By contrast, the 80  mM 
Tau‑treated groups exhibited a lower cell density and more 
apoptotic cells that were densely stained. The typical feature of 
apoptosis, the apoptotic body, was observed (Fig. 2E).

Spectrophotometry detected caspase‑3 activity in human 
breast cancer cells treated with Tau (40, 80 and 160 mM) for 
48 h. Caspase‑3 activity in the control group was preset to 1. 
The results showed that Tau increased caspase‑3 activities 
dose‑dependently in the cells (Fig. 3).

Tau induces the expression of apoptosis‑associated genes. 
To investigate the effect of Tau on PUMA and the associated 
genes, MCF‑7 and MDA‑MB‑231 were cultured in the absence 
or presence of 40, 80 and 160 mM Tau for 48 h and the mRNA 
and protein levels of PUMA, Bax and Bcl‑2 were examined in 
the cell lysates.

The results of the RT‑PCR assay showed that the expres-
sion of the PUMA gene was significantly upregulated in the 
cells with increasing concentrations of Tau. For the other 
apoptosis‑related genes, the expression of the pro‑apoptotic 
gene Bax was upregulated, the anti‑apoptotic gene Bcl‑2 
was downregulated and the Bax/Bcl‑2 ratios were increased 
(Fig. 4).

The western blot assay showed that PUMA and Bax 
proteins expression were significantly increased and Bcl‑2 was 
significantly decreased in the cells (Fig. 5).

Effect of Tau on the growth of human breast cancer cells in 
nude mice. On the basis of the Tau‑induced apoptotic effect 
exhibited in vitro, whether Tau possessed antitumor activities 
in vivo was examined. Therefore, xenografts of MDA‑MB‑231 
cells in nude mice were established; as the diameter of tumor 
tissue was ~2‑3 mm, the mice were divided into two groups 
and treated with saline or 200 mg/kg Tau. The tumor volumes 
were measured every 5 days and a growth curve was gener-
ated (Fig. 6A). After 25 days, mice were sacrificed, and the 
tumor weights were measured (Fig. 6B). Subsequently, the 
tumor growth inhibition rate induced by Tau was calculated 
(Fig. 6C).

As depicted by immunohistochemical staining of tumors 
at the time of sacrificing the mice in the MDA‑MB‑231 subcu-
taneous xenograft experiment, PUMA, Bax and Bcl‑2 were 
present in the cytoplasm, and the positive expression of PUMA 
and Bax protein were upregulated in the Tau group, whereas 
the positive expression of Bcl‑2 protein was downregulated 
(Figs. 6D and 7).

Figure 1. Tau inhibits human breast cancer cell proliferation. (A) MCF‑7 and (B) MDA‑MB‑231 cells were treated with Tau (0, 10, 20, 40, 80 and 160 mM) 
for the indicated times (24, 48 and 72 h), followed by assessment of the inhibition rate by the MTT assay (n=3). Cell morphology under the microscope for 
(C) MCF‑7 and (D) MDA‑MB‑231 cells (magnification, 200x). (a) 0, (b) 40, (c) 80 and (d) 160 mM Tau. **P<0.01 compared to the control group.
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Figure 2. Tau induces apoptosis in MCF‑7 and MDA‑MB‑231 cells. MCF‑7 and MDA‑MB‑231 cells were treated with Tau (40, 80 and 160 mM) for 48 h, and 
apoptotic cells were analyzed by flow cytometry. The statistical analysis of the apoptosis rate of (A) MCF‑7 and (B) MDA‑MB‑231 cells. The apoptotic rates of 
different groups of (C) MCF‑7 and (D) MDA‑MB‑231 cells. (a) Control group, and (b) 40, (c) 80 and (d) 160 mM Tau treatment. The percentage of apoptotic cells 
was calculated with WinMDI software. The early and late apoptosis rate from triplicate experiments were collected on a histogram, which included statistics 
(n=3). **P<0.01 compared to the control group. (E) The changes of morphology in human breast cancer cells by Hoechst33342 (magnification, 200x). (a) Control 
and (b) 80 mM Tau treatment of the MCF‑7 cells. (c) Control and (b) 80 mM Tau treatment of the MDA‑MB‑231 cells. FACS, fluorescein isothiocyanate.

Figure 3. Effect of Tau on caspase‑3 activity in MCF‑7 and MDA‑MB‑231 cells. (A) MCF‑7 and (B) MDA‑MB‑231 cells. Date are expressed as the means ± SD, 
n=3. *P<0.05 compared to the control group.
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https://www.spandidos-publications.com/10.3892/ijmm.2014.2002


ZHANG et al:  EFFECT OF TAURINE ON BREAST CANCER CELLS 223

Figure 4. RT‑PCR analysis of PUMA, Bax, and Bcl‑2 in human breast cancer cells. (A) mRNA expression of MCF‑7 and (B) MDA‑MB‑231 cells. (a) RT‑PCR 
analysis of PUMA, Bax and Bcl‑2 treated by Tau. (b‑d) Relative levels of PUMA, Bax and Bcl‑2 mRNA expression, normalized to value obtained for GAPDH 
mRNA expression. (e) The ratios of Bax/Bcl‑2. Lane 1, DNA marke; lane 2, control group; lane 3, 40 mM; lane 4, 80 mM; lane 5, 160 mM Tau group. Values are 
expressed as the means ± SD, n=3. *P<0.05 compared to the control group. RT‑PCR, reverse transcription-polymerase chain reaction; bp, base pair. 

Figure 5. Western blot analysis of PUMA, Bax, and Bcl‑2 in human breast cancer cells. (A) Proteins expression of MCF‑7 and (B) MDA‑MB‑231 cells. 
(a) Western blot analysis of PUMA, Bax and Bcl‑2 treated by Tau. (b‑d) Relative levels of PUMA, Bax and Bcl‑2 proteins expression, normalized to GAPDH 
protein expression. (e) The ratios of Bax/Bcl‑2. Lane 1, control group; lane 2, 40 mM; lane 3, 80 mM; lane 4, 160 mM Tau group. Values are expressed as the 
means ± SD, n=3. *P<0.05 compared to the control group.
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Discussion

Currently, the changes in the level of Tau in the human body 
can predict the development and malignancy of the tumor. 
The assessment level of Tau in the sera of patients with 
a high risk for breast cancer have been suggested to be of 
great value in the early diagnosis of malignant changes in the 
breast (22). The measurement of serum Tau in females with 
irregular uterine bleeding could help the early detection of 
malignant transformation of the endometrial wall (23). The 
significant elevation in Tau concentration was observed in the 
urine of bladder cancer patients (24). Currently, it is thought 
that the anti‑cancer effect of Tau is mainly through four 
molecular mechanisms: First, Tau has an efficacy‑enhancing 

and toxicity‑reducing effect on chemotherapy drugs (25‑28). 
Second, Tau inhibits cancer growth by improving the 
antioxidant capacity in vivo (29). Third, Tau plays a role in 
immune rejection of cancer by enhancing the immune system 
in vivo  (30). Fourth, Tau inhibits the growth of cancer by 
inducing apoptosis in cancer cells (31).

In the present study, the anti‑cancer effect of Tau was 
investigated with regards to apoptosis. The results proved 
that Tau significantly inhibited the cell proliferation and 
induced cell apoptosis in human breast cancer cells, and Tau 
inhibited the tumor growth in MDA‑MB‑231 cells‑nude mice 
xenografts. Notably, the present results demonstrated that Tau 
did not reduce the activity of human embryonic kidney 293T 
cells. This observation has significant implications as an ideal 

Figure 6. Effect of Tau on the growth of human breast cancer cell‑nude mice xenografts. (A) The growth curve of the tumor in nude mice bearing MDA‑MB‑231 
cells. (B) The average tumor weight of MDA‑MB‑231 cell xenografts after 25 days of treatment. (C) The tumor inhibition rate after 25 days of treatment. Values 
are expressed as the means ± SD, n=5. *P<0.05 compared to the saline group. (D) Statistical analysis of PUMA, Bax and Bcl‑2 expression by the mean optical 
density (MOD). MOD = integral optical density/total area of the image. Values are expressed as the means ± SD, n=50. **P<0.01 compared to the saline group.

Figure 7. Immunohistochemistry of PUMA, Bax and Bcl‑2 expression in MDA‑MB‑231 xenografts (magnification, x400).
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chemopreventive agent should be able to eliminate cancer cells 
while exerting nearly no toxic effect on normal cells.

PUMA is important in drug‑induced apoptosis of cancer 
cells. A variety of chemotherapy drugs can activate the PUMA 
expression, further inducing apoptosis. Cisplatin‑induced 
PUMA expression has been reported as time‑ and dose‑depen-
dent and its effect on inducing apoptosis in rectal cancer cells 
is suppressed following antisense lipofection (32). Detection 
of the expression of multiple genes in locally advanced breast 
cancer tissue prior and subsequent to doxorubicin chemo-
therapy showed that the changes mostly occurred in PUMA 
gene expression (33). Thus far, a variety of traditional Chinese 
medicines have been shown to have anti‑tumor effect, and their 
pro‑apoptotic role is closely associated with the PUMA expres-
sion. Previous studies demonstrated that the PUMA expression 
was increased during the allicin induction of apoptosis in 
colorectal cancer LoVo cells. The same results were observed 
in the study by Wang et al (34), which treated the LoVo cells 
with green tea polyphenols. In the LNCaP prostate cancer 
cells treated with wogonin, the PUMA protein expression was 
increased and cytochrome C was released from mitochondria, 
leading to the activation of caspase‑cascade reaction (35). The 
antitumor activity of coumarin‑chalcone hybrid is mediated 
through the intrinsic apoptotic pathway by inducing PUMA 
and altering the Bax/Bcl‑2 ratio (36).

The molecular mechanisms of Tau‑induced apoptosis in 
cancer cells were further explored in the present study. The 
results suggested that Tau possibly upregulated PUMA expres-
sion, further upregulated Bax expression, and downregulated 
Bcl‑2 expression, eventually leading to the increased activity 
of caspase‑3 for mediation of apoptosis in breast cancer cells. 
These findings provide a novel molecular basis for the anti-
tumor effect of Tau.

Numerous studies have reported that the process of 
PUMA‑induced apoptosis was associated with the p53 status. 
Transfection with wild‑type p53 to SW48, SW480 and HCT116 
cells found that the expression of PUMA was increased. 
However, transfection with mutant‑type p53, resulted with no 
change in the expression (37). Another study reported that the 
DNA‑binding domain of p53 directly interacted with the BH3 
domains of PUMA  (38). In human colon cancer cells with 
wild‑type p53, crizotinib induces rapid induction of PUMA 
accompanied by p53 stabilization. The induction of PUMA is 
mediated largely by p53, and deficiency of p53 blocks crizo-
tinib‑induced apoptosis (39). However, an increasing number of 
studies have found that PUMA can be out of the p53‑dependent 
status. Without considering the state of p53, PUMA adenovirus 
increases the sensitivity of esophageal cancer cells to anticancer 
drugs (40). Bryostatin 5 significantly increased the expression 
of PUMA but slightly increased p53 expression in acute mono-
cytic leukemia cells (41). Estrogen receptor β induces apoptosis 
through PUMA, independent of p53 in prostate cancer cells (42).

In the present study, Tau not only induced apoptosis, 
but also increased the PUMA expression in MCF‑7 and 
MDA‑MB‑231 cells. This result indicates that the effect of 
Tau on inducing the PUMA expression is not associated with 
the status of p53. Notably, Tau had more significant effects on 
inhibition of the proliferation and inducing the apoptosis of 
p53-/- compared to p53+/+ cancer cells. The detailed molecular 
mechanism remains to be elucidated.

In conclusion, Tau inhibited the proliferation of human 
breast cancer cells by inducing apoptosis. Regarding the 
molecular mechanisms, Tau induced PUMA expression, which 
further up‑ and downregulated the expression of pro‑apoptotic 
protein Bax and anti‑apoptotic protein Bcl‑2, giving rise to 
increased activation of caspase‑3. In addition, Tau has a clear 
effect on inhibiting the p53-/- cancer cells, suggesting that Tau 
can upregulate the PUMA gene expression in the MCF‑7 and 
MDA‑MB‑231 cells, and that the upregulation of PUMA gene 
expression by Tau is independent of the p53 status.
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