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Luteolin inhibits cell cycle progression and induces
apoptosis of breast cancer cells through downregulation
of human telomerase reverse transcriptase
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Abstract. Luteolin is a flavonoid, which has been extensively
investigated due to its antitumor effects; however, the
underlying mechanisms of its action remain largely unknown.
The present study aimed to investigate the role of luteolin in
breast cancer (BC), and explored how luteolin suppresses the
growth and induces the apoptosis of BC cells. The MTS assay
was used to determine the anticancer activity of luteolin. Colony
formation and Transwell assays were performed to evaluate
the effects of luteolin on cell growth and invasion. Cell cycle
progression and apoptosis were analyzed by flow cytometry. In
addition, western blotting was performed to analyze cellular
apoptosis and signaling pathways elicited by luteolin. The
present study revealed that the proliferation of the BC cell
line MDA-MB-231 was effectively suppressed by luteolin in
a dose-dependent manner. Additionally, luteolin was revealed
to increase apoptotic rates in BC cells. Dose-dependent cell
cycle arrest in S phase was observed following treatment
with luteolin in MDA-MB-231 cells. Mechanistically, luteolin
reduced telomerase levels in a dose-dependent manner.
Additionally, luteolin inhibited phosphorylation of the nuclear
factor-kB inhibitor a and its target gene c-Myc, to suppress
human telomerase reverse transcriptase (WTERT) expression,
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which encodes the catalytic subunit of telomerase. Collectively,
the results of the present study indicated that luteolin may
inhibit BC cell growth by targeting hTERT, suggesting that
the mechanism of hTERT regulation by luteolin may justify
further study regarding its potential as a therapeutic target for
BC treatment.

Introduction

Breast cancer (BC) is a frequently malignant cancer, which
accounts for 30% of all newly diagnosed cancer cases among
women and is a major cause of cancer-associated mortality
among women (1). Currently, treatment of BC primarily focuses
on surgery, chemotherapy and endocrine therapy. However,
the prognosis of BC treatment is not satisfactory, mainly due
to progression and metastasis following conventional treat-
ment (2,3). The limited current knowledge of the molecular
basis of BC restricts the development of novel treatment strate-
gies (4). BC develops as a consequence of cellular alterations
that promote cell proliferation and metastasis, and/or suppress
apoptosis (5). These changes result from dysregulation of key
signal transduction pathways within the cell, which transmit
extracellular signals to transcription factors. Therefore, the
mechanisms underlying the unlimited growth of BC cells
require urgent elucidation to identify potential therapeutic
strategies.

Continuous cell division is frequently associated with
the stabilization of telomere length due to the reactivation of
telomerase. Currently, repression of telomerase and shorter
telomeres are considered potential anticancer mechanisms (6).
Telomerase consists of several subunits, including human
telomerase reverse transcriptase (hnTERT) and human telom-
erase RNA. hTERT is a limiting factor for telomerase activity
and high hTERT levels have been observed in ~90% of human
cancer types, including BC (7). Notably, the expression levels
of hTERT are closely correlated with clinical aggressive-
ness and poor prognosis in BC (8,9). Shi et al used a specific
inhibitor of telomerase activity and revealed that telomerase
inhibition significantly affects BC cell growth, cell cycle
and apoptosis (10). Additionally, Yu et al (11) previously
demonstrated that zinc finger E-box binding homeobox 1, a
multifunctional cancer stimulatory factor, promotes BC cell
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invasiveness, proliferation and apoptosis by regulating hTERT
expression. Therefore, h\TERT may be investigated as a poten-
tial anticancer drug target.

Luteolin (39, 49, 5, 7-tetrahydroxyflavone) is a flavone
compound present in a number of medicinal plants. Flavones
are a class of flavonoids, among the most abundant secondary
metabolites in plants, and are widely known to be involved
in various pharmacological activities (12). Luteolin exhibits
a range of antitumor activities by suppressing cell prolif-
eration and invasion, inducing cell cycle arrest and apoptosis,
sensitizing drug resistance and mitigating metastasis of
cancer cells (13,14). In BC, luteolin has been reported to
enhance paclitaxel-induced apoptosis (15) and to sensitize
drug-resistant BC cells to tamoxifen (16). In addition, luteolin
may inhibit cell migration and invasion, and reverse the
epithelial-mesenchymal transition of MDA-MB-231 cells (17).
Although the protective role of luteolin in BC has been
revealed, the underlying mechanism of action of luteolin on
BC cells remains largely unclear.

It has previously been suggested that several medicinal
plants and herbal ingredients, including resveratrol, crocin
and papaverine, could be used as inhibitors of the telomerase
enzyme and the active site of telomerase (18). However,
whether luteolin has the ability to downregulate telomerase
activity and hTERT expression remains unclear. The present
study aimed to confirm the effects of luteolin on cell growth,
invasion, cell cycle progression and apoptosis in the BC cell
line MDA-MB-231. The present study additionally intended
to measure the effect of consecutive treatment with luteolin
on telomerase activity and hTERT expression, as well as to
explore the underlying mechanisms.

Materials and methods

Cell culture and treatment. A human BC cell line
(MDA-MB-231) was obtained from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China) and cultured in
RPMI-1640 medium (Hyclone; GE Healthcare Life Sciences,
Logan, UT, USA), supplemented with 10% fetal bovine serum
(FBS, Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) and 1% penicillin and streptomycin (Hyclone; GE
Healthcare Life Sciences). All cells were maintained at 37°C
in a humidified atmosphere containing 5% CO,. Luteolin
was purchased from Cayman Chemical Co. (Ann Arbor, MI,
USA), and 0.029 g luteolin was dissolved in 200 ul dimethyl
sulfoxide to obtain 0.5 M luteolin and stored at -20°C. Prior to
use, the stock was diluted to 1, 2, 4, 8, 16, 32, 64, 128,256 uM
luteolin in 10% FBS RPMI-1640 medium for MTS assay, and
1, 10 and 30 xM luteolin in FBS-free RPMI-1640 medium for
all other experiments. MDA-MB-231 cell cultures received
various concentrations of luteolin for 24 or 48 h to evaluate its
effect on BC cells.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was isolated from cells using
TRIzol® reagent, according to the manufacturer's protocol
(Invitrogen; Thermo Fisher Scientific, Inc.). The total RNA
yield was determined using the NanoDrop ND-8000 UV-Vis
spectrophotometer (NanoDrop Technologies; Thermo Fisher
Scientific, Inc.). cDNA was synthesized using a PrimeScript
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RT-PCR kit (Takara Bio, Inc., Otsu, Japan) under the
following conditions: 95°C for 15 sec; followed by 30 cycles
of 95°C for 5 sec and 60°C for 60 sec. Quantification was
performed using RT Real-Time SYBR Green assays (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) on the ABI PRISM
7900 HT Sequence Detection system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The reaction conditions were
as follows: 94°C for 5 min, followed by 40 cycles at 95°C
for 15 sec, 65°C for 30 sec and 72°C for 30 sec, and a final
extension step at 72°C for 5 min. Each sample was examined
in triplicate and the relative mRNA expression levels were
determined using the 2224 method (19), normalized for the
housekeeping gene GAPDH. Primers used for RT-qPCR are
shown in Table I.

MTS assay. The MTS assay is a colorimetric assay in which
the amount of color produced is directly proportional to the
number of viable cells. Briefly, 5x10* cells in the log growth
phase were plated on 96-well plates. Following luteolin
exposure for 24 h (17,20), 20 1 MTS (Promega Corporation,
Madison, WI, USA) labeling reagent was added to each well
and incubated for another 4 h. Absorbance at 490 nm was
measured using a microplate reader (Molecular Devices,
LLC, Sunnyvale, CA, USA). The half maximal inhibitory
concentration (ICs,) values were determined from the concen-
tration curves generated using GraphPad Prism software 6.0
(GraphPad Software, Inc., La Jolla, CA, USA).

Colony formation assays. Cell proliferation was monitored
using a colony formation assay. Briefly, 300 cells/well were
grown in 6-cm plates and maintained in Dulbecco's modified
Eagle's medium (Thermo Fisher Scientific, Inc.) containing
10% FBS with or without various concentrations of luteolin.
After 14 days, cells were fixed with 4% paraformaldehyde
for 15 min at room temperature and stained with 5 g/I crystal
violet (Beyotime Institute of Biotechnology, Haimen, China)
for 3 min at room temperature. Visible colonies were counted
manually.

Transwell assays. In total, ~1x10° MDA-MB-231 cells were
seeded at the top of Matrigel-coated invasion chambers
(24-well plates, 8 mm pore size; BD Biosciences, Franklin
Lakes, NJ, USA) with serum-free medium containing various
concentrations of luteolin. Medium containing 10% FBS was
used as a chemoattractant in the lower chambers. After 24 h
of incubation at 37°C in a 5% CO, atmosphere, the media
were removed from the wells and washed twice with PBS.
The cells in the upper chambers were removed using a cotton
swab. Migratory cells were fixed with 4% paraformaldehyde
at room temperature for 5 min, and stained with 5 g/l crystal
violet for 3 min at room temperature. Cells were counted in
six representative fields using an inverted light microscope at
x200 magnification (Olympus BX53; Olympus Corporation,
Tokyo, Japan).

Western blotting. Cells were lysed using ice-cold lysis buffer
(25 mM HEPES, 1.5% Triton X-100, 0.1% SDS, 0.5 M NacCl,
5 mM EDTA and 0.1 mM sodium deoxycholate). The protein
concentration of each sample was quantified using a bicin-
choninic acid protein assay kit (Thermo Fisher Scientific,
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Table I. Primer sequences used for reverse transcription-
quantitative polymerase chain reaction.

Gene Sequence (5'-3")

hTERT Forward: CGGAAGAGTGTCTGGAGCAA
Reverse: CTCCCACGACGTAGTCCATG

c-Myc Forward: CAATGTCAAGAGGCGAACACA
Reverse: CGTCGTTTCCGCAACAAG

GAPDH Forward: CTTTGGTATCGTGGAAGGACTC

Reverse: GTAGAGGCAGGGGATGATGTTCT

hTERT, human telomerase reverse transcriptase.

Inc.). Equal quantities (20 ug) of protein/lane were separated
via SDS-PAGE on a 10-12% gel and were then transferred
to polyvinylidene difluoride membranes. The membranes
were blocked with 5% skimmed milk in Tris-buffered saline
with 0.1% Tween-20 (TBST) for 1 h at room temperature.
After washing with TBST, the membranes were hybrid-
ized with primary antibodies against p21 (1:1,000; cat.
no. ab109520; Abcam, Cambridge, UK), Survivin (1:1,000;
cat. no. #2808; CST Biological Reagents Co., Ltd., Shanghai,
China), cyclin D1 (1:1,000; cat. no. #2978; CST Biological
Reagents Co., Ltd.), B-cell lymphoma 2 (BCL-2; 1:1,000;
cat. no. ab32124; Abcam), Bcl-2-associated X protein (Bax;
1:1,000; cat. no. #5023; CST Biological Reagents Co., Ltd.),
caspase-3 (1:500; cat. no. #9662; CST Biological Reagents
Co., Ltd.), hTERT (1:1,000; cat. no. ab32020; Abcam), c-Myc
(1:1,000; cat. no. #2276; CST Biological Reagents Co., Ltd.),
phosphorylated phosphorylated-nuclear factor kB (NF-xB)
inhibitor a (pIkBa; 1:1,000; cat. no. #2859; CST Biological
Reagents Co., Ltd.), IkBa (1:1,000; cat. no. #4814; CST
Biological Reagents Co., Ltd.) and GAPDH (1:1,000; cat.
no. ab9485; Abcam) overnight at 4°C. After washing in
TBST, the membranes were incubated with the appropriate
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (cat. nos. A21010 and A21020; 1:5,000; Abbkine
Scientific Co., Ltd., Wuhan, China) at room temperature for
1 h. The protein bands were visualized using Immobilon
Western Chemiluminescent HRP substrate (EMD Millipore,
Billerica, MA, USA) and imaged by LAS-4000 mini lumi-
nescent image analyzer (Fujifilm, Life Science, New Haven,
CT, USA). ImagelJ software (version 1.8.0; National Institutes
of Health, Bethesda, MD, USA) was used for densitometric
semi-quantification of the blots.

Apoptosis analysis. The Annexin-fluorescein isothiocyanate
apoptosis detection kit (eBioscience; Thermo Fisher Scientific,
Inc.) was used to evaluate apoptosis. After treatment, cells in
the 0, 10, 30 M luteolin-treated groups were harvested and
centrifuged for 5minat 1,680 x g at room temperature,and were
then suspended at a density of 1x10° cells/ml. Subsequently,
the cells were diluted in buffer, and 10 1 Annexin V and
10 pl propidium iodide (PI) were added to 100 pl cell suspen-
sion. Subsequently, they were incubated for 15 min at room
temperature in the dark. Samples were analyzed by flow
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cytometry using NovoExpress software (ACEA BioSciences
Inc., San Diego, CA, USA). Each experiment was performed
in triplicate at least. A terminal deoxynucleotidyl-trans-
ferase-mediated dUTP nick end labeling (TUNEL) apoptosis
detection kit (Yeasen, Shanghai, China) was used to deter-
mine cell apoptosis. Briefly, MDA-MB-231 cells were fixed
with 4% paraformaldehyde for 5 min at room temperature,
permeabilized with 0.1% Triton X-100 for 5 min at room
temperature and labeled with terminal deoxynucleotidyl
transferase reaction mix for 60 min at 37°C. DAPI was used
to stain nuclei. A Nikon Eclipse Ti-U fluorescence micro-
scope (Nikon Corporation, Tokyo, Japan) was used to observe
morphological nuclear DNA fragmentation in the stained BC
cells (magnification, x200).

Cell cycle analysis. MDA-MB-231 cells were cultivated
in 6-well plates. After treatment, cells were harvested and
centrifuged at 1,680 x g for 5 min at room temperature. The
supernatant was discarded and the cell pellet was washed
twice with 3 ml PBS and centrifuged again. Subsequently,
ice-cold 70% ethanol was added to fix the cells at 4°C for
1 h. After washing with PBS, 1 ml PI solution (50 pg/ml)
containing 50 ug/ml RNase A (DNase free) was added to the
cells for staining in the dark at room temperature for 15 min.
The distribution of cells in each cell cycle phase was measured
using a flow cytometer at 488 nm excitation wavelength and
over 630 nm emission wavelength. The cell cycle distribu-
tion was evaluated by calculating the proportion of cells in
the G/G,, S and G,/M stages using NovoExpress software
(BioSciences Inc.).

Telomeric repeat amplification protocol (TRAP)-ELISA
analysis. Telomerase activity was determined by TRAP
assay using the TeloTAGGG Telomerase PCR ELISA PLUS
kit (Roche Diagnostics GmbH, Mannheim, Germany),
according to the manufacturer's protocol. Treated cells were
collected and lysed in ice-cold lysis buffer (Beyotime Institute
of Biotechnology, Shanghai, China) for 30 min. Following
centrifugation (10,000 x g for 10 min at 4°C), the supernatants
were collected and stored at -80°C, and ~5 ul of each super-
natant was added to the PCR reaction mixture provided in the
kit. PCR was then carried out under the following reaction
conditions: Primer elongation (25°C for 30 min), telomerase
inactivation (94°C for 5 min), 30 cycles of amplification
(94°C for 30 sec, 50°C for 30 sec, 72°C for 90 sec) and exten-
sion (72°C for 5 min). The PCR product was denatured and
hybridized with the digoxigenin (DIG)-labeled telomeric
repeat-specific probe. Finally, the PCR product was detected
using the anti-DIG-POD antibody (1:5,000, incubated at 37°C
for 60 min) and measured at 450 nm on a microplate reader.

Statistical analysis. All values are expressed as the
means + standard deviation. Statistical analysis was performed
using SPSS version 19.0 (SPSS; IBM Corp., Armonk, NY,
USA). One-way analysis of variance (ANOVA) and an unpaired
Student's t-test were performed to compare means among all
measured variables. When ANOVA results were significant,
multiple comparisons of means were applied with Tukey HSD
post hoc analysis. P<0.05 was considered to indicate a statisti-
cally significant difference.
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Figure 1. Inhibitory effects of luteolin on the proliferation and invasion of human breast cancer cells. (A) Dose-dependent antitumor effect of luteolin on
MDA-MB-231 breast cancer cells after 24 h. Data are presented as the means + standard deviation (n=3). (B) Luteolin exhibited a significant antitumor effect
on the MDA-MB-231 cell line in colony formation assays. (C) Luteolin inhibited cell invasion of MDA-MB-231 cells as detected by a Transwell assay. "P<0.05
vs. the control group (0 M luteolin); “P<0.05 vs. the 10 uM luteolin group. ICs,, half maximal inhibitory concentration.

Results

Luteolin inhibits the proliferation and invasion of BC
cells. Firstly, the cytotoxicity of luteolin on MDA-MB-231
cells was assessed using an MTS assay. As shown in
Fig. 1A, luteolin demonstrated a concentration-dependent
effect on the viability of MDA-MB-231 cells. The ICs, for
luteolin on MDA-MB-231 cells was 41.917 uM. To further
assess the long-term effects of luteolin treatment on cell
proliferation, a colony formation assay was performed. As
expected, luteolin inhibited the colony-forming potential of
MDA-MB-231 cells in a dose-dependent manner (Fig. 1B).
In addition, cell invasion assay results revealed that the
invasion of MDA-MB-231 cells treated with 10 uM luteolin
was significantly inhibited compared with the control, and
the inhibition was more significant when assessing 30 yM
luteolin (Fig. 1C).

Luteolin blocks cell cycle progression and modulates cell cycle
regulatory protein expression. The present study investigated
whether luteolin-mediated growth suppression was due to
cell cycle intervention. Following treatment of MDA-MB-231
cells with 10 and 30 M luteolin for 24 h, the treated cells
were subjected to cell cycle progression analysis. The results
revealed that although there were significant differences
between the 10 M luteolin-treated group and the control
group, following 30 M luteolin treatment, MDA-MB-231

cells exhibited a 1.21-fold (34.05-41.07%) increase in the
number of cells in S phase, as compared with the control
(Fig. 2A and B). Therefore, the expression levels of cell
cycle-regulated proteins in MDA-MB-231 cells were subse-
quently investigated. A dose-dependent decrease in the levels
of cyclin D1 and Survivin was identified, whereas the protein
expression levels of p21 were increased in MDA-MB-231 cells
following luteolin treatment (Fig. 2C).

Luteolin induces apoptosis of BC cells. As cell apoptosis
is one of the leading mechanisms in BC formation, a cell
apoptosis assay using flow cytometry was carried out. As
shown in Fig. 3A, no significant differences were identified
between the group of cells treated with 10 #M luteolin for
24 h and the control group, with respect to the percentage
of apoptotic cells. MDA-MB-231 cells treated with 30 xM
luteolin for 24 h exhibited potent cell apoptosis. In addi-
tion, luteolin treatment for 48 h induced cell apoptosis in a
dose-dependent manner in MDA-MB-231 cells. To further
validate the effects of luteolin on cell apoptosis, a TUNEL
assay was performed. The results (Fig. 3B) illustrated that
treatment with luteolin for 48 h triggered cell apoptosis in
a dose-dependent manner. Following luteolin treatment,
there was a decrease in BCL-2 expression and an increase
in Bax protein expression in MDA-MB-231 cells. Luteolin
treatment also markedly increased the ratio of Bax/BCL-2 in
a concentration-dependent manner. Furthermore, caspase-3
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Figure 2. Luteolin inhibits cell cycle progression in breast cancer cells. (A) MDA-MB-231 cells were treated with 0, 10 or 30 #M luteolin and analyzed by
flow cytometry to determine the distribution of cells in different phases of the cell cycle. (B) Histogram representing the mean value of three independent
experiments. MDA-MB-231 cells accumulated in S phase following luteolin treatment. (C) Total protein was isolated from control and luteolin-treated
MDA-MB-231 cells, and subjected to immunoblotting of p21, Survivin and cyclin D1 proteins. Membranes were stripped and re-probed with anti-GAPDH
antibody to ensure equal protein loading. p21 was upregulated, whereas Survivin and cyclin D1 were downregulated in MDA-MB-231 cell in a dose-dependent
manner. "P<0.05 vs. the control group (0 xM luteolin); “P<0.05 vs. the 10 xM luteolin group.
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Figure 3. Luteolin induces apoptosis of breast cancer cells. (A) MDA-MB-231 cells were treated with 10 and 30 M luteolin for 24 or 48 h and were then
analyzed by Annexin V/PI staining and flow cytometry (left). Quantitative data revealed that treatment with 30 #M luteolin for 24 h induced significant apop-
tosis of MDA-MB-231 cells. A dose-dependent increase in the number of apoptotic cells after 48 h treatment with luteolin was observed compared with control
cells (right). (B) A TUNEL assay was performed to validate the apoptosis of breast cancer cells following treatment with various concentrations of luteolin for
48 h (magnification, x200). (C) Western blot analysis revealed that the expression levels of apoptotic proteins, including Bax and caspase-3, were upregulated in
MDA-MB-231 cells following treatment with luteolin for 48 h as compared with the control. ‘P<0.05 vs. the control group (0 M luteolin); “P<0.05 vs. the 10 uM
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protein expression was also increased following luteolin  Luteolin downregulates hTERT and c-Myc expression in
treatment (Fig. 3C). BC cells. Previous studies have suggested that hTERT is
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Figure 4. Luteolin inhibits hTERT expression at the transcriptional level. (A) Luteolin inhibited hTERT transcription in MDA-MB-231 cells in a concentra-
tion- and time-dependent manner, as detected by reverse transcription-quantitative polymerase chain reaction analysis. (B) Western blot analysis revealed that
luteolin significantly inhibited hTERT protein levels in a dose-dependent manner after 24 and 48 h. "P<0.05 vs. the control group (0 zM luteolin); “P<0.05 vs.

the 10 M luteolin group. hTERT, human telomerase reverse transcriptase.

upregulated in BC and serves a role in regulating cell cycle,
proliferation and tumorigenesis (21,22). The hTERT levels
were measured to reveal any potential correlative or mecha-
nistic effects that luteolin may have on BC cells. As shown
in Fig. 4A, the mRNA expression levels of hTERT were
significantly downregulated following 24 h treatment with
10 and 30 yM luteolin. Additionally, 10 and 30 M luteolin
treatment for 48 h led to the downregulation of hTERT
mRNA in MDA-MB-231 cells. A similar change in hTERT
protein caused by luteolin treatment was detected (Fig. 4B).
Furthermore, c-Myc has been identified as an inducer of
hTERT transcription and may bind the hTERT promoter. To
explore the possibility that luteolin downregulated hTERT via
the c-Myc pathway, the effects of luteolin on c-Myc expression
were evaluated. As expected, luteolin treatment downregu-
lated the expression of c-Myc in a time- and dose-dependent
manner at the mRNA and protein levels in MDA-MB-231 cells
(Fig. 5A-C). NF-«B signaling is one of the major upstream
targets of c-Myc and a number of studies have demonstrated
that luteolin targets NF-kB (23-25). NF-xB normally binds to
IkBa and is localized in the cytoplasm. Following activation,
IkBa is phosphorylated and dissociates from NF-kB, which
allows NF-kB to translocate from the cytoplasm to the nucleus
to target downstream genes. Therefore, the alteration of IxBa
and plkBa were evaluated by western blotting following
luteolin treatment. As shown in Fig. 5B and D, although no
significant change in pIkBa was identified following 10 M
luteolin treatment for 24 h, the levels of plkBa were signifi-
cantly decreased following treatment with luteolin for 48 h, in
a dose-dependent manner.

Luteolin reduces telomerase activity in BC cells. Since
hTERT is the catalytic and limiting component of telomerase,
telomerase activity in MDA-MB-231 cells was measured to
fully examine the luteolin-mediated repression of hTERT. As

illustrated in Fig. 6A, telomerase activity was reduced in a
dose-dependent manner following treatment with luteolin for
48 h. In addition, as shown in Fig. 6B, treatment with luteolin
for 72 h also reduced the activity levels of telomerase in a
dose-dependent manner.

Discussion

BC is the most common type of cancer and the second most
common cause of cancer-associated mortality in women.
Therefore, investigating the molecular mechanisms underlying
the initiation and development of BC, and searching for more
efficient therapeutic agents and strategies are of important
clinical value (26). Traditional herbal medicines have long
been utilized to prevent and treat neoplasms. Searching for
natural products directed at suppressing proliferation and
inducing apoptosis of cancer cells may be a novel strategy for
BC treatment (27). Luteolin is a natural flavonoid that exists
in several types of vegetables, fruits and medicinal herbs, and
inhibits tumorigenesis in various types of cancer, including
BC (17,28,29). The present study validated the effect of luteolin
on cell proliferation, invasion, cell cycle progression and apop-
tosis in BC cells in vitro. Luteolin significantly inhibited cell
growth, invasion and cell cycle progression, and effectively
induced apoptosis of MDA-MB-231 BC cells. In the present
study, it was identified that luteolin reduced telomerase levels
in a dose-dependent manner. The mechanism for this may
include downregulation of hTERT expression via inhibition
of the NF-kB-c-Myc axis. The results provided evidence for
a novel mechanism via which luteolin exerts its anticancer
properties.

Notably, the dose applied in the present study was deter-
mined by an MTS assay. The results of the present study
suggested that high concentrations of luteolin (>42 M) exhib-
ited cytotoxic effects on MDA-MB-231 cells. This differed
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Figure 5. Luteolin targets NF-kB/c-Myc to inhibit hTERT transcription. (A) Luteolin (10 zM) had no effect on c-Myc mRNA expression in MDA-MB-231 cells
after 24 h. Luteolin significantly inhibited c-Myc in MDA-MB-231 cells after 48 h, with high significance observed at 30 xM. (B) Western blot analysis revealed
that luteolin treatment had no marked effects on the NF-kB/c-Myc pathway after 24 h. (C) Luteolin suppressed c-Myc protein levels in a dose-dependent
manner after 48 h and (D) inhibited the activation of NF-kB, as demonstrated by the inhibition of plkBa. "P<0.05 vs. the control group (0 zM luteolin); “P<0.05
vs. the 10 uM luteolin group. plkBa, phosphorylated-nuclear factor-«B inhibitor o.
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Figure 6. Luteolin reduces telomerase activity in breast cancer cells. (A) Luteolin reduced the relative levels of telomerase in MDA-MB-231 cells in a
concentration-dependent manner after 48 h. (B) Luteolin reduced the relative levels of telomerase in MDA-MB-231 cells after 72 h. Values are representative
of three independent experiments and shown as a percentage of the mean + standard deviation. "P<0.05 vs. the control group (0 zM luteolin); *P<0.05 vs. the

10 uM luteolin group.

from the study performed by Park et al (28), which identified an
IC,, value of 27 yuM in MDA-MB-231 cells. This discrepancy
may be due to different manufacturers of luteolin. Consistent
with previous studies (17,29,30), the antiproliferative activity
of luteolin on BC cells was confirmed using a colony forma-
tion assay. In addition, the present study revealed that luteolin
significantly inhibited invasion of BC cells. A previous study
indicated that luteolin exerts antitumor activities by interfering
with the cell cycle (31). Park et al demonstrated that luteolin

induces cell cycle arrest in MCF-7 BC cells (28). In the present
study, it was identified that, although luteolin treatment caused
abnormal cell cycle arrest in MDA-MB-231 cells, it decreased
the essential cell cycle regulators cyclin DI and Survivin in a
dose-dependent manner, which partly explained the mecha-
nism through which luteolin affects the cell cycle of BC cells.

Notably, it was also revealed that luteolin decreased the
expression levels of another novel cell cycle participator,
hTERT. hTERT is critical to the survival and progression of
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cancer cells, due to being involved in the maintenance of the
telomeric ends of chromosomes following each replication,
which solves the end replication problem. Notably, hTERT
is particularly valuable as a target for the prevention or
treatment of unlimited cell cycle progression that sustains
cancer (32). Bai et al (33). Identified that decreased hTERT
transcription was indirectly caused by a significant decrease
in activation of the upstream NF-kB pathway, which resulted
from decreased phosphorylation of IkBa. In addition, a
previous study also demonstrated that activated NF-kB may
bind to the c-Myc promoter to activate its expression, and
that c-Myc preferentially binds to the hTERT promoter,
increasing hTERT mRNA expression (34). In the present
study it was identified that luteolin treatment in BC cells
inhibited the NF-kB pathway, and subsequent c-Myc expres-
sion, to significantly decrease hTERT expression levels.
Although this was not the first time that luteolin was shown
to inhibit activation of the NF-«xB signaling pathway (12), to
the best of our knowledge, the present study was the first to
demonstrate that luteolin may reduce telomerase levels in BC
cells, providing evidence for a potential mechanism for the
antitumor effects of luteolin.

Using flow cytometry and western blotting, the present
study also confirmed that luteolin may induce significant
apoptosis of BC cells. Notably, luteolin upregulated the
pro-apoptotic factor Bax and downregulated the survival
factor BCL-2, leading to a prominent increase in the ratio of
Bax/BCL-2 in BC cells, suggesting that luteolin modulated
mitochondrial function to mediate cell death. It has also been
suggested that luteolin may be suitable to treat the resistance
of human BC cells (16,35). Notably, Tu et al previously identi-
fied that luteolin may sensitize drug-resistant human BC cells
to tamoxifen (16). Sabzichi et al suggested that luteolin could
sensitize MDA-MB 231 cells to doxorubicin by suppressing
nuclear factor erythroid 2-related factor 2 mediated
signaling (35). The association between apoptosis and telom-
erase activity has been firmly established by researchers, since
numerous anticancer agents induce apoptosis through down-
regulation of telomerase activity (36,37). Moon et al reported
that gefitinib could induce cell apoptosis by decreasing
telomerase activity in MDA-MB-231 cells (38). Similarly,
Moradzadeh et al demonstrated that epigallocatechin-
3-gallate treatment significantly increased apoptosis of
T47D BC cells and decreased expression of hTERT mRNA,
indicating that it may serve as a novel agent which decreases
resistance to chemotherapy (39). The regulation of hTERT
by luteolin treatment involved in chemotherapy resistance
during BC treatment should be investigated in vitro and
in vivo.

In conclusion, the present study demonstrated that luteolin
inhibited BC proliferation, invasion and cell cycle progression,
and induced cell apoptosis, through suppressing activation of
NF-kB/c-Myc and subsequent inhibition of hTERT transcrip-
tion. These results suggested that luteolin may be a useful,
natural and chemopreventive agent for the treatment of breast
cancer.
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