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Abstract
Purpose It has been reported that cancer stem cells (CSCs)
may play a crucial role in the development, recurrence and
metastasis of breast cancer. Targeting signaling pathways in
CSCs is considered to be a promising strategy for the treat-
ment of cancer. Here, we investigated the role of the A2B
adenosine receptor (A2BAR) and its associated signaling
pathways in governing the proliferation and viability of breast
cancer cell line derived CSCs.
Methods CSCs were isolated from the breast cancer cell lines
MCF-7 and MDA-MB-231 using a mammosphere assay. The
effect of the A2BAR agonist BAY606583 on cell proliferation
was evaluated using XTT and mammosphere formation as-
says, respectively. Apoptosis was assessed using Annexin-V
staining and cell cycle analyses were performed using flow
cytometry. The expression levels of Bax, Bcl-2, cyclin-D1,
CDK-4 and (phosphorylated) ERK1/2 were assessed using
Western blotting.
Results Our data revealed that the breast cancer cell line de-
rived mammospheres were enriched for CSCs. We also found

that A2BAR stimulation with its agonist BAY606583
inhibited mammosphere formation and CSC viability. In ad-
dition, we found that the application of BAY606583 led to
CSC cell cycle arrest and apoptosis through the cyclin-D1/
Cdk-4 and Bax/Bcl-2 pathways, respectively. Notably, we
found that BAY606583 significantly down-regulated ERK1/
2 phosphorylation in the breast cancer cell line derived CSCs.
Conclusions From our results we conclude that A2BAR in-
duces breast CSC cell cycle arrest and apoptosis through
downregulation of the ERK1/2 cascade. As such, A2BAR
may be considered as a novel target for the treatment of breast
cancer.

Keywords Cancer stem cell . A2B adenosine receptor . Cell
cycle . Apoptosis . ERK1/2

1 Introduction

Breast cancer stem cells (CSCs) constitute a rare population of
cells that are thought to be responsible for tumor initiation,
drug resistance and metastasis [1, 2]. The limited success of
current treatment strategies may be due to the fact that they
primarily target the bulk of the tumor cells while leaving the
CSCs unaffected [3]. For obtaining a more effective treatment
it may, therefore, be necessary to eradicate the CSCs [4]. In the
case of breast cancer, a subpopulation of CD44+/CD24− cells
has been recognized as being CSCs. These cells can grow
under anchorage-independent conditions, thereby forming so
called mammospheres [5]. Van Phuc et al. [6] reported that
inhibition of CD44 may decrease the chemo-resistance of
these CD44+/CD24− CSCs.

It has also been reported that signaling pathways play a crucial
role in the maintenance of the cellular and molecular properties
of breast CSCs such as growth, survival, self-renewal and
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chemo-resistance [7, 8]. Therefore, one strategy for the elimina-
tion of breast CSCs may be the targeting of its critical signaling
pathways. Several studies have shown that the extracellular-
signal regulated kinase (ERK1/2) pathway is implicated in the
pathogenesis of breast cancer [9]. ERK1/2 is a major member of
the mitogen-activated protein kinase superfamily, which plays a
crucial role in regulating cellular growth and apoptosis in re-
sponse to various stimuli in cancer [9, 10]. Recently, attention
has shifted to the role of ERK1/2 in CSCs [11, 12] and it has been
found that ERK1/2 signaling plays a crucial role in the self-
renewal and proliferation maintenance capacities of CSCs [13].
Importantly, it has been found that ERK1/2 expression is in-
creased in CSCs derived from human tumors [14]. In case of
breast cancer, several studies have shown that ERK1/2 inhibition
may reduce cell viability and spheroid formation, and induce
apoptosis in CSCs [11, 15].

It has also been suggested that adenosine receptors (ARs)
may play a role in the regulation ERK1/2 signaling [16]. ARs
are members of a family of purinergic receptors and are divid-
ed into four subtypes: A1, A2A, A2B and A3 [17]. ARs are
widely expressed and it has been reported that they play a
critical role in the development and progression of many types
of cancer [18]. The major signaling pathway of ARs involves
G proteins that regulate the activity of adenylyl cyclase, there-
by altering cAMP levels [19]. Previously, inconsistent results
have been reported on the function of the A2 receptor A2BAR
in breast cancer cells as also on its molecular mode of action.
One study has reported that A2BAR agonists may reduce
breast cancer cell proliferation [20], whereas another study
has shown that A2BAR antagonists may inhibit the prolifera-
tion of breast cancer cells [21]. Since breast CSCs may play a
pivotal role in breast cancer development and therapy resis-
tance, there is a critical need to assess the role of A2BAR in
breast CSCs. Recently, Daniele et al. [22] reported that
A2BAR stimulation may have anti-proliferative and pro-
apoptotic effects on glioblastoma CSCs.

The aim of the current study was to assess the role of
A2BAR and its molecular mode of action in CSCs derived
from MCF-7 and MDA-MB-231 breast cancer cells using
mammosphere formation and cell viability assays, as well as
cell cycle and apoptosis assays. In addition we assessed the
effect of A2BAR on ERK1/2 signaling.

2 Materials and methods

2.1 Chemicals and antibodies

BAY606583 and PSB 603 were obtained from Tocris
Bioscience (Bristol, UK), whereas XTTsodium salt and phen-
azine methosulfate were purchased from Sigma Aldrich (St.
Louis, MO, USA). The anti-CD44 antibody (FITC) and anti-
CD24 antibody (PE) used and Annexin-V were purchased

from Abcam (Cambridge, MA, USA). Mouse monoclonal
antibodies directed against OCT-4, SOX-2, A2BAR, Bax,
Bcl-2, CDK-4, cyclin-D1, GAPDH and ERK1/2, and goat
anti-mouse secondary antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). A Cyclic AMP
XP® Assay Kit was purchased from Cell Signaling
Technology (Danvers, MA, USA), whereas propidium iodide
(PI) was purchased from Sigma Aldrich. Basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF) and
B-27 supplement were purchased from Invitrogen Co
(Grand Island, NY, USA).

2.2 Cell lines and culture conditions

The human breast cancer-derived cell lines MCF-7 (IBRC
C10082) and MDA-MB-231 (IBRC C10684) were obtained
from the Iranian Biological Resource Center (IBRC). The
cells were maintained as monolayer cultures in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum, 100 U/ml penicillin and 100 mg/ml strepto-
mycin and cultured in a humidified incubator at 37 °C and 5%
CO2.

2.3 Mammosphere formation assay

In order to obtain mammospheres, breast cancer-derived cells
were suspended in serum-free DMEM containing 1% (v/v) B-
27 supplement, 10 ng/ml bFGF and 20 ng/ml EGF and seeded
in 6-well ultra-low attachment plates at a density of 5000 cells/
well. When the cells were grown under these culture condi-
tions, mammospheres appeared after 7 days. For serial pas-
sage (i.e., the formation of secondary and tertiary
mammospheres), primary mammospheres were trypsinized
to generate single cell suspensions and re-seeded in 6-well
plates to form new mammospheres.

2.4 Flow cytometry

For the analysis of surface markers, tertiary mammospheres
were trypsinized to obtain single cell suspensions and washed
with phosphate-buffered saline (PBS). Next, the cells were
incubated with anti-CD44 and anti-CD24 antibodies in the
dark for 30 min. Following this incubation, the cells were
washed twice with PBS to remove unbound antibody and
analyzed using a FACSCalibur (BD Biosciences, Franklin
Lakes, NJ, USA). The gates were set based on the isotype-
matched controls. The data were analyzed using Flow Jo soft-
ware version 7.6.1 (Tristar, CA, USA).

2.5 Quantitative RT-PCR

Total RNA was extracted from cell pellets using RNX-plus
(Cinnagen, Tehran, Iran) according to the manufacturer’s
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instructions, after which cDNA was generated using a
PrimeScript-RT Master Mix (TaKaRa, Tokyo, Japan) accord-
ing to the manufacturer’s protocol. The expression of GAPDH
(control housekeeping gene) and A2BAR was assessed using
SYBR green-based real-time PCR (Ampliqon, Herlev,
Denmark). Relative mRNA expression levels were deter-
mined using the 2-ΔΔCt method. The following primers were
used: A2BAR forward 5′-CTG TGT CCC GCT CAG GTA
TAA-3′; A2BAR reverse 5′- CAG CAGCTT TCATTCGTG
GTT-3′ and GAPDH forward, 5′-CTC CCG CTT CGC TCT
CTG-3′; GAPDH reverse, 5′-TCC GTT GAC TCC GAC
CTT C-3′.

2.6 Cyclic AMP measurement

cAMP accumulation was evaluated using a competitive
ELISA kit (Cell Signaling Technology, Danvers, MA,
USA). Briefly, cells were seeded in 6-well plates and cultured
for 24 h. Then, the cells were washed twice with warm PBS
and incubated in serum-free medium containing ADA (1 U/
ml) for 30 min at 37 °C. After this, the cells were treated with
different concentrations of BAY606583, (0.1, 1, 10 and
100 μM) in the presence or absence of PSB 603 (A2BAR
antagonist; 1 μM) for 30 min. After lysis of the cells with
the buffer available in the kit, the amount of cAMP in the cell
lysate was measured according to the manufacturer’s
instructions.

2.7 XTT Cell Viability assay

Cell viability was quantified using a XTT-based assay (Sigma,
St. Louis, MO, USA). Briefly, 3000 cells/well from disaggre-
gated secondary mammospheres were seeded in 96-well
plates and cultured for 7 days to re-form spheres. Next, the
cells were treated with various concentrations of BAY606583
(0.1, 1, 10 and 100μM) in the presence or absence of PSB 603
(1 μM) for 48 h. Finally, 125 μM XTT (sodium 2,3-Bis(2-
methoxy-4-nitro-5-sulfophenyl)-2H–tetrazolium-5-
carboxanilide inner salt) and 25 μM PMS (phenazine
methosulphate) were added to each well and incubated at
37 °C for 4 h, after which the soluble formazan product was
measured at a wavelength of 450 nm using a multiplate reader
(Synergy H1 Hybrid Multimode-BioTek).

2.8 Cell cycle analysis

Cell cycle analyses were carried out using flow cytometry
as reported before [23, 24]. Briefly, CSCs were harvested
after treatment with various concentrations of BAY606583
(0.1, 1, 10 μM) for 48 h, washed with cold PBS and fixed
gently (drop by drop) in 1 ml cold ethanol at 4 °C for
30 min. Next, the cells were washed and centrifuged at
1500 rpm for 5 min, after which the cell pellets were

resuspended in PBS containing 20 mg per ml propidium
iodide (PI), 0.1% Triton X-100 and 100 mg/ml RNAse.
After incubation for 30 min in the dark on ice, the cells
were analyzed for DNA content using a FACS Calibur
flow cytometer. The cell cycle distribution of cells was
quantified using Flow Jo software version 7.6.1 (Treestar
Inc., Ashland, OR, USA).

2.9 Apoptosis assay

CSCs from disaggregated secondary-mammospheres were
seeded at a concentration of 5 × 104 cells/well in 6-well
plates and incubated for 7 days to allow sphere re-forma-
tion. Next, the cells were treated with various concentra-
tions of BAY606583 (0.1, 1, 10 and 100 μM) in the pres-
ence or absence of PSB 603 (1 μM) and, after 48 h incu-
bation, collected by centrifugation. The resulting cell pel-
lets were washed twice with PBS, resuspended in 195 μl
binding buffer and incubated with 5 μl Annexin-V-FITC
for 10 min on ice in the dark, after which 1 μl propidium
iodide (PI) (50 μg/ml) was added and flow cytometry (see
above) was carried out.

2.10 Western blotting

Western blotting was carried out as reported before [25].
Briefly, cells were treated with various concentrations of
BAY606583 (0.1, 1, 10 and 100 μM) for 48 h. For the
OCT-4, SOX-2 and A2BAR protein level assays, the cells
were not treated with BAY606583. Next, the cells were
washed twice with ice-cold PBS (pH 7.4) and lysed in
RIPA buffer supplemented with a Complete Protease
Inhibitors Cocktail (Roche Applied Science, Penzberg,
Germany). After incubation on ice for 2 h, the lysates were
centrifuged at 14,000×g for 10 min at 4 °C and the super-
natants were transferred to clean tubes. Equal amounts of
soluble protein were subjected to SDS-polyacrylamide gel
electrophoresis and transferred to PVDF membranes. The
membranes were blocked with 5% skim milk for 2 h and
incubated with mouse anti-OCT-4, anti-SOX-2, anti-
A2BAR, anti-Cyclin-D1, anti-CDK-4, anti-Bax, anti-Bcl-
2, anti-ERK1/2 and anti-GAPDH antibodies at 4 °C over-
night and, subsequently, with an appropriate horseradish
peroxidase-conjugated secondary antibody for 1 h.
Protein bands were detected using an ECL reagent (Bio-
Rad, Hercules, CA, USA). The relative intensities of the
protein bands were measured using ImageJ software (NIH,
Bethesda, MA, USA).

2.11 Caspase-6 activity measurement

CSCs were treated with various concentrations of
BAY606583 (0.1, 1, 10 and 100 μM) for 48 h. In addition,
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CSCs were treated with BAY606583 (20 μM) for 0, 6, 12, 24,
48 and 60 h. Subsequently, caspase-6 activities were assessed
using a Caspase Colorimetric Assay Kit according to the man-
ufacturer’s instructions (R&D Systems, Minneapolis, MN,
USA). To this end, cells were harvested and lysed in lysis
buffer. After incubation on ice for 10 min, the lysed cells were
centrifuged after which caspase-6 substrate (VEID-pNA) was
added to the supernatants in a reaction buffer and incubated at
37 °C for 2 h. The absorbance of p-nitroaniline was measured
at 490 nm in a Microplate Reader (Synergy H1 Hybrid
Multimode-BioTek).

2.12 Statistical analysis

The results are presented as mean ± SD and statistical analyses
were carried out using the nonparametric test of variance be-
tween groups (ANOVA) followed by Dunnett’s post hoc test.
All experiments were repeated at least three times indepen-
dently and the software package SPSS version 18 was used. A
difference was regarded statistically significant at p < 0.05.

3 Results

3.1 Identification of breast cancer cell derived CSCs

Previously, it has been reported that CD44 and CD24 may
act as specific cell surface markers for the identification of
human breast CSCs [26]. Using flow cytometry, we found
that tertiary mammospheres derived from MCF-7 and
MDA-MB-231 breast cancer cells were enriched for up to
60.8% and 85.1% in CD44+/CD24− CSCs, respectively
(Fig. 1). OCT4 and SOX-2 are well-known key regulators
of self-renewal in normal stem cells and, in addition, have
previously been used as biomarkers for the identification
of CSCs [27, 28]. In order to assess whether the MCF-7
and MDA-MB-231 derived CSCs have stem cell proper-
ties, we examined their OCT-4 and SOX-2 expression
levels relative to those of the parental cell lines. Using
Western blot analysis, we indeed found that the expression
of OCT-4 and SOX-2 was increased in the MCF-7 and
MDA-MB-231 derived CSCs (Fig. 2a).

3.2 A2BAR expression is increased in breast cancer cell
derived CSCs

Next, we set out to assess the expression level of the A2B
adenosine receptor A2BAR in MCF-7 and MDA-MB cells
and in CSCs derived from them. Using Western blot anal-
ysis we found that the expression of A2BAR in the breast
cancer cell derived CSCs was higher than in its parental
cell lines (Fig. 2a). Using qRT-PCR, we also found that the
A2BAR mRNA expression levels were 2.8 fold (MCF-7

derived CSCs) and 2.2-fold (MDA-MB-231 derived CSCs)
higher compared to the parental cell lines, respectively
(p < 0.05; Fig. 2b).

3.3 A2BAR is functional in breast cancer cell derived
CSCs

To verify the functional responsiveness of A2BAR in MCF-7
and MDA-MB cells and its derived CSCs, its cAMP levels
were examined [29]. After treatment of the respective cells
with various concentrations of the A2BAR agonist
BAY606583 we found that the breast cancer cell derived
CSCs exhibited increased cAMP levels in a concentration-
dependent manner, corresponding to EC50 values of 8.1 and
9.23 for theMCF-7 andMDA-MB 231 derived CSCs, respec-
tively (Fig. 2c). We also assessed the effect of the A2BAR
agonist BAY606583in the presence of its antagonist PSB 603
(1 μM). By doing so, we found that PSB 603 antagonized the
BAY606583-induced cAMP levels in both breast cancer cell
derived CSCs (Fig. 2c).

3.4 A2BAR agonist BAY606583 inhibits mammosphere
formation

To evaluate whether A2BAR agonism inhibits mammosphere
formation, we accumulated breast CSCs using sphere medium
and assessed the sphere forming efficiency of MCF-7 and
MDA-MB-231 cells after BAY606583 treatment. We found
that this BAY606583 treatment reduced the formation of
mammospheres in both MCF-7 and MDA-MB231 cells
(Fig. 3a, c). To confirm the specificity of A2BAR inhibition,
the respective CSCs were pretreated with the A2BAR antag-
onist PSB 603 (1 μM). By doing so, we found that the inhib-
itory effects of BAY606583 onmammosphere formation were
blocked (Fig. 3a, c).

3.5 A2BAR agonist BAY606583 has anti-proliferative
effects on breast cancer cell derived CSCs

To examine the effects of the A2BAR agonist BAY606583 on
breast cancer cell derived CSCs, changes in cell viability were
measured using a XTT assay. We found that treatment of the
CSCs with BAY606583 resulted in a dose-dependent reduc-
tion in cell viability compared to that of the untreated controls
(Fig. 3b, d). At a concentration of 0.1 μM BAY606583 had a
significant inhibitory effect on the viability of the CSCs
(p < 0.05), whereas at 100 μM the effect reached a maximum
in both the MCF-7 and MDA-MB-231 derived CSCs
(p < 0.01). To confirm the specificity of A2BAR on the inhi-
bition of cell viability, the CSCs were pretreated with the
A2BAR antagonist PSB 603 (1 μM). By doing so, we found
that the inhibitory effect of BAY606583 was significantly
blocked (p < 0.05; Fig. 3b, d).
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3.6 A2BAR agonist BAY606583 induces cell cycle arrest
in breast cancer cell derived CSCs

In order to evaluate whether the A2BAR agonist BAY606583
can induce cell cycle arrest in breast cancer cell derived CSCs,
the respective cells were treated with both low concentrations
of BAY606583 (0.1, 1 μM) and a high concentration of
BAY606583 (10 μM) for 48 h. After treatment of the CSCs
with 0.1 and 1 μM BAY606583 an apparent dose-dependent
accumulation of cells in the G1 phase was observed (p < 0.05;
Fig. 4a). At the concentration of 10 μM an apparent accumu-
lation of cells in the subG1 phase was observed in both CSC
groups (p < 0.05). After 48 h the percentages ofMCF-7 derived
CSCs in the G1 phase were 65.01%, 69.48%, 71.53% and
60.45% for the untreated, and 0.1μM, 1μMand 10μM treated
cells, respectively, whereas in the MDA-MB-231 derived
CSCs these percentages were 57.45%, 60.43%, 66.56% and
60.14% for the untreated and 0.1 μM, 1 μMand 10 μM treated
cells, respectively. To determine the molecular mechanism un-
derlying the BAY606583-induced G1 arrest in the breast can-
cer cell derived CSCs, the effect of BAY606583 on the expres-
sion of the G1 cell cycle regulatory proteins Cdk-4 and cyclin-
D1 was assessed by Western blotting. We found that
BAY606583 inhibited the expression levels of both cyclin-D1

and CDK-4, which may explain the observed G1 cell cycle
arrest in both the MCF-7 and MDA-MB-231 derived CSCs
(Fig. 4c).

3.7 A2BAR agonist BAY606583 induces apoptosis
in breast cancer cell derived CSCs

To determine the apoptotic nature of the A2BAR agonism-
induced cell death, we assessed the effect of low (1 μM) and
high (10 and 100 μM) BAY606583 concentrations on the
breast cancer cell derived CSCs using Annexin-V-FITC and
PI staining in conjunction with flow cytometry (Fig. 5a). We
found that after BAY606583 treatment for 48 h the percentage
of apoptotic cells increased in a concentration-dependent man-
ner (p < 0.05; Fig. 5b). In addition, we found that PSB 603
inhibited the BAY606583-induced apoptosis (Fig. 5b), thus
confirming the involvement of A2BAR in the induction of
apoptosis by BAY606583. In order to substantiate this notion,
we decided to determine the expression of the Bcl-2 family
members Bcl-2 and Bax in the breast cancer cell derived
CSCs. Using Western blotting, we observed a significant re-
duction in Bcl-2 expression after BAY606583 treatment. In
addition, we found that BAY606583-induced apoptosis was
accompanied by increases in pro-apoptotic Bax expression in

Fig. 1 CD44 and C244 expression in breast cancer cell derived CSCs and parental cell lines. Flow cytometry analysis of CD24 and CD44 expression in
MCF-7, MCF-7 derived CSCs, MDA-MB-231 and MDA-MB-231 derived CSCs
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a dose-dependent manner (Fig. 5c). Since caspase cascade
activation plays a key role in apoptosis [3], we next set out
to assess the catalytic activities of caspase-6 in A2BAR
agonist-treated cells using colorimetric assays. By doing so,
we found that, compared to the control group, BAY606583
treatment of the CSCs resulted in significant increases in
caspase-6 activity in a concentration (1, 10, 20, 40, 80,
100 μM; Fig. 6a) and incubation (12, 24, 48, 60 h; Fig. 6b)
dependent manner (p < 0.05).

3.8 ERK1/2 may act as mediator of the anti-apoptotic
A2BAR effects

Several signaling pathways have been shown to be in-
volved in the growth and survival of CSCs, including
the ERK1/2 pathway [14]. Therefore, we decided to eval-
uate the effects of low concentrations (1 μM) and high
concentrations (10 and 100 μM) of BAY606583 on the
ERK1/2 signaling pathway in breast cancer cell derived
CSCs. We found that the A2BAR agonist did not change
the total ERK protein level, but down-regulated the p-
ERK1/2 level at both the low and high concentrations of
BAY606583 tested in MCF-7 and MDA-MB 231 derived
CSCs after 12 h incubation (p < 0.05; Fig. 7). This result
suggests a regulatory role of A2BAR on the ERK1/2
pathway.

4 Discussion

Previously, it has been reported that CSCs may be involved in
the recurrence and metastasis of cancer, including breast can-
cer [29]. It has also been reported that CSC targeting may be
an effective way to treat cancer and that the identification of
signaling pathways governing CSC biology may be instru-
mental for this [3]. Here, we report for the first time that
A2BAR may play a pivotal role in the regulation of Erk1/2
signaling in breast cancer cell derived CSCs.

The role of A2BAR and its associated signaling pathways
have been evaluated in several human tumor types [30] and it
has for instance been found that A2BAR can induce apoptosis
in colon and ovarian cancer cells [31, 32]. Mittal et al. [33]
reported that A2BAR may play a role in promoting tumor
metastasis and, concordantly, it has been found that A2BAR
blockade may inhibit the growth and metastasis of prostate
cancer and melanoma cells [34, 35]. As of yet, a role of
A2BAR in breast cancer has not been documented, including
a putative role in the biology of breast cancer derived CSCs.

First, we enriched CSCs from breast cancer cell line MCF-
7 and MDA-MB-231 derived mammospheres using serum-
free medium. We found that these cells exhibit a CD44+/
CD24− breast CSC phenotype and express the stem cell mark-
er OCT-4. In agreement with this finding, de laMare et al. [36]
recently reported an increase in the CD44+/CD24− population
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231 cells and its derived CSCs. (b) Relative gene expression of A2BAR

assessed by qRT-PCR inMCF-7 andMDA-MB-231 cells and its derived
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and in the expression of OCT-4 in mammospheres derived
from MCF-7 cells, and Huang et al. [27] similarly found that
mammospheres derived from MDA-MB231 cells are
enriched for CD44+/CD24− cells and exhibit a high level of
OCT-4 expression. We also found that A2BARwas expressed
at higher levels in the breast cancer cell derived CSCs com-
pared to the parental cells and that A2BAR is functionally
active in these CSCs. Previously, it has been found that the
expression of A2BAR is increased in glioma CSCs compared
to the bulk of glioma tumor cells [22]. Here, XTT and
mammosphere formation assays were used to evaluate the
effect of the A2BAR inhibitor BAY606583 on the growth of
breast cancer cell derived CSCs. From our results, we con-
clude that A2BARmediates an inhibitory effect on the growth
of these CSCs in vitro. This result is consistent with a previous
report showing that BAY606583 can inhibit the proliferation
of glioblastoma derived CSCs [22].

Modulation of cell cycle progression is considered to be a
promising approach to control tumor growth [37]. We found
that BAY606583 at low concentrations (0.1 and 1 μM) in-
duces G1 cell cycle arrest and at a higher concentration
(10 μM) induces cell death with an apparent accumulation
of CSCs in the subG1 phase. The control over cell cycle G1/
S phase transition is driven by a complex formed by Cdk-4
and cyclin-D1 [38]. We found that A2BAR induces G1 cell
cycle arrest through the down-regulation of cyclin-D1 and
CDK-4. Previously, Lamb et al. [39] showed that cyclin-D1
and CDK-4 inhibition leads to a decrease in mammosphere
formation [38], whereas another study has indicated that
CDK-4 may regulate CSC properties in breast cancer. Based
on these observations, cyclin-D1 and CDK-4 may be consid-
ered as targets for the treatment of breast cancer.

Apoptosis is a mode of cell death that is crucially in-
volved in tumor formation. The Bcl-2-family of proteins
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are key regulators of apoptosis and are known to act
through the mitochondrial apoptotic response pathway.

This family of proteins includes both pro-apoptotic and
anti-apoptotic members [40]. Also, caspases play a
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Fig. 4 Effect of A2BAR agonist BAY606583 on CSC cell cycle
distribution. (a) Cell cycle analysis by flow cytometry of cells treated
with various concentrations of BAY606583 (0.1, 1 and 10 μM) for
48 h. (b) Histograms indicating the percentages of cells in each phase
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proteins assessed by Western blotting. (d) Densitometric analysis of
cyclin-D1 and CDK-4 bands using ImageJ software. Data are represen-
tative mean values ± S.E.M. of three independent experiments.*p < 0.05
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prominent role in apoptosis [41]. Caspase-6 is a key effec-
tor that becomes activated downstream of caspase-3 and
caspase-7 in apoptosome-mediated apoptosis [42]. Many
cancer treatment strategies are based on activation of apo-
ptosis signal transduction pathways, mitochondrial func-
tion disturbance and proteolytic processing of caspases
[43]. We found that BAY606583 increases the expression

of Bax, decreases the expression of Bcl-2 and induces the
activation of caspase-6. These results indicate that this
A2BAR agonist up-regulates caspase-6 through an incre-
ment of the Bax/Bcl-2 ratio, thereby inducing apoptosis in
breast cancer cell derived CSCs. Others have found that
A2BAR stimulation can induce apoptosis via activation
of caspase-3 and deregulation of the Bax/Bcl2 ratio [26],
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48 h. (b) Histograms indicating the percentages of apoptotic breast cancer
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and that A2BAR agonism may induce apoptosis in glio-
blastoma derived CSCs through caspase activation and
Bax up-regulation [22]. Several studies have confirmed
the involvement of A2BAR in cancer development through
agonist and antagonist treatment experiments. Previously,
it has for example been found that the effects of A2BAR
agonists could be completely abrogated by A2BAR antag-
onists in glioblastoma derived CSCs, indicating that the
anti-proliferative effects of A2BAR agonists are specifical-
ly mediated by A2BAR activation [22]. Another study on
ovarian cancer has shown that the inhibitory effects of

A2BAR agonists on cellular growth could significantly
be abrogated by A2BAR antagonists, indicating the spec-
ificity of A2BAR in the inhibition of ovarian cancer cell
viability [32]. Our data also indicate that the A2BAR an-
tagonist PSB 603 can inhibit BAY606583-induced cAMP
levels in breast cancer cell derived CSCs and that PSB 603
can counteract the inhibitory effects of BAY606583 on cell
proliferation and mammosphere formation. Additionally,
we found that apoptosis induction by A2BAR activation
was antagonized by PSB 603. Together, these results con-
firm the observed effects of A2BAR at high BAY606583
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doses. Other studies have shown that BAY606583 at high
doses may protect the colonic epithelial barrier during
acute colitis through A2BAR activation [44] and that
A2BAR activation at high BAY606583 doses may mediate
hematopoiesis [45].

Several signaling cascades, such as the ERK1/2 signal-
ing cascade, are known to be involved in cell proliferation
and apoptosis [46] and evidence has been reported indicat-
ing that A2BAR may be involved in regulation of the
ERK1/2 signaling pathway [16]. The ERK1/2 signaling
pathway regulates a wide range of cellular activities and
physiological processes [10], and it has been shown that it
is critical for the maintenance of CSC properties [11].
Other studies have uncovered the importance of the
ERK1/2 pathway in governing G1/S cell cycle progression
and apoptosis through cyclin-D1 and Bcl-2 regulation, re-
spectively [47, 48]. Yet another study has shown that
ERK1/2 pathway activation constitutes one of the mecha-
nisms imposing resistance to apoptosis in CSCs [49]. To
uncover the role of ERK1/2 in A2BAR-mediated cell cycle
arrest and apoptosis in breast cancer cell derived CSCs, we
assessed the effects of BAY606583 on ERK1/2 signaling.
We found that BAY606583 treatment led to a decrease in
ERK1/2 phosphorylation in the CSCs. Recently, it has
been found that A2BAR agonism can induce a significant
inhibition of ERK1/2 phosphorylation in glioblastoma de-
rived CSCs [22]. From these combined results, we con-
clude that ERK1/2 inhibition may be of interest for the
design of novel anticancer therapies.

Taken together, we found that mammosphere cells derived
from the MCF-7 and MDA-MB-231 breast cancer cell lines
exhibit CSC properties and that these cells show an increased
level of A2BAR expression. In addition, we found that the
A2BAR agonist BAY606583 exhibits antiproliferative effects
by reducing CSC cell viability and inhibiting mammosphere
formation. We also found that BAY606583 at lower concen-
trations can down-regulate the expression levels of cyclin-D1
and CDK-4 via inhibition of the ERK1/2 cascade, thereby
inducing cell cycle arrest. At a higher concentration
BAY606583 was found to increase the Bax/Bcl-2 ratio, to
up-regulate caspase-6 and to induce apoptosis in breast cancer
cell derived CSCs through ERK1/2 cascade inhibition.

Acknowledgements This work was supported partly by the Isfahan
University of Medical Sciences (no. 394285) and partly by the Golestan
University of Medical Sciences (no. 35/246259).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. M.A. Velasco-Velázquez, V.M. Popov, M.P. Lisanti, R.G. Pestell,
The role of breast cancer stem cells in metastasis and therapeutic
implications. Am J Pathol 179, 2–11 (2011)

2. R. Sharma, R. Sharma, T.P. Khaket, C. Dutta, B.
Chakraborty, T.K. Mukherjee, Breast cancer metastasis:
Putative therapeutic role of vascular cell adhesion mole-
cule-1. Cell Oncol 40, 199–208 (2017)

3. Y. Hu, L. Fu, Targeting cancer stem cells: a new therapy to cure
cancer patients. Am J Cancer Res 2, 340–356 (2012)

4. C. O'Brien, A. Kreso, C. Jamieson, Cancer stem cells and self-
renewal. Clin Cancer Res 16, 3113–3120 (2010)

5. A. Jaggupilli, E. Elkord, Significance of CD44 and CD24 as cancer
stem cell markers: an enduring ambiguity. Clin Dev Immunol 2012,
708036 (2012)

6. P. Van Phuc, P.L. Nhan, T.H. Nhung, N.T. Tam, N.M. Hoang, V.G.
Tue, D.T. Thuy, P.K. Ngoc, Downregulation of CD44 reduces
doxorubicin resistance of CD44CD24 breast cancer cells. Onco
Targets Ther 4, 71–78 (2011)

7. B.R. Pires, D.E. Amorimis, L.D. Souza, J.A. Rodrigues, A.L.
Mencalha, Targeting cellular signaling pathways in breast cancer
stem cells and its Implication for cancer treatment. Anticancer Res
36, 5681–5691 (2016)

8. B. Bao, A. Ahmad, A.S. Azmi, S. Ali, F.H. Sarkar, Overview of
cancer stem cells (CSCs) and mechanisms of their regulation: im-
plications for cancer therapy. Curr Protoc Pharmacol Chapter 14,
Unit 14.25 (2013)

9. J.M. Gee, J.F. Robertson, I.O. Ellis, R.I. Nicholson,
Phosphorylation of ERK1/2 mitogen-activated protein kinase is
associated with poor response to anti-hormonal therapy and de-
creased patient survival in clinical breast cancer. Int J Cancer 95,
247–254 (2001)

10. Y. Mebratu, Y. Tesfaigzi, How ERK1/2 activation controls cell pro-
liferation and cell death: Is subcellular localization the answer? Cell
Cycle 8, 1168–1175 (2009)

11. C. Ciccarelli, F. Vulcano, L. Milazzo, G.L. Gravina, F. Marampon,
G.Macioce, A. Giampaolo, V. Tombolini, V. Di Paolo, H.J. Hassan,
B.M. Zani, Key role of MEK/ERK pathway in sustaining tumori-
genicity and in vitro radioresistance of embryonal rhabdomyosar-
coma stem-like cell population. Mol Cancer 15, 16 (2016)

12. M. Han, M. Liu, Y. Wang, X. Chen, J. Xu, Y. Sun, L. Zhao, H. Qu,
Y. Fan, C. Wu, Antagonism of miR-21 reverses epithelial-
mesenchymal transition and cancer stem cell phenotype through
AKT/ERK1/2 inactivation by targeting PTEN. PLoS One 6,
e39520 (2012)

13. A.P. Rybak, A.J. Ingram, D. Tang, Propagation of human prostate
cancer stem-like cells occurs through EGFR-mediated ERK activa-
tion. PLoS One 8, e61716 (2013)

14. Y. Wang, Y. Zhu, F. Qiu, T. Zhang, Z. Chen, S. Zheng, J. Huang,
Activation of Akt and MAPK pathways enhances the tumorigenic-
ity of CD133+ primary colon cancer cells. Carcinogenesis 31,
1376–1380 (2010)

15. M.L. Luo, C. Gong, C.H. Chen, H. Hu, P. Huang, M. Zheng, Y.
Yao, S. Wei, G. Wulf, J. Lieberman, X.Z. Zhou, The Rab2A
GTPase promotes breast cancer stem cells and tumorigenesis via
Erk signaling activation. Cell Rep 11, 111–124 (2015)

16. L. Antonioli, C. Blandizzi, P. Pacher, G. Haskó, Immunity, inflam-
mation and cancer: a leading role for adenosine. Nat Rev Cancer 13,
842–857 (2013)

17. H.R. Joshaghani, S.M. Jafari, M. Aghaei, M. Panjehpour, H. Abedi,
A3 adenosine receptor agonist induce G1 cell cycle arrest via
Cyclin D and cyclin-dependent kinase 4 pathways in OVCAR-3
and Caov-4 cell lines. J Cancer Res Ther 13, 107–112 (2017)

A2B adenosine receptor agonist induces cell cycle arrest and apoptosis in breast cancer stem cells via...



18. P.A. Borea, S. Gessi, S. Merighi, K. Varani, Adenosine as a multi-
signalling guardian angel in human diseases: when, where and how
does it exert its protective effects? Trends Pharmacol Sci 37, 419–
434 (2016)

19. G. Schulte, B.B. Fredholm, Signalling from adenosine receptors to
mitogen-activated protein kinases. Cell Signal 15, 813–827 (2003)

20. M. Panjehpour, F. Karami-Tehrani, Adenosine modulates cell
growth in the human breast cancer cells via adenosine receptors.
Oncol Res 16, 575–585 (2007)

21. C. Cekic, D. Sag, Y. Li, D. Theodorescu, R.M. Strieter, J. Linden,
Adenosine A2B receptor blockade slows growth of bladder and
breast tumors. J Immunol 188, 198–205 (2012)

22. S. Daniele, E. Zappelli, L. Natali, C. Martini, M.L. Trincavelli,
Modulation of A1 and A2B adenosine receptor activity: a new
strategy to sensitise glioblastoma stem cells to chemotherapy. Cell
Death Dis 5, e1539 (2014)

23. I. Nicoletti, G. Migliorati, M.C. Pagliacci, F. Grignani, C. Riccardi,
A rapid and simple method for measuring thymocyte apoptosis by
propidium iodide staining and flow cytometry. J Immunol Methods
139, 271–279 (1991)

24. M. Aghaei, M. Panjehpour, F. Karami-Tehrani, S. Salami,
Molecular mechanisms of A3 adenosine receptor-induced G1 cell
cycle arrest and apoptosis in androgen-dependent and independent
prostate cancer cell lines: involvement of intrinsic pathway. J
Cancer Res Clin Oncol 137, 1511–1523 (2011)

25. M. Hamzeloo-Moghadam, M. Aghaei, F. Fallahian, S.M. Jafari, M.
Dolati, M.H. Abdolmohammadi, S. Hajiahmadi, S. Esmaeili,
Britannin, a sesquiterpene lactone, inhibits proliferation and in-
duces apoptosis through the mitochondrial signaling pathway in
human breast cancer cells. Tumor Biol 36, 1191–1198 (2015)

26. S. M. Jafari, H. R. Joshaghani, M. Panjehpour, M. Aghaei, N.
Zargar Balajam, Apoptosis and cell cycle regulatory effects of
adenosine by modulation of GLI-1 and ERK1/2 pathways in
CD44+ and CD24- breast cancer stem cells. Cell Prolif [Epub ahead
of print] (2017)

27. Z.J. Huang, J. You, W.Y. Luo, B.S. Chen, Q.Z. Feng, B.L. Wu, L.
Jiang, Q. Luo, Reduced tumorigenicity and drug resistance through
the downregulation of octamer-binding protein 4 and Nanog tran-
scriptional factor expression in human breast stem cells. Mol Med
Rep 3, 1647–1654 (2015)

28. S. M. Jafari, M. Panjehpour, M. Aghaei, H.R. Joshaghani, S.E.
Enderami, A3 adenosine receptor agonist inhibited survival of
breast cancer stem cells via GLI-1 and ERK1/2 pathway. J Cell
Biochem, [Epub ahead of print] (2017)

29. M.A. Velasco-Velázquez, N. Homsi, M. De La Fuente, R.G. Pestell,
Breast cancer stem cells. Int J Biochem Cell Biol 4, 573–577 (2012)

30. Y. Sun, P. Huang, Adenosine A2B receptor: from cell biology to
human diseases. Front Chem 4, 37 (2016)

31. J.S. Long, D. Crighton, J. O’Prey, G. MacKay, L. Zheng, T.M.
Palmer, E. Gottlieb, K.M. Ryan, Extracellular adenosine sensing -
a metabolic cell death primingmechanism downstream of p53.Mol
Cell 50, 394–406 (2013)

32. S. Hajiahmadi, M. Panjehpour, M. Aghaei, M. Shabani, Activation
of A2b adenosine receptor regulates ovarian cancer cell growth:
involvement of Bax/Bcl-2 and caspase-3. Biochem Cell Biol 93,
321–329 (2015)

33. D. Mittal, D. Sinha, D. Barkauskas, A. Young, , M. Kalimutho, , K.
Stannard, , F. Caramia, , B. Haibe-Kains, J. Stagg, K. K. Khanna, S.
Loi, Adenosine 2B receptor expression on cancer cells promotes
metastasis. Cancer Res 76, 4372-4382 (2016)

34. Q. Wei, S. Costanzi, R. Balasubramanian, Z.G. Gao, K.A.
Jacobson, A2B adenosine receptor blockade inhibits growth of
prostate cancer cells. Purinergic Signal 9, 271–280 (2013)

35. R. Iannone, L. Miele, , P. Maiolino, A. Pinto, S. Morello, Blockade
of A2B adenosine receptor reduces tumor growth and immune sup-
pression mediated by myeloid-derived suppressor cells in a mouse
model of melanoma. Neoplasia 15, 1400-1409 (2013)

36. J.A. de la Mare, J.N. Sterrenberg, M.G. Sukhthankar, M.T.
Chiwakata, D.R. Beukes, G.L. Blatch, A.L. Edkins, Assessment
of potential anti-cancer stem cell activity of marine algal com-
pounds using an in vitro mammosphere assay. Cancer Cell Int 13,
1 (2013)

37. G. Deep, R. Agarwal, New combination therapies with cell cycle
agents. Curr Opin Investig Drugs 9, 591 (2008)

38. R. Lamb, S. Lehn, L. Rogerson, R.B. Clarke, G. Landberg, Cell
cycle regulators cyclin D1 and CDK4/6 have estrogen receptor-
dependent divergent functions in breast cancer migration and stem
cell-like activity. Cell Cycle 12, 2384–2394 (2013)

39. Y.K. Han, J.H. Lee, G.Y. Park, S.H. Chun, J.Y. Han, S.D. Kim, J.
Lee, C.W. Lee, K. Yang, C.G. Lee, A possible usage of a CDK4
inhibitor for breast cancer stem cell-targeted therapy. Biochem
Biophys Res Commun 430, 1329–1333 (2013)

40. K.W. Yip, J.C. Reed, Bcl-2 family proteins and cancer. Oncogene
27, 6398–6406 (2008)

41. M. Olsson, B. Zhivotovsky, Caspases and cancer. Cell Death Differ
18, 1441–1449 (2011)

42. T.K.MacLachlan,W.S. El-Deiry, Apoptotic threshold is lowered by
p53 transactivation of caspase-6. Proc Natl Acad Sci U S A 99,
9492–9497 (2002)

43. S. Fulda, K.M. Debatin, Extrinsic versus intrinsic apoptosis path-
ways in anticancer chemotherapy. Oncogene 25, 4798–4811 (2006)

44. L. Jing, O.J. Tamplin, M.J. Chen, Q. Deng, S. Patterson, P.G. Kim,
E.M. Durand, A. McNeil, J.M. Green, S. Matsuura, J. Ablain,
Adenosine signaling promotes hematopoietic stem and progenitor
cell emergence. J Exp Med 212, 649–663 (2015)

45. C.M. Aherne, B. Saeedi, C.B. Collins, J.C. Masterson, E.N.
McNamee, L. Perrenoud, C.R. Rapp, V.F. Curtis, A. Bayless, A.
Fletcher, L.E. Glover, Epithelial-specific A2B adenosine receptor
signaling protects the colonic epithelial barrier during acute colitis.
Mucosal Immunol 8, 1324–1338 (2015)

46. G.L. Johnson, R. Lapadat, Mitogen-activated protein kinase path-
ways mediated by ERK, JNK, and p38 protein kinases. Science
298, 1911–1912 (2002)

47. S. Meloche, J. Pouyssegur, The ERK1/2 mitogen-activated protein
kinase pathway as a master regulator of the G1-to S-phase transi-
tion. Oncogene 26, 3227–3239 (2007)

48. P.P. Ruvolo, X. Deng, W.S. May, Phosphorylation of Bcl2 and
regulation of apoptosis. Leukemia 15, 515–522 (2001)

49. W. Ding, M. Mouzaki, H. You, J.C. Laird, J. Mato, S.C. Lu, C.B.
Rountree, CD133+ liver cancer stem cells from methionine
adenosyl transferase 1A–deficient mice demonstrate resistance to
transforming growth factor (TGF)-β–induced apoptosis.
Hepatology 49, 1277–1286 (2009)

Jafari et al.


	A2B adenosine receptor agonist induces cell cycle arrest and apoptosis in breast cancer stem cells via ERK1/2 phosphorylation
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Chemicals and antibodies
	Cell lines and culture conditions
	Mammosphere formation assay
	Flow cytometry
	Quantitative RT-PCR
	Cyclic AMP measurement
	XTT Cell Viability assay
	Cell cycle analysis
	Apoptosis assay
	Western blotting
	Caspase-6 activity measurement
	Statistical analysis

	Results
	Identification of breast cancer cell derived CSCs
	A2BAR expression is increased in breast cancer cell derived CSCs
	A2BAR is functional in breast cancer cell derived CSCs
	A2BAR agonist BAY606583 inhibits mammosphere formation
	A2BAR agonist BAY606583 has anti-proliferative effects on breast cancer cell derived CSCs
	A2BAR agonist BAY606583 induces cell cycle arrest in breast cancer cell derived CSCs
	A2BAR agonist BAY606583 induces apoptosis in breast cancer cell derived CSCs
	ERK1/2 may act as mediator of the anti-apoptotic A2BAR effects

	Discussion
	References




