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ATP modulation of mitogen activated protein kinases
and intracellular Ca2+ in breast cancer (MCF-7) cells
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Abstract

In the breast tumor cell line MCF-7, extracellular nucleotides induce transient elevations in intracellular calcium concentration
([Ca2+]i). In this study we show that stimulation with ATP or UTP sensitizes MCF-7 cells to mechanical stress leading to an additional
transient Ca2+ influx. ATP P ATPc-S P UTP >>> ADP = ADPb-S elevate [Ca2+]i, proving the presence of P2Y2/P2Y4 purinergic
receptor subtypes. In addition, cell stimulation with ATP, ATPc-S or UTP but not ADPb-S induced the phosphorylation of ERK1/
2, p38 and JNK1/2 mitogen activated protein kinases (MAPKs). The use of Gd3+, La3+ or a Ca2+-free medium, inhibited ATP-depen-
dent stress activated Ca2+ (SAC) influx, but had no effect on MAPK phosphorylation. ATP-induced activation of MAPKs was dimin-
ished by two PI-PLC inhibitors and an IP3 receptor antagonist. These results evidence an ATP-sensitive SAC influx in MCF-7 cells and
indicate that phosphorylation of MAPKs by ATP is dependent on PI-PLC/IP3/Ca2+

i release but independent of SAC influx in these cells,
differently to other cell types.
� 2007 Elsevier Inc. All rights reserved.
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In the last few years, biological actions of extracellular
nucleotides have been studied in many cell and tissue types.
Recently, they have emerged as a novel class of prolifera-
tive agents and possible effectors of neoplastic transforma-
tion. Extracellular nucleotides act through purinergic
receptors from P2 class. The P2 receptors are divided into
ligand-gated non-selective ion channels (P2X) and G-pro-
tein-coupled receptors (P2Y). At least, seven members of
the P2X (P2X1–7) and seven subtypes of P2Y
(P2Y1,2,4,6,11,12,13) have been cloned and characterized in
mammals [1,2]. The main signal transduction pathway of
P2Y receptor activation involves phospholipase C, which
leads to the generation of IP3 and a transient rise of intra-
cellular Ca2+ concentration ([Ca2+]i) [3]. It has been
reported that ATP and UTP both increase [Ca2+]i and cell
proliferation through specific P2Y purinoceptors in MCF-7
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breast tumor cells, suggesting that P2Y2/4 receptor sub-
types are mainly expressed in these cells [4].

In various cell types, including breast tumor cells, mito-
gen-activated protein kinases (MAPKs)1 signaling path-
ways have been implicated in the regulation of cell
proliferation and differentiation and other cellular
responses triggered by extracellular stimuli [5]. Four differ-
ent subgroups within the MAPK family have been
described: extracellular signal-regulated kinases (ERKs1/
2), c-jun N-terminal or stress-activated protein kinases
(JNK1/2/SAPK), ERK/big MAP kinase 1 (BMK1 or
ERK5), and the p38 group of protein kinases [5]. Particu-
larly, ERKs1/2 are involved in cell proliferation/transfor-
mation and survival whereas p38 MAPKs are involved in
inflammatory responses, cell cycle control, apoptosis, pro-
1 Abbreviations used: MAPKs, mitogen activated protein kinases; ERKs,
extracellular signal-regulated kinases; JNKs, c-jun N-terminal or stress-
activated protein kinases; BMK1, big MAP kinase 1; FBS, Fetal bovine
serum.
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liferation and differentiation of several cell types including
breast cells [6].

Although some studies on the regulation of MAPK sig-
nal transduction pathways by G-protein-coupled receptors
have been reported in breast tumor cells, the action of ATP
on MAPKs in these cells remains poorly understood [7].

Mechanical stimulation has been shown to play a role in
the regulation of cell proliferation and differentiation [8,9].
However, the mechanism by which cells sense and respond
to mechanical stimuli is not completely known. There is
increasing evidence that extracellular nucleotides released
from cells by mechanical stimulation may convert mechan-
ical forces into biochemical signals. Thus, in osteoclasts
mechanical stimulation induces endogenous ATP release
leading to activation of calcium influx through P2X recep-
tors [10]. Also, in astrocytes it has been reported that
stretch causes ATP release leading to activation of P2X
and P2Y receptors and rapid activation of the ERK path-
way [11]. In mammary glands, cell-stretch induced ATP-
release and Ca2+-increase through activation of P2Y1 and
P2Y2 receptors, and this was associated with an enhance-
ment of milk ejection [12]. In addition, we have recently
reported that P2Y2 receptor activation sensitizes osteoblas-
tic cells to mechanical stress leading to Gd3+-sensitive
mechanical stress activated Ca2+ influx (SAC influx) [13].

In this work we studied ATP regulation of [Ca2+]i and
activation of the MAP kinases ERK1/2, p38 and JNK1/2
in the human breast tumor cell line MCF-7. Our data sug-
gests that ATP through P2Y2/4 receptors sensitizes breast
cells to mechanical stress leading to SAC influx, and stim-
ulates the ERK1/2, p38 and JNK1/2 signaling pathways.
However, activation of MAPKs proved to be dependent
on PI-PLC/Ca2+

i release but independent of extracellular
calcium influx induced by ATP in MCF-7 cells.
Materials and methods

Materials

Fura-2/pentaacetoxymethyl ester (Fura-2/AM), neomycin sulfate,
ATP, ATPc-S, UTP, ADPb-S, RPMI-1640 medium, GdCl3, compound
U73122 and diphenylboric acid 2-aminoethyl ester (2-APB) were from
Sigma–Aldrich Co. (St. Louis, MO, USA). Fetal bovine serum (FBS) was
from Natocord (Córdoba, Argentina). Monoclonal antibodies recognizing
dually phosphorylated ERK1/2 (Thr202, Tyr204) and JNK1/2 (Thr183/
Tyr185) were from Cell Signaling Technology (Beverly, MA, USA).
Polyclonal antibodies recognizing dually phosphorylated p38 (Thr180/
Tyr182), polyclonal anti p38 a, polyclonal, goat anti-rabbit and anti-
mouse peroxidase-conjugated secondary antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Protein size markers were from
Amersham Biosciences (Piscataway, NJ, USA), Immobilon P (polyvinyl-
idene difluoride) membranes and Amersham ECL chemiluminescence
detection kit were from GE Healthcare (Little Chalfont, Buckingham-
shire, England). All other reagents used were of analytical grade.
Cell culture

The human breast cancer epithelial cell line MCF-7 (American Type
Culture Collection; Manassas, VA, USA) was seeded at a density of
20,000 cells per cm2 and cultured at 37 �C in RPMI-1640 medium con-
taining 10% FBS under humidified air (5.5% CO2). After 48 h, the medium
was replaced by RPMI-1640 without FBS and cells were starved for 24 h
before agonist stimulation. Controls with water as vehicle were used. For
intracellular calcium measurements, cells were plated onto glass coverslips
and allowed to grow until confluence (2–3 days after plating) before use.

Western blot analysis

MCF-7 cells were treated with ATP, ATP-c-S, UTP or ADPbS in the
presence or absence of the calcium channel blocker Gd3+ or inhibitors
(neomycin, U73122). When the treatment was performed in a Ca2+-free
buffer, the medium was replaced by buffer C (see below: Intracellular
calcium measurements) 15 min before cell treatment. Then, cells were
washed with PBS buffer plus 25 mM NaF and 1 mM Na3VO4, and lysed in
buffer containing 50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 3 mM KCl,
1 mM EDTA, 1% Tween 20, 1% Nonidet P-40, 20 lg/ml aprotinin, 20 lg/
ml leupeptin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 25 mM NaF
and 1 mM Na3VO4. The lysates were incubated on ice for 10 min, vor-
texed for 45 s and maintained on ice for another 10 min. After centrifu-
gation at 14,000g and 4 �C during 15 min the supernatant was collected
and proteins were quantified by the Bradford method [14]. Lysate proteins
dissolved in 6· Laemmli sample buffer were separated (30 lg/lane) using
SDS–polyacrylamide gels (10% acrylamide) and electrotransferred to
PVDF membranes. After blocking with 5% non-fat milk in TBST buffer
(50 mM Tris, pH 7.2–7.4, 200 mM NaCl, 0.1% Tween 20), the membranes
were incubated 90 min with the appropriate dilution of primary antibody
in TBST plus 1% non-fat milk. After washing, membranes were incubated
with the appropriate dilution of horse radish peroxidase-conjugated sec-
ondary antibody in TBST plus 1% non-fat milk. Finally, the blots were
developed by ECL with the use of Kodak BioMax Light film and digi-
talized with a GS-700 Imaging Densitomer (Bio-Rad, Hercules, CA,
USA).

Stripping and reprobing membranes

The complete removal of primary and secondary antibodies from the
membranes was achieved by incubating the membranes in stripping buffer
(62.5 mM Tris–HCl pH 6.8, 2% SDS and 50 mM b-mercaptoethanol) at
55 �C for 30 min with agitation. Then, membranes were washed for 10 min
in TBST (1% Tween 20) and blocked, as indicated above, for 1 h at room
temperature. After that, membranes were ready to reprobe with the cor-
responding antibodies.

Intracellular calcium measurements

Intracellular Ca2+ changes in MCF-7 cells were monitored by using
the Ca2+-sensitive fluorescent dye Fura-2 as previously described
[15,16]. Cells grown onto glass coverslips were loaded with 1 lM of
Fura-2/AM in buffer A containing (in mM): 138 NaCl, 5 KCl, 1
MgCl2, 5 glucose, 10 Hepes (pH 7.4), 1.5 CaCl2, and 0.1% bovine
serum albumin (BSA), in the dark during 30 min at 37 �C. Unloaded
dye was washed out and cells were stored in buffer B (buffer A without
BSA and Fura-2/AM) in the dark at room temperature for 30 min
prior to use, to allow complete intracellular dye deesterification. For
fluorescence measurements, the coverslips containing dye-loaded cells
were then mounted on a chamber and placed on inverted microscope
(Nikon Diaphot 200) and maintained at 25–30 �C. The excitation
wavelength was switched between 340 and 380 nm employing a dual
excitation monochromator from an SLM-Aminco 8100 spectrofluorim-
eter connected to the epifluorescence port of the microscope through an
optic fiber. Emitted cellular fluorescence was collected at 510 nm and
ratios from 340/380 nm signals were obtained, thus making the mea-
surement independent of variations in cellular dye content, dye leakage
or photobleaching. For measurements in Ca2+-free extracellular medium
a buffer C (buffer B without Ca2+ plus 0.5 mM EGTA) was used. When
channels or PI-PLC inhibitors were used, they were added to the
medium 3–7 min before the measurements.



Fig. 1. Dose- and time-response profiles of ATP-dependent ERK 1/2, p38
and JNK1/2 phosphorylation in MCF-7 cells. MCF-7 cells were treated
with 1–50 lM ATP during 5 min (a) or with 5 lM ATP during 0.5–15 min
(b). Subsequently, Western blot analysis was performed as described in
Materials and methods employing antibodies that recognize the active
(phosphorylated) forms of ERK 1/2 (pERK 1/2), JNK1/2 (pJNK1/2) and
p38 (pp38). Antibodies directed against the total form (active plus
inactive) of p38a isoform and JNK1/2 were used as loading controls. Each
membrane was stripped and reprobed not more than three or four times.
These results are representative of at least three independent experiments.
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Mechanical stimulation

Cells grown onto glass coverslips were subjected to mechanical stim-
ulation by perturbation of the medium during intracellular calcium mea-
surements, by adding an amount of vehicle equivalent to the volume of
agonist. Mechanical stimulation was performed before and after treatment
of the cells with the agonist.

Cell viability analysis

After experiments, control and pretreated cells with the different
inhibitors or channel blockers were washed with PBS buffer and then were
treated with 0.1% of Trypan Blue stain. Cells were incubated for 5 min at
room temperature with slow agitation in an orbital shaker and then
observed in an inverted microscope. Cells were counted per field and the
percent of cells that excluded the stain (viable cells) respect to the total
cells (viable + non-viable cells) was obtained.

Statistical analysis

Statistical significance of data was evaluated using Student’s t-test [17]
and probability values below 0.01 (P < 0.01) were considered highly sig-
nificant. Quantitative data are expressed as means ± standard deviation
(SD) from the indicated set of experiments.

Results

To determine whether ERK 1/2, p38 and JNK1/2 MAP-
Ks are modulated by ATP in MCF-7 cells, we first per-
formed dose (1–50 lM ATP)- and time (0.5–15 min)-
response studies. As shown in Fig 1a, the response was
dose-dependent, ERK1/2, p38 and JNK1 reached their
maximum phosphorylation at 5 lM ATP and remained
fully activated even at the highest dose used; however,
JNK2 activation was only evident at 50 lM ATP. ATP
increased phosphorylation of MAPKs in a time-dependent
manner, maximum phosphorylation levels of ERK 1/2, p38
and JNK1 MAPKs were reached within 3–5 min after
treatment with 5 lM ATP (Fig. 1b), and remained acti-
vated for at least 30 min (not shown). JNK2 activation
was observed only after 10–15 min of cell treatment with
5 lM ATP, thus exhibiting a different pattern of phosphor-
ylation/activation in comparison with the other members
of the MAPK family.

To evaluate the participation of phospholipase C on
ATP-induced activation of MAPKs in MCF-7 cells, we
used neomycin (1 and 5 mM), a PI-PLC inhibitor. As
shown in Fig. 2a, neomycin decreased by �70% the phos-
phorylation of JNK1 and p38 by ATP, while the effect of
the PLC inhibitor on ATP-dependent ERK1/2 activation
was less pronounced (50%). Partial blockade of PLC-med-
iated signaling pathways by neomycin has also been
observed in other cell types when the inhibitor is applied
externally [18]. As observed in Fig. 2b, a more robust inhi-
bition of ATP-induced p38, ERK1/2 and JNK1 phosphor-
ylation was observed by the use of U73122 (10 lM),
another PLC inhibitor. As the main signal transduction
pathway of P2Y receptors is PLC activation, our results
suggest that ATP may be acting at least in part through this
purinergic receptor family.
Since ATP and UTP have been shown to increase
[Ca2+]i and cell proliferation in MCF-7 cells [4], we con-
ducted experiments to identify the possible purinoceptor
P2Y subtype involved in ATP-dependent activation of
MAPKs. We first performed a dose-response study using
different purinergic agonists. As seen in Fig. 3, a strong
stimulation of MAPK phosphorylation was observed after
cell treatment with ATP (5 lM), ATP-c-S (1–5 lM) and
UTP (5–10 lM), while ADPbS (5–10 lM) was unable to
increase phosphorylation of MAPKs. These results suggest
the involvement of P2Y2 and/or P2Y4 purinoceptor sub-
type/s in MAPK regulation by ATP in MCF-7 cells.

To further determine whether activation of MAPKs cor-
relates with changes in [Ca2+]i levels induced by ATP in
MCF-7 cells, we studied the effects of ATP and other puri-
nergic agonists on [Ca2+]i by spectrofluorimetric measure-
ments using Fura-2-loaded cells. As shown in Fig. 4a,
addition of 5 lM ATP in a calcium-free medium (plus
0.5 mM EGTA), induced a rapid rise in [Ca2+]i that
returned to the baseline after 4–5 min (317 ± 79 s; n = 8).
When [Ca2+]i measurements were carried out in a medium
containing 1.5 mM Ca2+, a similar [Ca2+]i peak was
observed. The slight elevation over the baseline observed



Fig. 2. Effect of the PI-PLC inhibitors neomycin and U73122 on ERK 1/2, p38 and JNK1 activation by ATP in MCF-7cells. (a) MCF-7 cells were
preincubated for 15 min in RPMI medium in the presence and absence of 1 or 5 mM neomycin, followed by the addition of either vehicle (C) or 5 lM ATP
(T) for 5 min. Cell lysate proteins were immunoblotted with pERK1/2, then the membranes were stripped and reprobed with pp38 and pJNK1/2
phosphospecific antibodies as in Fig. 1, with anti-p38a as loading control, respectively. A representative immunoblot and the quantification by scanning
densitometry of three independent experiments are shown. (b) MCF-7 cells were preincubated for 7 min in RPMI medium containing U73122 or its vehicle
(DMSO). Then, cells were stimulated by the addition of either vehicle (C) or 5 lM ATP (T) for 5 min. Cell lysate proteins were immunoblotted with pp38,
pERK1/2 and pJNK1/2 phosphospecific antibodies and anti-p38a as loading control. These results are representative of at least three independent
experiments.

Fig. 3. Modulation of MAPKs by extracellular nucleotides in MCF-7
cells. Breast tumor cells were stimulated by the addition of vehicle (C),
5 lM ATP and different doses of ATPcS, UTP and ADPbS for 5 min. Cell
lysate proteins were immunoblotted with pERK1/2 and then the mem-
branes stripped and reprobed with pp38 and pJNK1/2 phosphospecific
antibodies and with anti-p38a as loading control, respectively. The
immunoblot shown is representative of at least three independent
experiments.
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in presence of extracellular Ca2+, suggests that calcium
release from intracellular stores is the main component of
the Ca2+ response to ATP. It was also observed that after
ATP stimulation, and once [Ca2+]i returned near basal lev-
els, mechanical perturbation of the medium by the addition
of vehicle to the recording chamber, induced a second
[Ca2+]i transient increase, which was not seen in a free-cal-
cium/0.5 mM EGTA buffer (Fig. 4a). This extracellular
calcium entry will be referred to as stress activated Ca2+

(SAC) influx. Moreover, the application of such mechani-
cal stress prior to purinergic activation did not affect
[Ca2+]i (Fig. 4a). A similar initial [Ca2+]i transient was
observed upon cell stimulation with 5 lM ATPc-S or
UTP, whereas the response to ADP (not shown) and
ADPb-S was very weak (Fig. 4b), further supporting the
notion that the P2Y2/P2Y4 receptor subtypes (responsive
to ATP and UTP but not to ADP) are the main P2Y puri-
noceptor/s expressed in MCF-7 cells. As shown in Fig. 5,
SAC influx was only observed when cells were pre-stimu-
lated with ATP or UTP but not ADP.

In osteoblasts, we have previously shown that ATP-
dependent SAC influx was inhibited by gadolinium [13], a
widely known stretch channel inhibitor [19–21]. Accord-
ingly Fig. 6 shows that the addition of Gd3+, or La3+,



Fig. 4. (a) Effects of ATP and mechanical stress on intracellular calcium
levels ([Ca2+]i) in MCF-7 cells. Changes in [Ca2+]i were measured in Fura-
2-loaded MCF-7 cells incubated in 1.5 mM Ca2+ or in a Ca2+-free medium
as described in Materials and methods. Cells were stimulated with 5 lM
ATP as indicate the arrows. Mechanical stress was induced by addition of
vehicle before (first V) and after purinergic stimulation (second V). Time
traces of ATP treated cells representative from at least five independent
experiments each performed onto no less than 40–50 cells are shown. (b)
Effects of extracellular nucleotides on [Ca2+]i in MCF-7 cells. Fura-2-
loaded MCF-7 cells incubated in 1.5 mM Ca2+ were stimulated with 5 lM
of either ATP, ATPcS, UTP and ADPbS; followed by measurement of
[Ca2+]i as described in Materials and methods. The graphic shows the
[Ca2+]i peak expressed as D 340:380 nm fluorescence ratio respect to the
basal. Means (±SEM) are given; n = 5–10/group). *p < 0.05.

Fig. 5. Purinoceptor stimulation-dependent SAC influx in MCF-7 cells.
[Ca2+]i changes were measured in Fura-2-loaded MCF-7 cells incubated in
1.5 mM Ca2+ as described in Materials and methods. Stimulation with
5 lM of either ATP, UTP and ADPb-S or mechanical stress induced by
addition of vehicle (V), are indicated by the arrows. Time traces shown are
representative of at least five independent experiments onto no less than
40–50 cells.

Fig. 6. Effect of Gd3+ and La3+ on ATP-dependent SAC influx. [Ca2+]i
was measured in Fura-2-loaded MCF-7 cells incubated in 1.5 mM Ca2+ in
the presence or absence of 10 lM Gd3+ or 10 lM La3+ as described in
Materials and methods. Cells were stimulated with 5 lM ATP and then
mechanical stress was induced by addition of vehicle as in Fig. 5. Cell
viability was not affected by the pretreatment with Gd3+ or La3+ since
more than 90 % of the cells excluded the Trypan Blue stain after the
experiments. Mean (±SEM) data of D 340:380 nm fluorescence ratios at
the ATP-induced [Ca2+]i peak or ATP-dependent SAC influx are shown
(n = 5–10/group). *p < 0.05.
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two non-selective Ca2+ channel blockers, significantly
diminished SAC influx induced by ATP in MCF-7 cells.

Altogether, these results suggest that activation of P2Y2/
P2Y4 receptor subtypes sensitizes mechanical stress acti-
vated calcium channels leading to calcium influx in
MCF-7 cells.

We then evaluated whether stimulation of MAPKs by
ATP is mediated by SAC influx. As shown in Fig. 7a, no
changes in ATP-dependent MAPK phosphorylation was
observed in the presence of Gd 3+ or La3+ suggesting that
SAC influx does not participate in ERK1/2, p38 and JNK1
activation by ATP in MCF-7 cells. To investigate if extra-
cellular Ca2+ influx through an entry pathway, other than
SAC, participates in ATP modulation of MAPKs, cells
were pre-incubated for 15 min in a calcium-free buffer con-
taining 0.5 mM EGTA. As shown in Fig. 7b, the absence of
extracellular calcium did not affect the phosphorylation
state of p38, ERK1/2 and JNK1 in response to ATP, sug-
gesting that activation of MAPKs by the extracellular
nucleotide is independent of extracellular Ca2+ influx in
MCF-7 cells. Cell viability was not affected by incubation
in a Ca2+-free medium during 15 min or in the presence
of Gd 3+ or La3+, since more than 90% of the cells excluded
the Trypan Blue dye.

In view of the above, to confirm the participation of
intracellular Ca2+ release in ERK 1/2, p38 and JNK1 reg-
ulation by ATP, we employed 2-APB, an IP3 receptor
antagonist [22]. This compound has been shown to poten-
tiate or inhibit some calcium channels at the plasma mem-
brane [23]. In order to avoid these effects, we performed the



Fig. 7. (a) SAC influx does not participate in the activation of ERK1/2,
p38 and JNK1 MAPKs by ATP in MCF-7 cells. MCF-7 cells were pre-
incubated for 10 min with La3+ or Gd3+ (10 lM each). Cell treatment was
then performed by the addition of either vehicle (C) or 5 lM ATP (T) for
5 min. Cell lysate proteins were immunoblotted with pERK1/2 and the
membranes were stripped and reprobed with p-p38 and p-JNK1/2
phosphospecific antibodies as in Fig. 1, with anti-p38a as a loading
control, respectively. (b) ERK1/2, p38 and JNK1 activation in MCF-7
cells is independent of extracellular Ca2+ influx. MCF-7 cells were pre-
incubated for 15 min in 1.5 mM Ca2+ or in a free-calcium medium with
0.5 mM EGTA. Then, cells were stimulated by the addition of vehicle (C)
or 5 lM ATP (T) for 5 min. Cell lysate proteins were immunoblotted with
pERK1/2, pp38 and pJNK1/2 phosphospecific antibodies as in Fig. 1,
with anti-p38a as a loading control. The immunoblots of (a) and (b) are
representative of at least three independent experiments.
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experiments with 2-APB in a Ca2+-free medium. As shown
in Fig. 8a, pretreatment in a Ca2+-free medium with 2-APB
(150 lM) completely suppressed ATP-dependent ERK1/2
phosphorylation and also ATP-induced Ca2+ release
(Fig. 8b). Although 2-APB did not modify ERK1/2 basal
phosphorylation, it greatly increased that of p38 and
JNK1. These data, together with the previous results
obtained using PI-PLC inhibitors, suggest that the PI-
PLC/IP3/Ca2+ release is the main signaling pathway
involved in ATP activation of MAPKs in MCF-7 cells.
Discussion

The data in the present study demonstrates, in agree-
ment with previous findings in other cell types [4,24], that
MCF-7 cells respond to extracellular nucleotides with an
elevation of intracellular Ca2+ ([Ca2+]i) levels due to
stimulation of specific purinergic membrane receptors.
The P2Y purinoceptor specificity was supported by
the observation that [Ca2+]i response to nucleotides fol-
lowed the potency order ATPcS P ATP P UTP >>>
ADP P ADPbS. In addition, as PLC/IP3/Ca2+ is the main
signal transduction pathway coupled to P2Y receptor acti-
vation, the inhibitory effect of neomycin and U73122 and
of the IP3 receptor antagonist, 2-APB, on ATP-dependent
MAPK phosphorylation supports the participation of
these receptors. As previously mentioned in the Results sec-
tion, within the purinergic receptor family, it is known that
the P2Y subtype responds to ATP. Moreover, P2Y1 recep-
tors respond to ADP but not UTP, while P2Y2 and P2Y4

receptors are activated by UTP but not ADP. Therefore,
the observed response profiles in MCF-7 cells are consis-
tent with activation of the P2Y2 and/or P2Y4 receptor sub-
families [1,2]. However, purinergic receptor isoforms
expressed in MCF-7 cells should be cloned and structurally
characterized to confirm the identity of the receptor sub-
types stimulated by ATP.

Our results indicate that Ca2+ release from inner stores,
as a consequence of PI-PLC activation, is the main compo-
nent in the Ca2+ response of MCF-7 cells to ATP. Similar
findings have been reported for the osteoblastic cell lines
ROS-A 17/2.8 [13] and UMR-106 [25].

Evidence was obtained showing that extracellular nucle-
otide activation of P2Y2/4 purinergic receptors sensitizes
stress activated Ca2+ (SAC) channels to mechanical pertur-
bation of the medium leading to extracellular calcium
influx blocked by Gd3+ and La3+. This finding is in keeping
with the existence of an ATP-dependent SAC influx in
osteoblastic ROS-A 17/2.8 cells [13], chick skeletal muscle
and C2C12 cells (Graciela Santillán and Ricardo Boland,
unpublished).

Additional evidence suggests that mechanical stresses
such as oscillatory fluid flow, hypo/hyperosmolarity,
stretch or medium perturbation, can lead to ATP release
from cells and trigger cellular responses through activation
of P2 receptors [12,26,27]. However, in our case, when
mechanical stress was applied without ATP pre-stimula-
tion, SAC influx was not observed, suggesting that under
our experimental conditions nucleotide release is insuffi-
cient to stimulate calcium influx through activation of
ionotropic P2 receptors.

MAPKs, which play a pivotal role in a variety of cell
functions, may be modulated by diverse external stimuli
such as growth factors, cytokines, and physical stresses
(ultraviolet radiation, hyperosmolarity, hypoxia and
mechanical stress) [28]. We found, in agreement with a pre-
vious report [29], that ATP stimulates ERK1/2 in MCF-7
cells. Of interest, our results also provide, for the first time,
information on JNK1/2 and p38 MAPK activation by
ATP in these cells. ATP increases JNK1 and p38 MAPK
phosphorylation with a similar dose- and temporal-profile
patterns. However, the nucleotide regulates JNK2 at higher
concentrations and longer treatment intervals than JNK1,
implying that the later may be the major contributor to
JNK activity in MCF-7 cells exposed to ATP, as has been
reported in JNK1�/� and JNK2�/� fibroblasts [30].

There is evidence suggesting that epithelial cells recog-
nize mechanical or physical stress stimulation and trans-



Fig. 8. Involvement of intracellular calcium release in the activation of MAPKs by ATP in MCF-7 cells. (a) Effect of 2-APB on ATP-dependent
phosphorylation of ERK1/2, p38 and JNK1. MCF-7 cells were pre-incubated for 7 min in a calcium-free medium containing 0.5 mM EGTA, in the
absence and presence of 150 lM 2-APB. Cells were then stimulated by the addition of either vehicle (C) or 5 lM ATP (T) for 5 min. Cell lysate proteins
were immunoblotted with pERK1/2 and then the membranes stripped and reprobed with p-p38 and p-JNK1/2 phosphospecific antibodies as in Fig. 1,
with anti-p38a as a loading control, respectively. A representative immunoblot and the quantification by scanning densitometry of three independent
experiments are shown. (b) Suppression of ATP-induced Ca2+ release by 2-APB. [Ca2+]i was measured in Fura-2-loaded MCF-7 cells incubated in a Ca2+

free medium in the presence or absence of 150 lM 2-APB as described in Materials and methods. Cells were stimulated with 5 lM ATP as indicated by the
arrows. The time trace shown is representative of at least five independent experiments onto no less than 40–50 cells.
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duce it into signals, which lead to responses in cell prolifer-
ation, differentiation, survival and gene expression [31,32].
It has been demonstrated that mechanical stimuli activate a
variety of molecules that participate in signal transduction,
including ion channels, G-proteins, inositol trisphosphate,
and many protein kinases [33,34], thus implying that multi-
ple pathways may be involved in mechanical stress signal
transduction. However, the initial sensor that recognizes
the mechanical stress has not yet been identified. In vitro
experiments have shown that mechanical stimulation
increases [Ca2+]i, modulates MAPK cascades and gene
expression in epithelial cells [35,36]. MAPK family mem-
bers were identified as important signaling components
linking mechanical stimuli with regulation of cell growth,
differentiation, and metabolism in various cell types. In
osteoblasts, we previously showed that ATP-induced
ERK1/2 and p38 MAPK activation was coupled to ATP-
dependent SAC influx. However, in MCF-7 cells, we found
that gadolinium and lanthanum, which inhibited the ATP
induced SAC influx; and EGTA, an extracellular Ca2+ che-
lator, did not alter ATP-dependent phosphorylation of
ERK 1/2, JNK1 and p38 MAPK. Moreover, 2-APB, an
IP3 receptor antagonist, completely eliminated ATP-
induced [Ca2+]I release and phosphorylation of MAPKs,
indicating that their activation by ATP in MCF-7 cells is
mediated by a mechanism dependent on intracellular cal-
cium release, but independent of calcium influx. The
increase on p38 and JNK1 basal phosphorylation induced
by 2-APB might be a consequence of some kind of cellular
stress caused by the agent, as the MAPKs involved are



Fig. 9. Schematic model depicting ATP stimulation of MAPKs and stress activated calcium (SAC) influx in MCF-7 breast tumor cells. The P2Y2/4

purinergic receptor-mediated pathway by which ATP is assumed to modulate ERK 1/2, p38 and JNK 1/2 is shown. The ‘‘?’’ symbol denotes the as yet
unknown mechanism of SAC influx activation by ATP.
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stress sensitive. Additionally, we can assume that the effect
observed is Ca2+ independent. On the other hand, given the
complex effects of 2-APB, Ca2+ independent p38 and
JNK1 phosphorylation by ATP can not be ruled out.

These observations raise questions on why SAC influx
does not contribute to ATP-dependent MAPK activation
in MCF-7 cells, and how do cells discriminate between
the calcium message from inner stores and the extracellular
space. Clearly, considering the potential non-selective
effects of some agents employed, these questions should
be addressed in future investigations by silencing specific
molecular targets such us IP3 receptors or SAC channels.

In conclusion, the results of the present study, summa-
rized in Fig. 9, demonstrate that activation of P2Y2/P2Y4

subtype receptors by ATP sensitizes MCF-7 cells to mechan-
ical stress leading to SAC influx. The data also indicate that
MAPK ERK1/2, p38 and JNK1/2 phosphorylation induced
by ATP is dependent on PI-PLC/IP3/[Ca2+]i release but
independent of SAC influx in these breast tumor cells.
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