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2+
Cytosolic Ca is an important regulator of tumor cell
proliferation and metastasis. Recently, the strategy of
blocking receptors and channels specific to certain cancer
cell types has emerged as a potentially viable future
treatment. Oral squamous cell carcinoma is an aggressive
form of cancer with a high metastasis rate but the receptormechanisms involved in Ca2+ signaling in these tumors have
not yet been elucidated. In our present study, we report that
bradykinin induces Ca2+ signaling and its modulation in the
human oral squamous carcinoma cell line, HSC-3.
Bradykinin was found to increase the cytosolic Ca2+ levels in
a concentration-dependent manner. This increase was
inhibited by pretreatment with the phospholipase C-β
inhibitor, U73122, and also by 2-aminoethoxydiphenyl
borate, an inhibitor of the inositol 1,4,5-trisphosphate
receptor. Pretreatment with extracellular ATP also inhibited
the peak bradykinin-induced Ca2+ rise. In contrast, the
ATP-induced rise in cytosolic Ca2+ was not affected by
pretreatment with bradykinin. Pretreatment of the cells
with either forskolin or phorbol 12-myristate 13-acetate
(activators of adenylyl cyclase and protein kinase C,
respectively) prior to bradykinin application accelerated
the recovery of cytosolic Ca2+ to baseline levels. These data
suggest that bradykinin receptors are functional in Ca2+
signaling in HSC-3 cells and may therefore represent a
future target in treatment strategies for human oral
squamous cell carcinoma.
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Introduction
Head and neck squamous cell carcinoma or oral squamous
cell carcinoma show high incidence world wide, with poor
prognosis and low survival rate; less than 40% of those
diagnosed survive >5 years (Parkin et al., 1999). Oral
squamous cell carcinoma, especially is known to show a
progressive increase in metastatic potential due to the loss of
basement membranes, subsequent lymph node metastasis
and local invasion (Kurahara et al., 1999). Thus, it is of great
therapeutic value to be able to modulate tumor progress and
metastasis of oral squamous cell carcinoma. Multiple
cellular steps are involved in the migration, invasion and
metastasis of oral squamous cell carcinoma (Son et al.,
2006; Min et al., 2007). At each step, tumor cells decide
their fate according to signals from the external environment.
Communication with the environment is mediated by
membrane and/or intracellular receptors, which may then
initiate a host of intracellular signaling cascades. The level
of cytosolic free Ca2+ ([Ca2+ ]i) is one such important signal
transduction mechanism in tumor cells.
[Ca2+ ]i modulates the proliferation of tumor cells by
affecting the cell cycle and other proliferative and apoptotic
mechanisms (Roderick and Cook, 2008). In oral squamous
cell carcinoma, increased [Ca2+ ]i is also known to affect the
tumor growth and chemotherapy resistance (Thomas et al.,
2003; Kokoska et al., 2000). In addition to dynamic
increases in [Ca2+]i via Ca2+ influx, elevated basal [Ca2+]i
levels are also considered to modulate the tumorigenesis
(Lee et al., 2002; Usachev et al., 2001).
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The machinery required for an increase in [Ca ]i in tumor
cells could be characteristic for each cancer, depending on
the originating tissue. For better chemotherapy with higher
specificity and target selectivity, it has been suggested to use
antagonists to target G-protein coupled receptors (GPCRs)
expressed selectively on tumors subtypes (Stewart et al.,
2002; Stewart et al., 2005). Thus, in order to develop a better
treatment for oral squamous cell carcinoma, it is urgently
required to identify and characterize the signal mechanisms
of these cells. Oral squamous cell carcinomas are derived
from epithelial cells, which are non-excitable and lack
2+
voltage-sensitive channels to allow Ca influx. Instead,
signaling induced by GPCR activation is likely to serve a
crucial role in the regulation of [Ca2+]i. However, it is not yet
known what families of GPCRs are functional in oral
squamous cell carcinoma nor how their [Ca2+]i signals are
modulated.
To address this question, we used the HSC-3 cell line as a
model of human oral squamous carcinoma cells (Momose et
al., 1989). These cells are known to exhibit tumor migration
behavior (Myoung et al., 2003; Shen and Kramer, 2004). We
report that HSC-3 cells have functional bradykinin receptors,
which are linked to the phospholipase C-β (PLC-β) pathway.

added to prevent dye leakage. Changes in the fluorescence
ratio were measured at dual excitation wavelengths of
340 nm and 380 nm and emission wavelength of 500 nm.
2+
Calibration of the fluorescent signal in terms of [Ca ]i was
performed as described by Grynkiewicz et al. (1985) using
the following equation:
[Ca2+]i = KD[(R - Rmin)/(Rmax - R)](Sf2/Sb2)
where R is the ratio of fluorescence emitted after excitation
at 340 and 380 nm. Sf2 and Sb2 are the proportionality
2+
coefficients at 380 nm excitation of Ca -free fura-2 and

Materials and Methods
Materials
Bradykinin, adenosine 5’-triphosphate (ATP), U73122, 2aminoethoxydiphenyl borate (2-APB), forskolin, and phorbol
12-myristate 13-acetate (PMA), ethylene glycol-bis (βaminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA),
dimethyl sulfoxide (DMSO) and sulfinpyrazone were
purchased from Sigma (St. Louis, MO, USA). Fura-2AM
was obtained from Molecular Probes (Eugene, OR, USA).
Dulbecco’s Modified Eagle’s Medium (DMEM), bovine
calf serum and penicillin/streptomycin were purchased
from GIBCO (Grand Island, NY, USA). Fetal bovine serum
was obtained from HyClone Laboratories (Logan, UT, USA).
Cell Culture
o
HSC-3 cells were maintained at 37 C in DMEM
supplemented with 10% (v/v) heat-inactivated bovine calf
serum and 1% (v/v) penicillin-streptomycin in a humidified
atmosphere of 95% O2 and 5% CO2. The culture medium
was changed every day and the cells were subcultured
weekly. All cells were cultured in a humidified atmosphere
of 95% O2 and 5% CO2.
2+

[Ca ]i measurement
The level of intracellular Ca2+ was determined using fura2/AM as we have previously described (Choi et al., 2001).
Briefly, the cell suspension was incubated in fresh serumfree DMEM with 3 µM fura-2/AM at 37oC for 60 minutes
with continuous stirring. Sulfinpyrazone (250 µM) was

Fig. 1. Bradykinin-induced changes in intracellular Ca2+ concentration in human oral squamous cell carcinoma HSC-3 cells. (A)
Fura-2-loaded HSC-3 cells were challenged with bradykinin at
various concentrations (3 nM, 30 nM and 300 nM) and the changes
in cytosolic Ca2+ level were monitored. Typical Ca2+ transients
from more than three separate experiments are presented. (B)
Concentration-response curve for HSC-3 cells challenged with
rising concentrations of bradykinin. Values represent ratio of peak
changes in fluorescence relative to maximum response. Data
points indicate mean ± SEM. All results were reproducible.
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Ca -saturated fura-2, respectively.
Data Analysis
All quantitative data are expressed as the mean ± SEM.
The results were analyzed for differences using an unpaired
Student’s t-test. The half maximal effective concentration
(EC50) of bradkykinin was calculated using Microcal Origin
software (Northampton, MA, USA).
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receptors antagonist, 2-APB. Pretreatment of the cells with
U73122 inhibited the bradykinin-induced [Ca2+]i increase in
HSC-3 cells (Fig 2A). 2-APB reduced the bradykinin2+
induced [Ca ]i increase (Fig 2B).
We compared the effect of bradykinin on Ca2+ signaling
with that of purinergic receptors using application of ATP

Results
We tested bradykinin-induced cellular responses in human
oral squamous cell carcinoma HSC-3 cells. Bradykinin
2+
triggered a rise in [Ca ]i in fura-2-loaded HSC-3 cells (Fig
2+
1A). The [Ca ]i response reached a peak concentration of
about 900 nM within 50 s and then fell back to the baseline
2+
level within 600 s. Bradykinin elevated [Ca ]i in a
concentration-dependent manner with an EC50 of 59.2 ± 3.6
nM (n = 4); the maximal response was observed at 300 nM
(Fig 1C). Repeated application of bradykinin did not show
any increase in [Ca2+]i level (data not shown).
Bradykinin signaling is known to be mediated via the
PLC-β pathway. We analyzed the characteristics of the
bradykinin-induced increase in [Ca2+]i using the PLC-β
antagonist, U73122, and inositol 1,4,5-trisphosphate (IP3)

Fig. 2. U73122 and 2-aminoethoxydiphenyl borate (2-APB) inhibit
the bradykinin-induced [Ca2+]i increase in HSC-3 cells. (A) Fura2-loaded HSC-3 cells were treated with bradykinin (300 nM), with
(black trace) or without (gray trace) the preincubation of U73122
2+
(10 µM; phospholipase C-β inhibitor). Typical Ca transients from
more than three separate experiments are presented. (B) Cells were
treated with bradykinin (300 nM), with (black trace) or without
(gray trace) the preincubation of 2-APB (50 µM; IP3 receptors
2+
inhibitor). Typical Ca transients from more than three separate
experiments are presented. All results were reproducible.

Fig. 3. Bradykinin-induced Ca2+ signaling is occluded by extracellular ATP in HSC-3 cells. (A) Fura-2-loaded HSC-3 cells are
treated with ATP (300 µM), with (black trace) or without (gray
2+
trace) the preincubation of bradykinin (300 nM). Typical Ca transients from more than three separate experiments are presented. (B)
Cell are treated with bradykinin (300 nM) with (black trace) or
without (gray trace) the preincubation of ATP (300 µM). Typical
2+
Ca transients from more than three separate experiments are presented. The results were reproducible.

Fig. 4. Forskolin and phorbol 12-myristrate 13-acetate (PMA)
inhibit the bradykinin-induced [Ca2+]i increase in HSC-3 cells. (A)
Fura-2-loaded HSC-3 cells were treated with bradykinin (300 nM;
solid bar), in the presence (black trace) or absence (gray trace) of
forskolin (1 µM). Typical Ca2+ transients from more than three separate experiments are presented. (B) Cells were treated with bradykinin (300 nM) in the presence (black trace) or absence (gray trace)
2+
of PMA (50 µM). Typical Ca transients from more than three
separate experiments are presented. All results were reproducible.
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(300 µM). Extracellular ATP alone evoked a [Ca2+]i increase
that did not differ significantly from that evoked after
pretreatment with bradykinin (Fig. 3A). However, pretreatment with ATP (300 µM) inhibited a following bradykinin2+
evoked [Ca ]i increase (Fig. 3B). The results suggest that
bradykinin receptor-mediated Ca2+ signaling is occluded by
2+
a purinergic Ca signal pathway.
We investigated the possibility of functional crosstalk
between GPCR signaling by monitoring changes in
2+
bradykinin-induced Ca signaling by pre-challenge with
either forskolin (adenylyl cyclase activator) or PMA (protein
kinase C activator). Preincubation with forskolin increased
2+
the rate of recovery of the bradykinin-induced Ca increase,
2+
but did not affect the peak amplitude of the Ca increase
2+
(Fig. 4A). PMA decreased the peak [Ca ]i level and
increased the rate of the recovery phase of the bradykinin2+
induced Ca increase (Fig. 4B).

Discussion
Bradykinin is an important peptide hormone involved in
various physiological responses such as inflammation, pain,
vasodilation, vascular permeability, smooth muscle
contraction, synthesis of prostaglandins, and hormone
secretion (Bhoola et al., 1992). In oral pathology, bradykinin
serves a significant physiological function in the nervous
system by acting in pain signaling (Wang et al., 2005; Lai et
al., 2006) and is involved in the regulation of pathological
conditions such as ischemia and epilepsy (Ongali et al.,
2003; Lumenta et al., 2006). In tumor cells, bradykinin is
known to modulate tumor growth and migration (Mahabeer
and Bhoola, 2000; Stewart, 2003). It is also reported that
bradykinin receptors are overexpressed in certain cancers,
including astrocytic tumor and prostate cancer (Raidoo
1999; Barki-Harrington, 2003; Taub 2003). Bradykinin shows
not only a direct effect on cancer cells, but also has indirect
effects on tumor metastasis by vascular endothelial growth
factor (VEGF) secretion and promoting angiogenesis
(Hosoi et al., 1993; Wu et al., 1998).
In this study, we have found for the first time that bradykinin
serves to induce Ca2+ signaling in the HSC-3 human oral
2+
squamous cell carcinoma line. The time course of the [Ca ]i
response (reaching peak level within 50 s and then falling
back to the baseline level within 600 s) was general
characteristic of GPCR activation. The concentrationdependent manner of the bradykinin-induced Ca2+ increase
2+
and nanomolar EC50 value suggest that the Ca increase is
likely mediated by the response of bradykinin receptors and
not due to the activation of other neuropeptide hormones
(e.g. neurotensin) which have cross-reactivity in the
micromolar concentration level. Bradykinin receptors are
coupled through various G proteins to at least two separate
phospholipid-mediated signaling pathways: PLC (Chuang
et al., 2001) and phospholipase A2 (Hsieh et al., 2006). To

confirm this, we used the selective PLC-β inhibitor,
U73122, which prevents G-protein interactions with PLCβ, thereby blocking subsequent intracellular signaling. The
pretreatment with U73122 showed a dramatic inhibition of
2+
the bradykinin-induced [Ca ]i increase, which suggests that
bradykinin signaling occurs in a PLC-β dependent manner.
The activation of PLC-β triggers the breakdown of
membrane phosphatidyl 4,5-bisphosphate into diacylglycerol
and IP3, which then induces Ca2+ release from intracellular
2+
2+
Ca stores and store-operated Ca entry by the activation of
TrpC channels. We tested the effect of 2-APB, which is
known to block the interaction between IP3-receptors and
TrpC channels and thereby inhibit the downstream signaling
of IP3. We found that treatment with 2-APB also decreased
the bradykinin-induced [Ca2+]i response. These results
2+
suggest that bradykinin induces an increase of [Ca ]i in
HSC-3 cells through a PLC-β and IP3 receptor pathway.
Cytosolic Ca2+ serves as a significant signal for tumor
2+
cells. Intracellular Ca modulates tumor proliferation via
regulation of the mammalian cell cycle by its effect on G1/S
progression, separation, and centrosome duplication (Roderick
et al., 2008). Tumor cells are thought to change their PCL2
2+
and PKB pathway in order to utilize cytosolic Ca for
enhancing proliferation and blocking apoptosis (Roderick et
2+
2+
al., 2008). Especially, cytosolic Ca modulates the Ca
level and membrane permeability of mitochondria (in other
term, mitochondrial permeability transition), which is also
regulated by Bcl-2 pathway and trigger the cancer cell death
(Tsujimoto et al., 2006; Roy et al., 2009). There are two
features of cytosolic Ca2+ which are significant for the tumor
development. One factor is the increased basal level of
cytosolic [Ca2+]. If the cytosolic Ca2+ is not efficiently
cleared after Ca2+ increase, the proliferation and migration
of tumor cells may be promoted. Sarcoplasmic reticulum
Ca2+-ATPase 2 (SERCA2) and plasma membrane Ca2+ATPase 1 (PMCA1), proteins responsible for returning
2+
cytosolic Ca to baseline, have been shown to be downregulated in oral squamous cell carcinoma (Endo et al.,
2004; Kato et al., 2006a; Saito et al., 2006. In addition, mice
heterozygote for Atp2a2 (the gene coding the SERCA2
pump) show serious squamous cell tumors in the tongue,
oral mucosa, esophagus and fore-stomach (Liu et al., 2001;
Prasad et al., 2005). The second factor affecting cytosolic
Ca2+ is Ca2+ influx through plasma membrane ion channels
or GPCR. Voltage sensitive Ca2+ channels (VGCCs), such as
2+
T-type Ca channels, are thought to be expressed in certain
cancer cells, and blockers of VGCCs have shown potential
as cancer treatments (Taylor et al., 2008). However, in the
case of tumors with an epithelial cell origin, which lack
VGCCs and other Ca2+-permeable ion channels, PLC2+
linked Ca signaling may be of greater clinical importance.
Thus it is important to identify the receptors involved in
intracellular Ca2+ signaling in tumors. In HSC-3 cells,
2+
hyaluronic acid is reported to serve in Ca signaling and has
been suggested as a treatment for oral squamous cell
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carcinoma (Wang and Bourguignon, 2006). Potential targets
in tumor cell Ca2+ signaling are not restricted on receptors or
channels; effector enzymes in down-stream mechanisms
also show important roles in tumor proliferation. For
example, IP3-kinase A protein was found in the search for
tumor-specific associated proteins using 2D-PAGE and
MALDI-TOF mass spectrometry (Kato et al., 2006b).
Finally, PLC is important for the resistant mechanism of
cisplatin, which is one of the most common treatments of
oral squamous cell carcinoma (Ferguson et al., 1999). Thus
it bears significance to modulate the Ca2+ signaling triggered
by the activation of GPCRs such as the bradykinin receptor.
It is common for certain receptor-mediated signals to be
affected by preactivation of other receptors (Werry et al.,
2003); therefore, we investigated whether the bradykinin
Ca2+ response could be modulated by other receptor signals.
Interestingly, we found bradykinin signaling was inhibited
by pretreatment with extracellular ATP, however, in the
converse experiment, purinergic signaling was not
significantly altered by pretreatment with bradykinin. These
results imply not only that both bradykinin and extracellular
ATP provide Ca2+ signaling in HSC-3 cells, but purinergic
receptor activation can modulate the bradykinin-response in
HSC-3 cells. We found that forskolin (adenylyl cyclase
activator) and PMA (protein kinase C activator) decreased
the bradykinin-induced [Ca2+]i increase. These results
suggest that the preceding activation of adenylyl cyclase
and PLC may negatively regulate bradykinin signaling and,
furthermore, that bradykinin may show negative crosstalk
between other receptor systems that utilize adenylyl cyclase
or PLC-linked pathways. The results of this study imply that
2+
the modulation of bradykinin-induced Ca signaling can
also be achieved by activation of other receptors. Further
studies based on our results (for example, an investigation
into the difference in inhibitory targets between protein
kinase A and C signaling) could suggest a combinatorial
strategy for the bradykinin signal modulation.
2+
Ca pump inhibitors have been considered for cancer
treatment (Monteith et al., 2007) but the ubiquitous distribution
of PMCA and SERCA in cells other than carcinoma presents
a challenge for the specificity of such drugs. Bradykinin
receptor antagonists are currently being developed for
treatment of small cell lung cancer and prostate cancer; these
tumor cells originate from neuroendocrine cells and express
bradykinin receptors (Chan et al., 2002; Barki-Harington et
al., 2003). We expect our results could answer how the ‘oral’
cancer communicates with its environment and would be
helpful to develop more reliable treatment for this type of
cancer. Thus further investigation for the role of bradykinin
such as proliferation, metastasis, or apoptic modulation,
would be helpful to design the bradykinin-related treatment
of oral squamous cell carcinoma. Our results show that
2+
HSC-3 cells display functional bradykinin Ca signaling
and raise the possibility of targeting bradykinin receptorsignaling in future treatments of oral squamous cell
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carcinoma.
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