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Abstract: Non-steroidal anti-inflammatory drugs (NSAIDs) were shown to reduce the risk 

of colorectal cancer recurrence and are widely used to modulate inflammatory responses. 

Indomethacin is an NSAID. Herein, we reported that indomethacin can suppress cancer cell 

migration through its influence on the focal complexes formation. Furthermore, endothelial 

growth factor (EGF)-mediated Ca2+ influx was attenuated by indomethacin in a dose 

dependent manner. Our results identified a new mechanism of action for indomethacin: 

inhibition of calcium influx that is a key determinant of cancer cell migration. 
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1. Introduction 

There is growing interest in understanding the mechanisms regulating the antiproliferative effects of 

non-steroidal anti-inflammatory drugs (NSAIDs). Studies obtained from in vitro experiments indicate 

that NSAIDs can block cell proliferation, resulting in inhibition of cell growth [1,2]. Indomethacin, one 

of the most common NSAIDs, possesses anti-inflammatory, analgesic, and antipyretic properties by 

non-selectively inhibiting both cyclooxygenase (COX)-1 and COX-2 [3]. Eli et al. reported that a low 

dose of indomethacin causes acceleration of apoptosis and inhibition of cell proliferation [4]. 

NSAIDs inhibit synthesis of prostaglandins from arachidonic acid by the COX enzymes [5]. COX-1 

is constitutively expressed and is required for physiological processes such as maintenance of the 

gastrointestinal mucosa and vascular homeostasis, whereas COX-2 is an inducible enzyme that has been 

linked to inflammatory reactions and cytokine release [6]. The COX-2 gene is overexpressed in human 

colon cancer, and the high level of COX-2 expression is correlated with mutagenesis and angiogenesis [7]. 

Although several studies have demonstrated the protective effects of NSAIDs in tumor development 

and progression [8,9], the molecular mechanism of how NSAIDs are involved in inhibiting cancer cell 

focal adhesion and migration is still unclear. Vinculin is a major component of focal adhesions that can 

be detected by immunostaining of vinculin. Vinculin is a cytoskeletal protein that localized in 

integrin-mediated cell-matrix adhesions and cadherin-mediated cell-cell junctions [10]. Previous studies 

reported that vinculin-mediated focal adhesion is a calcium dependent process that is involved in cancer 

cell migration [10]. Blocking store-operated Ca2+ influx slows down focal adhesion turnover that 

resulted in stronger adherence [10]. 

The aim of this study was to clarify the molecular mechanism of how indomethacin influences cell 

migration in cancer cells. We hypothesized that indomethacin may interfere with calcium-dependent 

pathways, which in turn, contribute to blocking cancer cell migration. To test this hypothesis, we 

examined interactions among cell migration, Ca2+ mobilization, and vinculin (focal complexes) in 

cancer cells. Our results revealed that indomethacin may indeed inhibit cancer cell migration by 

influencing calcium mobilization and focal complex formation. 
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2. Results and Discussion 

2.1. Effects of Indomethacin on COX-2 Gene Expression 

The chemical structure of indomethacin is shown in Figure 1A. As is known, indomethacin is a 

well-known NSAID that targets COX. To test the effects of indomethacin on COX-2 gene expression, 

we first used EGF-mediated COX-2 gene expression as a model. As shown in Figure 1B, 5 μM 

indomethacin cannot inhibit EGF-induced COX-2 gene activation. The COX-2 protein level was not 

influenced by 5 μM indomethacin (Figure 1C). Statistical analysis of the results from COX-2 gene and 

protein expression were shown in Figure 1D,E. 

Figure 1. Effects of indomethacin on EGF-mediated COX-2 gene. (A) The chemical mRNA 

level of COX-2. RNAs were isolated from A431 cells, and expression of COX-2 gene was 

measured by RT-PCR. (C) Effects of indomethacin with 25 ng/mL EGF induction on 

COX-2 expression in A431 cell line. Cell lysates were prepared for detecting the protein 

level of COX-2 and β-actin by western blotting. (D,E) Relative quantification of COX-2 

mRNA levels and protein expression were conducted using ImageJ software (* p < 0.05).  

 

2.2. Indomethacin Inhibits Cancer Cell Migration 

Cell migration is a key step in initiating the tumor metastatic cascade. Wound-healing assays are 

widely used to provide information on cell migration. In our study, HT29 colon cancer cells and A431 

EGFR-positive cancer cells were treated with different concentrations of indomethacin combined with 

the EGF, and wound closure was analyzed. Our results revealed the inhibitory effects of indomethacin 
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on the migration of HT29 cells (Figure 2A). After treatment of A431 cells with only the EGF, the wound 

closed in 24 h, but the wound was still open after treatment with indomethacin for 24 h (Figure 2B). 

Furthermore, the extent of wound closure was correlated with the concentration of indomethacin. These 

results indicated that indomethacin can inhibit cancer cell migration. 

Figure 2. Effects of indomethacin on cell migration. (A) The cell migration of HT29 cells 

after 48-hour treatment with indomethacin and EGF was measured by wound-healing assay. 

Cells were pretreated with 1 or 10 uM of indomethacin and then stimulated with 25 ng/mL 

EGF. (B) The cell migration of A431 cells after 24-h treatment with indomethacin and EGF 

was measured by wound-healing assay. Cells were pretreated with 1 or 10 uM of 

indomethacin and then stimulated with 25 ng/mL EGF. 

 

2.3. Effects of Indomethacin on Focal Complexes Formation 

Vinculin, a cytoskeletal protein, is localized in integrin-mediated cell-matrix adhesions [10]. 

Vinculin involves in focal complexes formation and cancer cell migration [11]. Previous studies have 

indicated that EGF can activate store-operated Ca2+ influx [12] and store-operated calcium entry is 

essential in focal adhesions [13,14]. To further clarify how indomethacin inhibited cell migration, the 

imaging from immunofluorescence assay was employed to detect the focal complexes formation. As 

showed in Figure 3, EGF-mediated focal complexes formation was detected at the cell membrane. 

Importantly, pretreatment with store-operated Ca2+ entry (SOCE) inhibitors, SKF96365 and 2APB, 

blocked the focal complexes formation (Figure 3). The results from SOCE inhibitors were similar to that 

from indomethacin. 
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Figure 3. Effects of indomethacin on vinculin expression. The immunofluorescence 

imaging of vinculin in A431. Cells were pretreated with 1, 5 and 10 μM indomethacin or 

SOCE inhibitors, 100 μM 2APB and 20 μM SKF96365 for 30 min, then stimulated with 25 

ng/mL EGF for 3 h. Vinculin (green) and nucleus (blue) are stained by FITC-conjugated 

antibody and DAPI, respectively.  

 

2.4. Effects of Indomethacin on EGF-Medicated Ca2+ Signaling 

Results from Figure 3 indicated that both SOCE inhibitors and indomethacin can block focal complex 

formation. Calcium is a key signal for focal complex formation. Therefore, we further investigated the 

effects of indomethacin on EGF-medicated store-operated Ca2+ influx. Cells were pretreated with 

SKF96365, 2APB and the different concentration of indomethacin for 30 min and then calcium signals 

were detected. As shown in Figure 4, EGF-induced store-operated Ca2+ influx (Figure 4A) was blocked 

by SKF96365 (Figure 4B,H) and 2APB (Figure 4C,H), respectively. 1 mM EDTA, as a positive control, 

was applied to block EGF-induced Ca2+ influx (Figure 4D). Importantly, indomethacin repressed 

EGF-induced store-operated Ca2+ influx in a dose dependent manner (Figure 4E–H). These results 

implied that indomethacin blocked cell migration (focal complexes formation) via attenuation of 

calcium mobilization evoked by EGF. 

2.5. Effects of Indomethacin on EGF-Medicated EGFR Phosphorylation 

Next, we investigated whether any proteins in the upstream of calcium signaling are involved in the 

inhibitory effects of indomethacin. It has been reported that the Tyr residue (position, 1173) in EGFR 

can be phosphorylated by EGF [15]. Therefore, we further checked for the phosphorylation of EGFR 

by western blotting. Immunoblotting analysis showed that the phospho-EGFRY1173 level was induced 

at 30 min after stimulation with EGF (Figure 5). However, EGF-induced phosphorylation of 

EGFRY1173 was not changed by pretreatment with 5 μM of indomethacin (Figure 5). 
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Figure 4. Effects of indomethacin on EGF–mediated Ca2+ influx. Time course of calcium 

signals following exposure to 25 ng/mL EGF. The Ca2+ influx signals were evoked by EGF 

stimulation (A), and with the pretreatment of SKF96365 (B), 2APB (C), 1 mM EDTA (D), 1 

μM (E), 5 μM (F) or 10 μM (G) indomethacin. The cells were loaded with Fluo-4-AM for 

Ca2+ detection and the Ca2+ response was due to a difference in the time constant utilized for 

averaging the signal. (H) The Ca2+ signals were estimated by calculating the black areas under 

the Ca2+ curve (*** p < 0.005). 
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Figure 5. Effects of indomethacin on EGF-mediated phosphorylation of EGFR. Cells were 

pretreated with 5 μM indomethacin for 30 min and then stimulated with 25 ng/mL EGF for 

30 min. The cell lysate was isolated from A431 cells and was analyzed by western blotting 

for detecting EGFR and phosphor-EGFR(Y1173) expression.  

 

2.6. Discussion 

In human breast cancer, overexpression of COX-2 is involved in tumor cell invasion of blood 

vessels [16]. Cell-based experiments indicated that the COX-2 gene is transcriptionally activated by 

EGF signaling. Both the EGFR and COX-2 are important regulators of tumor invasion and metastasis [17]. 

In this study, EGF-mediated COX-2 gene expression and cell migration were used as a model to identify 

the functional effects of indomethacin. To determine whether indomethacin’s effect was linked to 

COX-2-inhibiting properties or was independent of them, a low dose of indomethacin was used. 

Consistent with previous studies, our results indicated that 5 μM of indomethacin had no inhibitory 

effect on COX-2 expression. Importantly, this dose was sufficient to significantly block EGF-mediated 

cancer cell migration. Even so, we still could not conclude that indomethacin blocks cell migration via 

a COX-2-independent mechanism. Although neither the COX-2 gene expression nor protein was 

inhibited by indomethacin, the enzyme activity of COX-2 might be the main target of indomethacin. 

More research is needed to determine the correlation between COX-2 activity and the pathogenesis of 

tumor cells in an in vivo animal model. 

In non-excitable cells such as T cells, B cells, and cancer cells, the major calcium entry pathway is 

through store-operated calcium channels (SOCCs) [18]. Calcium entry via SOCCs is necessary for 

tumor cell migration and metastasis [14]. Calcium mobilization through SOCCs is a major determinant 

of the expression of the proliferative marker, vinculin, and cell migration [14]. Indeed, it is well 

established that Ca2+-NFAT signaling regulates cell differentiation and development in many different 

cell types and organ systems. Numerous studies over the last few years documented aberrant NFAT 

signaling in tumor development and metastasis [19]. In this study, intracellular calcium concentration 

was reduced by indomethacin. In addition to SOCC, EGF may also up-regulate other types of calcium 

channel, such as transient receptor potential (TRP) channel. In fact, it has been reported EGF enhances 

migration of A549 lung cancer cells via TRPM7 channel, and arachidonic acid can act as a modulator of 

TRPM5 channels [20,21]. Further investigations to test the effects of indomethacin on calcium currents 

are necessary. 

Numerous studies reported that store-operated calcium channel appears to be an important 

mechanism involved in cancer cell migration and inflammatory gene expression [14,22,23]. Kokoska et 

al. indicated that NSAIDs such as indomethacin, ibuprofen, and aspirin may influence EGF-mediated 
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calcium signaling by altering intracellular calcium mobilization [24,25]. Carrasco-Pozo et al. further 

indicated that indomethacin stimulates endoplasmic reticulum calcium mobilization and the subsequent 

entry of calcium into the mitochondria [26]. Consistent with this, we also observed a small increased 

calcium signals evoked by indomethacin (Figure 4C,G). Because our findings are in good agreement 

with the detailed study by Kokoska et al. and Carrasco-Pozo et al., we speculate that indomethacin 

inhibited bulk cytosolic calcium concentration via the endoplasmic reticulum calcium mobilization and 

mitochondrial calcium buffering mechanisms. 

Our study has limitations. First, although both 2-APB and SKF96365 have been widely used to 

block store-operated calcium channel, the inhibitory effects of these compounds are not specific. 

Extrapolation of conclusions from experiments on pharmacological inhibitors (2APB and SKF96365) 

to the involvement of store-operated calcium channels requires validation of the siRNA screen. 

Second, we observed that 5 μM indomethacin inhibited EGF-mediated calcium signals but not COX-2 

gene expression. To determine whether the effects of indomethacin are COX-2 independent, it is 

necessary to determine the inducible COX-2 activity. Third, our results indicated that phosphorylation 

of EGFRY1173 cannot be blocked by indomethacin. C-terminal phosphorylation sites of EGFR includes 

992, 1068, 1148 and 1173 tyrosine residues that can serve as specific docking sites for the Src 

homology domain 2 (SH2) or phosphotyrosine binding (PTB) domain of adaptor protein [27,28]. 

Further studies are necessary to understand whether other EGFR phosphorylation sites are involved in 

the inhibitory effects of indomethacin. 

In conclusion, we first describe a novel mechanism of how indomethacin inhibits cell migration. Our 

findings highlight how indomethacin can influence calcium influx and further suppress cell migration by 

decreasing focal complexes (Figure 6). In consequence, indomethacin might be a potential inhibitor of 

calcium channels. 

Figure 6. Schematic representation of the mechanisms of indomethacin in EGF-mediated 

COX-2 gene expression.  
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3. Experimental 

3.1. Cell Culture 

Human epidermoid carcinoma A431 cells were bought from ATCC. Cells were cultured (37 °C, 5% 

CO2) in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen Corp., Carlsbad, CA, USA) with 

10% fetal bovine serum and 1% penicillin-streptomycin. In this series of experiments, cells were treated 

with 25 ng/mL EGF in serum-free DMEM medium. For Ca2+ imaging experiments, cells were prepared 

onto glass coverslips and used 24–48 h after plating. 

3.2. Calcium Imaging 

Ca2+ influx was detected with stimulation by EGF (Sigma-Aldrich, St. Louis, MO, USA). Before the 

experiments, the cells were stained with 1 μM Fluo-4-AM (Molecular Probes, Eugene, OR, USA) at 37 °C 

for 20 min and then washed with BSS buffer (5.4 mM KCl, 5.5 mM D-glucose, 1 mM MgSO4, 130 mM 

NaCl, 20 mM Hepes pH 7.4, and 2 mM CaCl2). Ca2+ signals were estimated based on the ratio of 

fluorescence intensities emitted upon excitation with consecutive 3-second pulses of 488-nm light at a 

resolution of 1376 × 1038 pixels using an Olympus Cell^R IX81 fluorescence microscope (Olympus, 

Suite A Hicksville, NY, USA) equipped with an MT 20 illumination system (Olympus) and UPLanApo 

10× objective lens. Intracellular Ca2+ concentration was estimated based on calibration curves as 

follows. A Ca2+ calibration curve was created using a Ca2+ Calibration Buffer kit (Molecular Probes). 

Intracellular Ca2+ ([Ca2+]i) was calculated from Fluo-4 excited at 488 nm and imaged using an Olympus 

Cell^R IX81 fluorescence microscope and UPLanApo 10× objective lens at 20 °C. Fluo-4 signals were 

calibrated by measuring the fluorescence intensity from microcuvettes containing 10 mM K2EGTA (pH 

7.20) buffered to various [Ca2+] levels. Ca2+ concentration was calculated using the following formula: 

[Ca2+]I = KD × (F − Fmin/Fmax − F). Plotting the fluorescence intensity versus [Ca2+] yielded the 

calibration curve with the formula: [Ca2+]I = KD × (F − Fmin/Fmax − F),where KD = 150.5 nM,  

F = Fluo-4 intensity, Fmax = 640, and Fmin = 21.7 for Fluo-4 [29]. 

3.3. Reverse Transcriptase PCR 

Total RNA was extracted from A431 cells by Trizol (Invitrogen Corp.). A reverse transcriptase 

reaction was performed on 1 µg of extracted total RNA using reverse transcriptase reaction Kit 

(Invitrogen Corp.) according to the manufacturer’s instructions. Following cDNA synthesis, 

gene-specific primers to COX-2 (577 bps) and β-actin (145 bps) were designed using NCBI 

Primer-BLAST. Primer sequences were as following: COX-2 (sense primer: 

AGACAGCGTAAACTGCGCCTTT; antisense primer: CAGCAATTTGCCTGGTGAATGATTC); 

β-actin (sense primer: ATCTCCTTCTGCATCCTGTCGGCAAT; antisense primer: 

CATGGAGTCCTGGCATCCACGAAAC). Relative quantification of mRNA levels was conducted 

using Image J software. 
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3.4. Western Blotting 

Total cell lysates (20 µg) were analyzed by SDS-PAGE on 12.5% or 10% gel. After electro-blotting 

to nitrocellulose membrane, membranes were blocked with 5% nonfat dry milk in 0.1% PBST buffer for 

COX-2 and β-actin or TBST buffer for EGFR, phosphor-EGFR and β-actin for 1 h at room temperature. 

Membranes were washed with 0.1% PBST or TBST three times and then incubated with primary 

antibodies overnight at 4 °C. Antibodies were obtained from the following sources: COX-2 from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA), β-actin from Amersham Biosciences (Piscataway, NJ, 

USA), and EGFR and EGFR Phospho (pY1173) from Epitomics (Cambridge, MA, USA). COX-2 

antibody was used at a 1:3000 dilution, β-actin was used at a 1:10000 dilution, and EGFR as well as 

phosphor-EGFR were both used at 1:1000 dilution. Then the membranes were washed with 0.1% PBST 

or TBST three times and incubated with a 1:6000 dilution of peroxidase-linked anti-mouse and 1:3000 

dilution of anti-rabbit IgG (Amersham Biosciences) for 1 h at room temperature. After washing with 

0.1% PBST or TBST, the bands were detected by an ECL-plus Western Blot Detection System 

(Millipore Corp., Bedford, MA, USA). The ImageJ software was used to quantify protein expression levels. 

3.5. Wound Healing Assay 

Culture inserts (ibidi, Munich, Germany) were placed in 6 well culture plates. HT29 and A431 cells 

were seeded 1 × 104/well in culture inserts. After 16 h, the culture inserts were removed. The cells were 

washed with PBS and maintained in 1 mL DMEM medium with 10% FBS. Cells were pre-treated with 1 

or 10 uM indomethacin for 30 min, and then treated with of 25 ng/mL EGF for 24 h (A431) or 48 h 

(HT29). The cells were then placed onto an inverted microscope (Nikon Eclipse Ti-U, Tokyo, Japan) for 

imaging. Random fields in each well were selected for imaging with a Nikon Plan Apo 10X/0.3 

objective using a digital sight DS-U2 controlled by NIS-Element D software. 

3.6. Immunofluorescence 

Cells were seeded onto the glass coverslips in 6 well plastic plates to grow for 1–2 days. Before 

immunostaining, cells were pretreated with or without 1 or 10 uM indomethacin for 30 min, and then 

stimulated by 25 ng/mL EGF for 3 h. Following the treatment, cells were washed with PBS; then fixed 

with 4% formaldehyde and permeabilized with 0.1% Triton X-100 in PBS. In between the fixing and 

permeabilizing steps, cells were washed with 0.2% PBST for 10 min. After blocking cells with 1% BSA, 

primary antibody was added and cells were incubated at 4 °C overnight and then washed with 0.2% 

PBST for 10 min. Cells were subsequently incubated with fluorescein isothiocyanate (FITC)-conjugated 

secondary antibody for 1 h; then with 4',6-diamidino-2-phenylindole (DAPI) for 1 h. 0.2% PBST was 

used to wash cells 3 times each for 5 min in between staining. Coverslips were inverted and fixed onto 

glass slides by 50% glycerol. The fluorescence of FITC and DAPI were detected by confocal microscope. 

3.7. Data Analysis 

Statistical analyses were performed using Student’s t-test. A p-value less than 0.05 was considered 

significant and was denoted by *, and p-value less than 0.01 was denoted by **. 



Molecules 2013, 18 6594 

 

4. Conclusion 

Our results identified a new mechanism of action for indomethacin: inhibition of EGF-mediated 

calcium signals that is a key determinant of cancer cell migration. 

Acknowledgements 

We thank Shengyu Yang (H. Lee Moffitt Cancer Center, Tampa, USA) for discussion  

of this manuscript. This study was supported by a grant from the Department of Health, Taiwan,  

ROC (NO. DOH102-TD-C-111-002; Cancer Center, Kaohsiung Medical University Hospital)  

and grants from the National Science Council, Taiwan, ROC (NSC101-2628-B038-001-MY2; 

NSC101-2320-B038-029-MY3). 

Conflict of Interest 

The authors declare no conflict of interest. 

Reference 

1. Bayer, B.M.; Beaven, M.A. Evidence that indomethacin reversibly inhibits cell growth in the G1 

phase of the cell cycle. Biochem. Pharmacol. 1979, 28, 441–443. 

2. Hial, V.; De Mello, M.C.; Horakova, Z.; Beaven, M.A. Antiproliferative activity of 

anti-inflammatory drugs in two mammalian cell culture lines. J. Pharmacol. Exp. Ther. 1977, 202, 

446–454. 

3. Takeuchi, K.; Tanaka, A.; Kato, S.; Amagase, K.; Satoh, H. Roles of COX inhibition in 

pathogenesis of NSAID-induced small intestinal damage. Clin. Chim. Acta 2010, 411, 459–466. 

4. Eli, Y.; Przedecki, F.; Levin, G.; Kariv, N.; Raz, A. Comparative effects of indomethacin on cell 

proliferation and cell cycle progression in tumor cells grown in vitro and in vivo. Biochem. 

Pharmacol. 2001, 61, 565–571. 

5. Vane, J.R.; Bakhle, Y.S.; Botting, R.M. Cyclooxygenases 1 and 2. Annu. Rev. Pharmacol. Toxicol. 

1998, 38, 97–120. 

6. Colville-Nash, P.R.; Gilroy, D.W., Cyclooxygenase enzymes as targets for therapeutic intervention 

in inflammation. Drug News Perspect. 2000, 13, 587–597. 

7. Harris, R.E. Cyclooxygenase-2 (cox-2) and the inflammogenesis of cancer. Subcell Biochem. 2007, 

42, 93–126. 

8. Garcia-Rodriguez, L.A.; Huerta-Alvarez, C. Reduced risk of colorectal cancer among long-term 

users of aspirin and nonaspirin nonsteroidal antiinflammatory drugs. Epidemiology 2001, 12, 

88–93. 

9. Harris, R.E.; Beebe-Donk, J.; Alshafie, G.A. Similar reductions in the risk of human colon cancer 

by selective and nonselective cyclooxygenase-2 (COX-2) inhibitors. BMC Cancer 2008, 8, 237. 

10. Peng, X.; Nelson, E.S.; Maiers, J.L.; DeMali, K.A. New insights into vinculin function and 

regulation. Int. Rev. Cell. Mol. Biol. 2011, 287, 191–231. 

11. Goldmann, W.H.; Auernheimer, V.; Thievessen, I.; Fabry, B. Vinculin, Cell mechanics and tumour 

cell invasion. Cell Biol. Int. 2013, 37, 397–405. 



Molecules 2013, 18 6595 

 

12. Wang, J.Y.; Chen, B.K.; Wang, Y.S.; Tsai, Y.T.; Chen, W.C.; Chang, W.C.; Hou, M.F.; Wu, Y.C. 

Involvement of store-operated calcium signaling in EGF-mediated COX-2 gene activation in 

cancer cells. Cell Signal. 2012, 24, 162–169. 

13. Schafer, C.; Rymarczyk, G.; Ding, L.; Kirber, M.T.; Bolotina, V.M. Role of molecular 

determinants of store-operated Ca(2+) entry (Orai1, phospholipase A2 group 6, and STIM1) in 

focal adhesion formation and cell migration. J. Biol. Chem. 2012, 287, 40745–40757. 

14. Yang, S.; Zhang, J.J.; Huang, X.Y. Orai1 and STIM1 are critical for breast tumor cell migration and 

metastasis. Cancer Cell 2009, 15, 124–134. 

15. Honegger, A.M.; Schmidt, A.; Ullrich, A.; Schlessinger, J. Evidence for epidermal growth factor 

(EGF)-induced intermolecular autophosphorylation of the EGF receptors in living cells. Mol. Cell. 

Biol. 1990, 10, 4035–4044. 

16. Singh, B.; Berry, J.A.; Shoher, A.; Ramakrishnan, V.; Lucci, A. COX-2 overexpression increases 

motility and invasion of breast cancer cells. Int. J. Oncol. 2005, 26, 1393–1399. 

17. Richardson, C.M.; Sharma, R.A.; Cox, G.; O'Byrne, K.J. Epidermal growth factor receptors and 

cyclooxygenase-2 in the pathogenesis of non-small cell lung cancer: potential targets for 

chemoprevention and systemic therapy. Lung Cancer 2003, 39, 1–13. 

18. Parekh, A.B.; Putney, J.W., Jr. Store-operated calcium channels. Physiol. Rev. 2005, 85, 757–810. 

19. Muller, M.R.; Rao, A. NFAT, immunity and cancer: a transcription factor comes of age. Nat. Rev. 

Immunol. 2010, 10, 645–656. 

20. Gao, H.; Chen, X.; Du, X.; Guan, B.; Liu, Y.; Zhang, H. EGF enhances the migration of cancer cells 

by up-regulation of TRPM7. Cell Calcium 2011, 50, 559–568. 

21. Oike, H.; Wakamori, M.; Mori, Y.; Nakanishi, H.; Taguchi, R.; Misaka, T.; Matsumoto, I.; Abe, K. 

Arachidonic acid can function as a signaling modulator by activating the TRPM5 cation channel in 

taste receptor cells. Biochim. Biophys. Acta 2006, 1761, 1078–1084. 

22. Chang WC, Nelson C, Parekh AB. Ca2+ influx through CRAC channels activates cytosolic 

phospholipase A2, leukotriene C4 secretion, and expression of c-fos through ERK-dependent and 

-independent pathways in mast cells. FASEB J. 2006, 20, 2381–2383.  

23. Huang, W.C.; Chai, C.Y.; Chen, W.C.; Hou, M.F.; Wang, Y.S.; Chiu, Y.C.; Lu, S.R.; Chang, W.C.; 

Juo, S.H.; Wang, J.Y.; et al. Histamine regulates cyclooxygenase 2 gene activation through 

Orai1-mediated NFkappaB activation in lung cancer cells. Cell Calcium 2011, 50, 27–35. 

24. Kokoska, E.R.; Smith, G.S.; Miller, T.A. Nonsteroidal anti-inflammatory drugs attenuate 

proliferation of colonic carcinoma cells by blocking epidermal growth factor-induced Ca++ 

mobilization. J. Gastrointest. Surg. 2000, 4, 150–161. 

25. Kokoska, E.R.; Smith, G.S.; Wolff, A.B.; Deshpande, Y.; Miller, T.A. Nonsteroidal 

anti-inflammatory drugs attenuate epidermal growth factor-induced proliferation independent of 

prostaglandin synthesis inhibition. J. Surg. Res. 1999, 84, 186–192. 

26. Carrasco-Pozo, C.; Pastene, E.; Vergara, C.; Zapata, M.; Sandoval, C.; Gotteland, M. Stimulation 

of cytosolic and mitochondrial calcium mobilization by indomethacin in Caco-2 cells: modulation 

by the polyphenols quercetin, resveratrol and rutin. Biochim. Biophys. Acta 2012, 1820, 

2052–2061. 

27. Batzer, A.G.; Rotin, D.; Urena, J.M.; Skolnik, E.Y.; Schlessinger, J. Hierarchy of binding sites for 

Grb2 and Shc on the epidermal growth factor receptor. Mol. Cell. Biol. 1994, 14, 5192–5201. 



Molecules 2013, 18 6596 

 

28. Okabayashi, Y.; Kido, Y.; Okutani, T.; Sugimoto, Y.; Sakaguchi, K.; Kasuga, M. Tyrosines 1148 

and 1173 of activated human epidermal growth factor receptors are binding sites of Shc in intact 

cells. J. Biol. Chem. 1994, 269, 18674–18678. 

29. Hsu, W.L.; Tsai, M.H.; Lin, M.W.; Chiu, Y.C.; Lu, J.H.; Chang, C.H.; Yu, H.S.; Yoshioka, T. 

Differential effects of arsenic on calcium signaling in primary keratinocytes and malignant (HSC-1) 

cells. Cell Calcium 2012, 52, 161–169. 

Sample Availability: Not available.  

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


