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Abstract: Oncogenic ether à-go-go-1 (Eag1) potassium channels are overexpressed in most 

primary human solid tumors. Low oxygen and nutrient/growth factor concentrations play critical 

roles in tumorigenesis. However, the mechanisms by which tumor cells survive and prolifer-

ate under growth factor-depleted conditions remain elusive. Here, we investigated whether 

serum-deprived conditions and epidermal growth factor (EGF) regulate Eag1 expression in 

human lung and breast cancer cells. The human cancer cell lines A549 and MCF-7 (from the 

lungs and breast, respectively) were obtained from the American Type Culture Collection and 

cultured following the manufacturer’s recommendations. Eag1 gene and protein expression were 

studied by real-time PCR and immunocytochemistry, respectively. Cell proliferation was evalu-

ated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, and ERK1/2 

phosphorylation was investigated by Western blot. Serum-deprived conditions increased Eag1 

mRNA and protein expression in both cell lines. This Eag1 upregulation was prevented by EGF 

and the ERK1/2 inhibitor U0126 in only lung cancer cells; vascular endothelial growth factor 

did not prevent Eag1 upregulation. Our results suggest that Eag1 may act as a survival and 

mitogenic factor under low-serum and nutrient conditions and may be a clinical target during 

the early stages of tumor development.
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Introduction
Many solid tumors display poorly developed blood vessels during progression to 

advanced stage disease. This deficiency in blood supply deprives tumor cells of oxygen 

and growth factors,1–3 which might trigger responses that promote survival, neoplastic 

progression, and malignancy.4–9 However, the mechanisms by which tumor cells survive 

and proliferate under growth factor-depleted conditions remain elusive. Transfection of 

the ether à-go-go-1 (Eag1, KCNH1, K
v
10.1) potassium channel into mammalian cells 

confers the ability to grow in low-serum conditions.10 Accordingly, Eag1 expression 

favors tumor progression when transfected cells are injected into immunosuppressed 

mice.10 The expression of Eag1 under normal conditions is restricted to a few tissues, but 

Eag1 is aberrantly expressed in several cell lines derived from human tumors as well as 

in more than 75% of primary solid tumors, including lung tumors.11–18 In addition, Eag1 

enhances tumor cell proliferation, is involved in tumor progression and metastasis, and is 

associated with poor prognosis.10,14–16,18–24 Chemical carcinogens, human papilloma virus 

oncogenes, and hormones regulate Eag1 expression.19,25–27 However, Eag1 regulation 

by serum-deprived conditions is poorly understood. Here, we investigated the effect of 

serum deprivation, epidermal and vascular endothelial growth factors (EGF and VEGF, 
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respectively), and the involvement of the ERK1/2 pathway 

on Eag1 expression in cancer cells. Our results suggest that 

Eag1 may act as a survival and mitogenic factor under serum-

deprived conditions, favoring the proliferation of solid tumors. 

Thus, targeting Eag1 expression during the early stages of 

tumor development may have therapeutic benefits.

Materials and methods
reagents and cell culture
The MEK inhibitor U0126 and VEGF were purchased from 

Sigma-Aldrich, St Louis, MO, USA; EGF was purchased 

from Roche Diagnostic GmbH (Mannheim, Germany). The 

cancer cell lines A549 and MCF-7 (from human alveolar 

adenocarcinoma and breast, respectively) were obtained 

from the American Type Culture Collection (Manassas, 

VA, USA) and cultured according to the manufacturer’s 

instructions. The studies using these commercially available 

human cell lines followed the principles of the Declaration 

of Helsinki (following the recommendation and guidelines 

of the journal, we state that at our institution this type of 

in vitro experiments do not need a special Review Board 

approval to be performed).

Metabolic activity
A549 cells were plated in triplicate in 96-well plates at 

3,500 cells/well (n=12) in Dulbecco’s modified Eagle’s 

medium/F12-K culture medium + 10% fetal bovine serum 

(FBS) and allowed to proliferate for 24 hours. Then, the cells 

were incubated for 24 hours under serum-deprived conditions 

(0.5% FBS) followed by incubation in either 10% FBS or 0.5% 

FBS in the absence or presence of EGF (10 ng/mL) and/or 

U0126 (10 µM) for 48 hours. Cell viability was measured using 

the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide cell proliferation assay kit I (Boehringer Mannheim 

GmbH, Mannheim, Germany) as described.26

Western blot
Cells were prepared for standard Western blotting. The mem-

branes were incubated overnight at 4°C with primary mouse 

monoclonal antibodies against p-ERK1/2 (Thr202/Tyr204; 

E-10; 1:2,000, Cell Signaling Technology, Danvers, MA, 

USA) or β-actin (1:2,000, Cell Signaling Technology). The 

membranes were incubated with a peroxidase-conjugated 

donkey anti-mouse IgG secondary antibody (1:17,000) for 

p-ERK1/2 (Thr202/Tyr204; E-10) and β-actin. The mem-

branes were visualized using enhanced chemiluminescence 

(GE Healthcare Bio-Sciences, Pittsburgh, PA, USA), fol-

lowed by exposure onto photographic films (Hyperfilm, 

Amersham, Pittsburgh, PA, USA) to analyze peroxidase 

activity. Finally, the densitometric quantification of immu-

noblots was performed using Kodak Molecular Imaging 

Software (Carestream Health, Rochester, NY, USA). β-Actin 

was used as a loading control.

real-time rT-Pcr
Total RNA was isolated with TRIzol reagent (Sigma-Aldrich). 

cDNA was obtained from RNA (5 µg) previously treated 

with DNAse I and M-MuLV reverse transcriptase (New 

England Biolabs, Ipswich, MA, USA). Eag1 gene expres-

sion was determined by real-time reverse transcription 

polymerase chain reaction (RT-PCR) using the TaqMan™ 

detection system (Thermo Fisher Scientific, Waltham, MA, 

USA). Hypoxanthine-guanine phosphoribosyl transferase 

was used as the internal standard. Data were analyzed by 

the 2−∆∆Ct method and by the threshold cycle.

immunocytochemistry
A549 and MCF-7 cells were prepared for standard immuno-

chemistry experiments as described previously in Reagents 

and cell culture using a primary antibody against Eag1 (rabbit 

polyclonal, 1:600) from Novus Biologicals (Littleton, CO, 

USA) and a horseradish peroxidase polymer (Biocare Medi-

cal, Concord, CA, USA).27 Brown immunostaining indicated 

Eag1 expression. Negative controls were obtained in the 

absence of the primary antibody.

statistical analysis
Analysis of variance followed by the Tukey–Kramer test or 

Student’s t-test was performed using GraphPad Prism soft-

ware version 5.0 (San Diego, CA, USA). P-values ,0.05 

were considered statistically significant.

Results
serum deprivation and egF regulate eag1 
expression in lung cancer cells
A549 lung cancer cells were cultured in 10% FBS for 

24 hours. Then, the cells were incubated for 24 hours in 

serum-deprived conditions (0.5% FBS) followed by incu-

bation for 48 hours in different concentrations of FBS. 

Figure 1A and C shows that decreasing serum concentra-

tions led to increasing Eag1 mRNA levels. Eag1 protein 

expression was also higher at low-serum concentrations 

(Figure 1B). Whereas, Eag1 protein expression (brown 

immunostaining) was exclusively detected in the nucleus of 

cells grown in 10% FBS, and it was also clearly observed in 

the cytoplasm of cells in low-serum conditions. Because EGF 
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Figure 1 eag1 (ether à-go-go-1) regulation by epidermal growth factor (egF) and serum.
Notes: eag1 mrna expression, as determined by real-time Pcr, increased with decreasing serum concentrations (A and C). immunochemistry experiments showed 
that protein expression (brown immunostaining) also increased (B). egF (10 ng/ml), but not vascular endothelial growth factor (VegF, 5 ng/ml), prevented eag1 
upregulation induced by serum-deprivation (C). Mean ± seM (n=3). *P,0.05 vs cells in 10% fetal bovine serum (FBs), **P,0.05 vs cells in 0.5% FBs in the absence of egF. 
Magnification =×400.
Abbreviations: FBs, fetal bovine serum; hPrT, hypoxanthine-guanine phosphoribosyl transferase; mrna, messenger rna; Pcr, polymerase chain reaction; seM, standard 
error of the mean.

and VEGF are present in the serum and relevant in cancer, 

we hypothesized that these factors missing in the low-serum 

conditions might regulate the expression of Eag1. While EGF 

prevented the increase in Eag1 expression induced by serum 

deprivation (Figure 1C), treatment with VEGF did not affect 

Eag1 expression.

Potential participation of the canonical 
erK1/2 pathway in eag1 regulation
We investigated whether the canonical EGF receptor signaling 

pathway was involved in Eag1 regulation. Western blot experiments 

showed that ERK1/2 phosphorylation was lower in low-serum 

conditions compared with those with 10% FBS (Figure 2A),  
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Figure 2 serum deprivation and epidermal growth factor (egF) regulate ether à-go-go-1 (eag1) expression, potentially via the erK1/2 pathway.
Notes: a representative Western blot shows that erK1/2 phosphorylation was increased by egF, but this increase was prevented by U0126 (A). as expected, erK1/2 
activation was higher in cells cultured in 10% fetal bovine serum (FBs) than in those cultured in low-serum conditions (A). U0126 also prevented eag1 upregulation induced 
by serum deprivation (B). in B, mean ± seM (n=3). #P,0.05 vs 10% FBs, ##P,0.05 vs 0.5% FBs or DMsO. (C) a549 lung cancer cells proliferate under serum-deprived 
conditions. cell proliferation was not affected by egF (10 ng/ml) but was prevented by the erK1/2 inhibitor U0126 (10 µM). in C, mean ± seM (n=3). *P,0.05 vs control, 
**P,0.05 vs 0.5% FBs, vehicle, egF, and 10% FBs, ***P,0.05 vs all other conditions.
Abbreviations: DMsO, dimethyl sulfoxide; hPrT, hypoxanthine-guanine phosphoribosyl transferase; seM, standard error of the mean.
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suggesting that ERK1/2 phosphorylation is inversely 

involved in the upregulation of Eag1 by serum deprivation. 

Accordingly, ERK1/2 phosphorylation was clearly 

increased by EGF in low-serum conditions (Figure 2A). 

The ERK1/2 pathway inhibitor U0126 decreased ERK1/2 

phosphorylation in all conditions as expected (Figure 2A). 

Low Eag1 expression was observed in the presence of 

EGF and U0126, despite the cells being deprived of serum 

(Figure 2B).

cell proliferation in low-serum conditions 
is inhibited by U0126
In accordance with the Eag1 upregulation, A549 cells not 

only survived under serum-deprived conditions but also 

proliferated (Figure 2C). EGF was unable to increase such 

proliferation, most likely due to its inhibitory effect on 

Eag1 expression. As expected, the ERK1/2 inhibitor U0126 

decreased cell proliferation.

eag1 expression is upregulated by serum 
deprivation in breast cancer cells
Because the EGF pathway is also very important for the 

proliferation of breast cancer cells, we investigated whether 

the same serum- and EGF-mediated regulation of Eag1 

occurred in MCF-7 cells. Eag1 mRNA expression was 

upregulated under low-serum conditions (Figure 3A). Eag1 

protein expression (brown immunostaining) was higher in 

serum-deprived cells in comparison to cells grown in 10% 

FBS (Figure 3B). However, EGF did not prevent the Eag1 

upregulation induced by serum deprivation.

Discussion
Hypoxia and nutrient deprivation are the features of most 

solid tumors, especially during the early stages.1 Eag1 

potassium channels display oncogenic properties, confer 

cell growth capability under serum-deprived condition, and 

favor tumor progression.10 In this study, we show that serum-

deprived conditions increased Eag1 expression in A549 

lung cancer cells. This Eag1 upregulation was prevented by 

EGF and inversely correlated with the phosphorylation of 

ERK1/2, suggesting that phosphorylated ERK1/2 inhibits 

Eag1 expression. However, when serum-deprived cells were 

treated with U0126, Eag1 upregulation was prevented. The 

inhibitory effect of U0126 may be associated with other 

kinases/pathways that are affected by this compound, includ-

ing stress-activated protein kinase 2a/p38, p38-regulated/

activated kinase, protein kinase Bα (also called Akt), and 

ERK5.28,29 Our results suggest that the MAPK pathway might 

not be the only one involved in Eag1 regulation by EGF.30

Our data suggest that Eag1 may also be regulated by 

other pathways associated with stress. For instance, NOX1-

dependent reactive oxygen species (ROS) are involved in 

cell cycle progression under low-serum conditions in lung 

epithelial cells via ERK1/2 phosphorylation and cyclin D1 

expression.31 Moreover, FaO rat hepatoma and human hepa-

tocellular carcinoma cell lines proliferate in the absence of 

Figure 3 serum deprivation up-regulates ether à-go-go-1 (eag1) expression in breast cancer cells.
Notes: eag1 mrna expression increased as the serum concentration decreased (A). Protein expression (brown immunostaining) also increased (B). epidermal growth 
factor (egF, 10 ng/ml) did not prevent the changes in eag1 mrna and protein expression induced by serum deprivation. Mean ± seM (n=3). *P,0.05 vs cells in 10% fetal 
bovine serum (FBS). Magnification =×400, scale bar =62.7 µm.
Abbreviations: FBs, fetal bovine serum; hPrT, hypoxanthine-guanine phosphoribosyl transferase; mrna, messenger rna; seM, standard error of the mean.
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serum, in contrast with non-tumoral hepatocytes.32–34 Upon 

serum withdrawal, early ROS production by NOX1 activates 

the Src/ERK pathway, promoting a positive feedback loop that 

leads to NOX1 upregulation. In parallel, NOX1-induced ROS 

stimulate p38 and Akt activation, which in turn induce TGF-α 

and EGFR expression and consequently activate the EGFR 

pathway to induce cell growth.34 Wu et al showed that high 

Eag1 expression is regulated by p38 MAPK in osteosarcoma 

cells.35 Thus, Eag1 upregulation in response to serum-deprived 

conditions can also be mediated by p38 activation, ROS and 

NOX1. It is important to study additional pathways that 

regulate Eag1 expression in lung cancer cells.

Eag1 mRNA and protein expression was also upregulated 

in breast cancer cells by serum deprivation. These results 

suggest that this channel upregulation may be a general 

response in different cancer cell types. Nevertheless, because 

EGF did not prevent Eag1 upregulation in these cells, dif-

ferent pathways should be studied to elucidate the potential 

mechanisms that regulate Eag1 expression.

Conclusion
Our results suggest that Eag1 expression may act as a survival 

and mitogenic factor under serum-deprived conditions, favor-

ing the proliferation of solid tumors. These results provide a 

strong rational for targeting Eag1 expression at early stages 

of tumor development.
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