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Abstract. Human ether à-go-go 1 (Eag1) potassium channels 
are potential tumor markers and therapeutic targets for several 
types of malignancies, including cervical cancer. Estrogens 
and human papilloma virus oncogenes regulate Eag1 gene 
expression, suggesting that Eag1 may already be present in 
pre-malignant lesions. Therefore, Eag1 could be used as an 
early marker and/or a potential risk indicator for cervical 
cancer. Consequently, we studied Eag1 protein expression by 
immunochemistry in cervical cancer cell lines, normal kera-
tinocytes, cervical cytologies from intraepithelial lesions, 
biopsies from cervical intraepithelial neoplasias (CIN 1, 2 and 
3) and in normal smears from patients taking or not taking 
estrogens. Two hundred and eighty-six samples obtained by 
liquid-based cytology and fifteen CIN biopsies were studied. 
We observed Eag1 protein expression in the cervical cancer 
cell lines, as opposed to normal keratinocytes. Eag1 was found 
in 67% of the cervical cytologies from low-grade intraepithelial 
lesions and in 92% of the samples from high-grade intraepithe-
lial lesions, but only in 27% of the normal samples. Noteworthy, 
morphologically normal cells obtained from dysplastic 
samples also exhibited Eag1 expression. In CIN biopsies we 
found that the higher the grade of the lesion, the broader the 
Eag1 protein distribution. Almost 50% of the normal patients 

taking estrogens displayed Eag1 expression. We suggest Eag1 
as a potential marker of cervical dysplasia and a risk indicator 
for developing cervical lesions in patients taking estrogens. 
Eag1 detection in cervical cancer screening programs should 
help to improve early diagnosis and decrease mortality rates 
from this disease.

Introduction

Cervical carcinoma is one of the main causes of cancer-related 
mortality among women, particularly in developing countries 
(1,2). Thus, detection of pre-cancerous lesions is a major issue 
to be addressed by health care programs. Epidemiological 
studies have identified high-risk human papilloma viruses 
(HR-HPVs) as a major risk factor for developing cervical 
cancer (3). Prophylactic vaccines against HPVs have been 
shown to significantly protect against HPV infection, 
decreasing the incidence of cervical cancer lesions (4,5). In 
addition, extended use of oral contraceptives containing estro-
gens correlates with an increase in the incidence of cervical 
cancers (6,7). Estrogens play a proliferative role in various 
types of cancer cells, and expression of either estrogen recep-
tors (ERs) or aromatase has been demonstrated to stimulate 
the proliferation of tumor cells derived from mammary gland, 
lung and cervical cancers (8-10).

Cervical carcinoma is preceded by the appearance of low- 
and high-grade intraepithelial lesions (LSILs and HSILs, 
respectively) (11). Despite the successful introduction of the 
Pap smear test and the existence of several tests detecting early 
cancerous lesions, cervical cancer is still a major public health 
problem. Thus, novel pre-cancer markers may serve as indica-
tors for acute risk of developing cervical cancer.

Ether à-go-go 1 (Eag1) potassium channels possess onco-
genic properties (12). Human Eag1 mRNA shows restricted 
distribution in healthy tissues, being expressed mainly in the 
brain, slightly in the placenta, testis, adrenal gland and tran-
siently in myoblasts (12-14). A physiological role for Eag1 
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providing the hyperpolarization needed prior to cell fusion, 
has been proposed for myoblast fusion (13). Conversely, Eag1 
is more abundantly expressed in cancer cells from different 
histogenesis including cervical, lung, breast, colon and pros-
tate cancer (14-16). Because of this particular distribution, 
Eag1 is considered as a powerful tumor marker for many types 
of cancers. Moreover, other findings indicate a correlation 
between Eag1 expression levels and reduced overall survival 
in patients with colon carcinoma, soft-tissue sarcoma and 
acute myeloid leukemia (16-18). Inhibition of Eag1 expression 
by either antisense oligonucleotides or RNA silencing was 
found to significantly decrease proliferation of several tumor 
cell types (12,17). In addition, inhibition of Eag1 channel 
activity by the non-specific Eag1 inhibitors, imipramine or 
astemizole, has been suggested to decrease the proliferation of 
cancer cells (17,19,20). Astemizole was also found to inhibit 
tumor growth in vivo in an Eag1-dependent manner (21). In 
addition, specific blockage of Eag1 with monoclonal antibodies 
inhibited tumor cell growth both in vitro and in vivo (22). 
Accordingly, Eag1 is also considered a promising therapeutic 
target for cancer.

We previously reported that normal cervical tissue samples 
from women with negative Pap smears displayed Eag1 mRNA 
expression (15). One of these patients presented with HR-HPV 
infection, another had a paratubaric cystadenoma, and a third 
patient presented with endometrial hyperplasia. These find-
ings led us to hypothesize that Eag1 is an early indicator of 
cellular proliferation. In accordance, Eag1 mRNA has been 
detected in the ‘tumor-free’ mammary gland surrounding 
breast carcinoma tissue (14) and in human diverticulitis which 
has the potential to transform into colonic cancer (16). All of 
these observations suggest Eag1 expression as a potential early 
sign of cellular hyperproliferation.

Estrogens and HPV oncogenes (E6/E7) up-regulate Eag1 
expression in normal and/or cancer cells (23). Imipramine, 
astemizole and monoclonal antibodies inhibiting Eag1 channel 
activity were found to decrease the cell proliferation of 
keratinocytes transfected with E6/E7 oncogenes (23). This 
Eag1 regulation by etiological factors of cervical cancer 
strongly suggests that Eag1 may be detected in cervical pre-
cancerous lesions and, therefore, may function as an early 
marker and/or a risk indicator for cervical cancer.

Here, we demonstrated that Eag1 protein was differentially 
overexpressed in at-risk cervical cytologies compared to 
normal cervix. Furthermore, the levels of Eag1 expression 
increased from low- to high-grade intraepithelial lesions. 
Moreover, Eag1 was found in a high percentage of normal 
patients using estrogens. Our results strongly suggest Eag1 as 
a potential marker of pre-cancerous intraepithelial lesions 
and as a likely risk indicator for cervical cancer. Detection of 
Eag1 by cervical cancer screening programs should help to 
improve the detection of intraepithelial lesions and decrease 
mortality from cervical cancer.

Materials and methods

Biological samples. Liquid-based cervical cytologic samples 
were studied in a retrospective manner from patients who 
attended either the Cytology Department or the Dysplasia 
Clinic at the General Hospital ‘Dr Manuel Gea González’ in 

Mexico City, following local ethical considerations (Protocol 
no. 11-04-2010 approved by the ethics committee of the same 
hospital). Cervical cytologies were obtained with a cytobrush 
placed in a 20-ml container with fixing solution (Bio SB, Santa 
Barbara, CA) and transported at room temperature to the 
Department of Pathology of the National Institute of Medical 
Science and Nutrition ‘Salvador Zubirán’ (INCMNSZ) for 
further processing and storage. The samples were vortexed for 
45 sec, and 10 ml of each cytology specimen was placed in a 
tube containing 3 ml of liquid density gradient solution (Bio 
SB). Then, the samples were centrifuged for 15 min (1000 x g) 
at 25˚C, the supernatant was eliminated, and the cell pellet was 
homogenized in 1 ml of distilled water for each millimeter of 
cell pellet. The sample (1 ml) was placed for 15 min on a 
charged glass slide (Biocare Medical, Concord, CA). The cells 
were then washed with 96% ethanol and dried at room temper-
ature. Subsequently, a standard staining protocol was carried 
out.

The samples were independently staged by histological 
analysis of the cervical biopsies classified according to the 
Bethesda System for reporting cervical cytology (11) as 
normal, low-grade squamous intraepithelial lesions (LSILs) or 
high-grade squamous intraepithelial lesion (HSILs). None of 
the patients had received any treatment for cervical dysplasia.

Human cervical cancer cells were also obtained from 
previously established primary cultures, formerly character-
ized to express Eag1, cytokeratins and the E7 gene from 
HPV-16 (15), supporting their cancer epithelial nature. Cervical 
cancer cell lines HeLa and SiHa were obtained from the 
American Type Culture Collection (Manassas, VA) and 
cultured according to the supplier's instructions. Normal 
human epidermal keratinocytes (from neonatal foreskins) 
were obtained from Millipore Corporation (Billerica, MA, 
USA) and cultured according to the supplier's instructions. 
Normal human hippocampus and cervical tissue were obtained 
from the Instituto Nacional de Nutrición y Ciencias Médicas 
‘Salvador Zubirán’ tissue collection, in Mexico City. Cervical 
intraepithelial neoplasia (CIN) biopsies for comparison with 
cervical smears (CIN 1-3, five biopsies of each grade) were 
retrieved from the consultation files of one of the authors 
(A.G.D.).

Immunocytochemistry and immunohistochemistry. Eag1 
immunochemistry was performed as previously described 
(14,23). The monoclonal anti-Eag1 antibody has been validated 
and demonstrated to be very specific, as it does not bind to hErg 
(human Eag-related gene) channels and discriminates between 
Eag1 and Eag2. The latter is the protein more closely related to 
Eag1 (22). Using this antibody, the presence of Eag1 in human 
cervical biopsies, in cervical cancer cells from primary cultures 
and in CHO (Chinese hamster ovary) cells transfected with 
Eag1, in contrast to non-transfected CHO cells has been 
demonstrated (15). Tissue serial sections (1.5 µm) were mounted 
on charged glass slides and deparaffinized for 4-5 min in 
xylene, xylene/absolute alcohol (1:1), absolute alcohol (JT 
Baker), ethanol (Sigma) and washed with buffered solution 
(PBS/Tween-20) (Ventana Medical, Tucson, AZ). Cervical 
smear samples obtained by liquid-based cytology were rehy-
drated with absolute alcohol, ethanol and PBS, in a similar 
manner as the biopsies. For antigen retrieval, slides were 
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immersed in 0.1 M EDTA (pH 9.2), boiled for 30 min and 
allowed to cool at room temperature. Slides were blocked for 
10 min with dual endogenous enzyme blocker (Dako, cat. no. 
S2003), followed by a further block of 10 min with Background 
Sniper (Biocare Medical, cat. no. BS966L) and incubated for 
1 h with the anti-Eag1 antibody (1:100) at room temperature. 
Then, slides were treated for 10 min with 100 µl of MACH 4™ 
mouse probe (Biocare Medical, cat. no. M4U534 L), followed 
by a 10-min incubation with MACH 4 horseradish peroxidase 
polymer (Biocare Medical, cat. no. M4U534 L). The specific 
staining reaction was completed by incubating the slides in the 
presence of 3,3'-diaminobenzidine in buffer reaction solution 
(Dako) and by washing with distillated water. Slides were 
counterstained with hematoxylin (Dako), and rinsed with water 
and a sequence of ethanol, absolute ethanol, xylene/absolute 
ethanol and xylene. Slides were mounted with resin (Merck, 
Darmstadt) and observed with either a Nikon Eclipse E50i 
microscope (New York, NY, USA) or an Olympus Optical 
model CHS microscope (Japan) using an Olympus x40 (0.65) 
and x100 (0.65) objectives. Incubation of all of the samples in 
the absence of the primary antibody gave no signal (data not 
shown). Brown-colored immunostaining revealed Eag1 expres-
sion. Positive staining was considered when at least 5% of the 
cells displayed Eag1 expression. A fusion protein containing 
the epitope of the antibody, which is located close to the puta-
tive pore region of Eag1, was used as a control for antibody 
specificity (22).

Data analysis. The χ2 independence test (24) was used to 
analyze the association between Eag1 expression and the pres-

ence of cervical dysplasia or estrogen use. Odds ratio (OR), 
p-value for OR, and confidence intervals at 95% (95% IC) were 
calculated with either Stata or SPSS statistical programs, 
considering p-values <0.05 as significant.

Results

Eag1 protein in human sample preparations. Antibodies used 
for diagnostic purposes must detect the corresponding protein 
only in the affected tissues and should not give a signal in cells 
not expressing the protein of interest. According to previous 
reports of Eag1 expression (15,25), Eag1 protein was detected 
in human hippocampus and cells from a cervical cancer 
primary culture (Fig. 1A and B, respectively). Normal keratino
cytes are an appropriate cell type to serve as a negative control. 
Since Eag1 mRNA is absent in normal keratinocytes (23), we 
looked for Eag1 protein in these cells. Normal keratinocytes 
incubated with the Eag1 antibody gave no signal (Fig. 1C). 
Thus, this cell-type is a suitable negative control for Eag1 
protein expression. Eag1 mRNA expression has been reported 
in cervical cancer cell lines HeLa and SiHa (12,23). Here, we 
showed that Eag1 was expressed in these cells at the protein 
level (Fig. 1D and E, respectively). Upon incubation of SiHa 
cells with the Eag1 antibody pre-adsorbed with a fusion 
protein containing its epitope, an area close to the putative 
pore region gave no staining signal (inset, Fig. 1E). Taken 
together, these observations confirm the specificity of the Eag1 
antibody used. In addition, we also propose the use of cervical 
cancer cell lines and normal keratinocytes as either positive or 
negative controls of Eag1 protein expression, respectively. 

Figure 1. Human Eag1 protein expression in normal and cancer samples. Brown immunostaining reveals Eag1 expression. (A) Normal hippocampus, (B) 
cervical cancer cells from a primary culture and (C) normal keratinocytes which do not express Eag1 mRNA (23) displayed no Eag1 protein expression. (D) 
HeLa cells (E) SiHa cells; the inset shows no Eag1 staining when the corresponding epitope was incubated in the presence of the Eag1 antibody.
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Figure 2. Eag1 in cervical cytologies. Brown immunostaining reveals Eag1 expression. (A) Cells from normal cervix without Eag1 expression, (B) cells from 
normal cervix showing Eag1 expression, (C) koilocytes from LSIL showing morphological changes and Eag1 expression, (D) morphologically normal cells 
from LSIL expressing Eag1, (E) HSIL cells with evident morphologic changes, and (F) morphologically normal cells from HSIL.

Figure 3. Eag1 in cervical biopsies of intraepithelial neoplasias. Brown immunostaining reveals Eag1 expression. (A) CIN 1, (B) CIN 2, (C) CIN 3. 
Immunochemistry in the absence of the Eag1 antibody gave no signal (data not shown). (Left panels x10, right panels x40).

  A

  B

  C
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Therefore, these results allow the reliable identification of 
at-risk Eag1-expressing tissues, from cervical smears.

Eag1 protein in normal and dysplastic cervical cytologies. 
Fig. 2 shows examples of Eag1 protein expression in smears 
from either normal cervix or intraepithelial lesions. Most of 
the normal samples (133 out of 184, 73%) did not display Eag1 
expression (Fig. 2A, Table Ι); however, Eag1 expression was 
noted in 51 out of the 184 normal samples (Fig. 2B, Table Ι). 
Both low- and high-grade intraepithelial lesions (LSILs and 
HSILs, respectively) expressed Eag1. Fig. 2C shows Eag1 
expression in an LSIL koilocyte. In this case the staining was 
mainly focal to cells with characteristics of HPV infection. 
Most of the cells in the cervical cytologies were keratinocytes 
from the exocervix. No considerable staining was observed in 
glandular cells. Notably, Eag1 was also observed in morpho-
logically normal cells from an LSIL sample (Fig. 2D). This 
finding is important since in some cases only apparently 
normal cells are collected despite the presence of intraepithe-
lial lesions and such samples might be staged as normal 
cervix.

Eag1 expression was found to be stronger in the HSILs 
when compared to that in the LSILs. Fig. 2E shows an HSIL 
cervical cytology with evident morphological alterations. The 
intense brown staining denotes a high expression level and 
extended Eag1 subcellular distribution in the HSILs, in 
contrast to lower expression and a more delimited distribution 
(nuclear or plasma membrane) in the LSILs. Eag1 was also 
found in morphologically normal cells from HSILs (Fig. 2F). 
These results strongly suggest Eag1 as a marker of dysplasia 
with the advantage of detecting Eag1 in morphologically 
normal cells obtained from intraepithelial lesions. A summary 
of Eag1 expression in normal and dysplastic samples is 
provided in Table Ι. Eag1 protein expression was found in 27% 
(51/184) of the women with normal cervical cytology. The 
probability increased to 67% (24/36) in the LSILs, and 

increased to 92% (12/13) in the HSIL samples. The high 
percentage of dysplasias displaying Eag1 strongly suggests an 
association between Eag1 expression and the presence of 
intraepithelial lesions (Pearson's χ2=34.62, p≤0.001). This 
association appears to be stronger for high-grade intraepithelial 
lesions (χ2=23.29, p≤0.001) than for low-grade lesions 
(χ2=20.33, p≤0.001). Despite this, Eag1 expression was not 
sufficient to distinguish between LSILs and HSILs (χ2=3.2, no 
statistical significance). These results strongly advocate the 
use of Eag1 as a marker of pre-cancerous cervical intra
epithelial lesions. Our analysis of Eag1 as a marker of cervical 
dysplasia indicates sensitivity and specificity values of 73 and 
71%, respectively.

Eag1 protein in the biopsies from cervical intraepithelial 
lesions (CIN 1-3). The clear difference in Eag1 immunos-
taining between LSILs and HSILs found in the cervical 
cytologies prompted us to investigate Eag1 protein expression 
in the biopsies from cervical intraepithelial neoplasia of 
different grade (CIN 1, 2 and 3). Fig. 3 shows a very clear 
differential Eag1 expression depending on the grade of the 
lesion in such biopsies. Higher grades of the lesion revealed a 
broader Eag1 distribution. CIN 1 biopsies showed Eag1 
expression mainly in basal cells, while CIN 3 samples 
displayed Eag1 protein in most cells from the basal layer to the 
surface. CIN 2 samples showed an intermediate Eag1 expres-
sion between CIN 1 and CIN 3. We studied five samples of 
each CIN grade and found a very similar expression pattern 
for all of the samples of the corresponding grade. These obser-
vations validate our findings in cervical cytologies.

Eag1 protein in normal cervix from patients using estrogens. 
Since estrogens induce Eag1 gene expression in vitro, we 
studied Eag1 expression in normal cervical smears from 
patients using estrogens as either hormonal replacement 
therapy or contraceptives. Eag1 expression in these cytologies 
was found in almost 50% (28/57) of the samples (Table II). In 
most cases, Eag1 immunostaining was observed in the nucleus 
(data not shown). Statistical analysis revealed an association 
between estrogen use and Eag1 expression (χ2=9.68). 
Calculated odds ratio strongly suggests estrogen use as a factor 
affecting Eag1 expression.

Discussion

Detection of pre-cancerous lesions is a major issue to be 
addressed worldwide in health care programs. Eag1 potassium 
channels have gained great interest as potential markers and 
therapeutic targets for cancer. Eag1 regulation by chemical 
carcinogens, HPV oncogenes, and estradiol (16,23), addition-
ally suggests that Eag1 channels may also serve as early 
indicators of malignant transformation.

Here, we showed that Eag1 channels are differentially 
expressed in cervical smears from normal and pre-cancerous 
cervical lesions, as well as in cervical biopsies from different 
CIN grades. Our findings strongly suggest an association 
between Eag1 expression and cervical dysplasia. Eag1 expres-
sion in approximately 10% of the morphologically normal 
cells coming from the intraepithelial lesions, could be a very 
important indicator for the presence of potential lesions in 

Table I. Eag1 protein expression in normal and dysplastic 
cervical cytologies.

	 Intraepithelial lesions
	 -----------------------------------------------------------
		  Low	 High
	 Normal cervix	 grade	 grade	 Total

Eag1+	 51/184 (27)	 24/36 (67)	 12/13 (92)	 36/49 (73)
[no./total (%)]

Table II. Eag1 expression in normal cervical cytologies from 
patients using estrogens.

	 Estrogen use	 Statistical analysis
	 -------------------------------------------	 ------------------------------------------------
	 No	 Yes	 OR	 p-value	 95% CI

Eag1+	 12/44 (27)	 28/57 (49)	 3.54	 0.003	 1.55-8.06
[no./total (%)]
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those cases where no abnormal cells are observed by cytology 
of cervical tissue. Based on these observations, an early 
cervical cancer detection kit based on the detection of Eag1 is 
proposed. In addition to a sample from the patient, such a 
detection kit should include positive and negative controls for 
Eag1 expression in cervical cancer cell lines and normal kera-
tinocytes, respectively.

Considering both the percentages of normal cervical cyto-
logies displaying Eag1 expression and the observation of Eag1 
in all of the CIN biopsies, as well as the initial sensitivity and 
specificity values here obtained, a wide population study is 
needed in order to fully validate Eag1 as a marker of dysplasia. 
Such a study should also investigate the potential association 
between Eag1 expression and main cervical cancer etiological 
factors, such as HPV infection, expression of other alternative 
markers such as p16 and Ki67, and a complete histological 
analysis of both cervical cytologies and biopsies. This broad 
study would provide more robust data for the validation of 
Eag1 as a marker of cervical dysplasia.

We also observed a differential subcellular expression of 
Eag1. The presence of Eag1 in the nucleus was expected since 
a perinuclear localization of Eag1 channels was previously 
observed in various types of tumors and cells expressing 
HR-HPV oncoproteins (14,17,23). A C-terminal fragment of a 
voltage-gated calcium channel was found to translocate to the 
nucleus and regulate transcription (26), and whether Eag1 
plays a similar role in the nucleus remains to be elucidated.

Our results also suggest that Eag1 expression is a potential 
risk indicator of developing cervical lesions in patients using 
estrogens. A wide population study is also needed here in 
order to determine the association between Eag1 expression 
and the duration or type of estrogen used (injected, oral). In 
addition, a prospective study is also needed to ascertain what 
percentage of patients using estrogens and showing Eag1 
expression develop cervical lesions. It may be equally impor-
tant to study the association between Eag1 expression and 
other conditions where estrogenic imbalances are noted, for 
instance in obese women. Finally, this study provides a strong 
rationale for performing wide population and follow-up studies 
in order to endorse the final clinical use of Eag1 as a dysplasia 
marker.

Despite the successful introduction of the Pap smear test 
and the existence of tests detecting pre-cancerous lesions, 
cervical cancer is still a major public health issue in many 
countries. Thus, novel identifications of pre-cancer markers 
and indicators of cervical cancer risk are necessary. Our results 
propose Eag1 as a potential marker of cervical dysplasia and a 
likely risk indicator for developing cervical lesions in patients 
using estrogens. Detection of Eag1 in cervical cancer screening 
programs may improve the detection of intraepithelial lesions 
and decrease mortality from cervical cancer.
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