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Evidence indicates that human ether à-go-go-related gene 1 (HERG1) voltage-gated potassium channels could

represent new valuable membrane therapeutic targets and diagnostic/prognostic biomarkers in various

cancers. This study is the first to investigate the expression pattern of HERG1 potassium channel subunit in

both primary tumors and precancerous lesions to establish its clinical and biological role during the

development and progression of head and neck squamous cell carcinomas. HERG1 protein expression was

evaluated by immunohistochemistry in paraffin-embedded tissue specimens from 133 patients with laryngeal/

hypopharyngeal squamous cell carcinomas and 75 patients with laryngeal dysplasia, and correlated with

clinical data. Our findings demonstrate that HERG1 is frequently aberrantly expressed in a high percentage of

primary tumors (87%), whereas expression was negligible in both stromal cells and normal-adjacent epithelia.

HERG1 expression increased during head and neck squamous cell carcinoma progression and was

significantly associated with lymph node metastasis (P¼ 0.04), advanced disease stages (Po0.001), regional

tumor recurrence (P¼ 0.004), distant metastasis (P¼ 0.03) and reduced disease-specific survival (P¼ 0.012, log-

rank test). HERG1-positive expression was also detected in 31 (41%) of 75 laryngeal dysplasias. Interestingly,

HERG1 expression increased with the grade of dysplasia; however, HERG1 expression but not histology

correlated significantly with increased laryngeal cancer risk (P¼ 0.007). In addition, functional studies in head

and neck squamous cell carcinoma-derived cell lines further revealed that HERG1 expression promotes

anchorage-dependent and -independent cell growth and invasive capability, although independently of its ion-

conducting function. Our data demonstrate that HERG1 expression is a biologically and clinically relevant

feature in head and neck squamous cell carcinoma progression and also during malignant transformation, and

a promising candidate as cancer risk marker and therapeutic target for head and neck squamous cell carcinoma

prevention and treatment.
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The incidence of head and neck squamous cell
carcinoma has been gradually increasing over the

last three decades. It is the sixth leading cancer by
incidence worldwide and only 40–50% of patients
with head and neck squamous cell carcinoma will
survive for 5 years.1 Two-thirds of the diagnosed
tumors present with locally advanced or meta-
static disease (stages III and IV) and patients
survival is determined by the development
of loco-regional recurrences, distant metastases
and second primary tumors.2 In this context, the
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search for novel diagnostic or prognostic markers
that leads to improved survival rates for head and
neck squamous cell carcinoma becomes essential.3

Recent advances in genomic and basic research
have increased our understanding of the molecular
processes governing tumor formation and progres-
sion. Numerous studies have demonstrated the
involvement of ion channels in the pathogenesis of
various diseases, including cancer.4–7 Potassium
channels were originally identified in excitable
cells, but they are present in virtually all types of
cells, where they are involved in a multitude of
physiological functions.7–10 Because of their onco-
genic properties, distribution, modulation and
pharmacology, members of the ether à-go-go (EAG)
potassium channels family have gained interest as
research tools for detection and therapy of different
cancers.11–15 The EAG potassium channel family
comprises three distinct subfamilies: EAG (Kv10),
ERG (EAG-related gene; Kv11) and ELK (EAG-like;
Kv12). Attempts to clone the human EAG channel
led to the detection of the human ERG (HERG)
channel.16

HERG channel activity plays an important role in
cardiac and other excitable cells. The rapidly
activating component of the delayed rectifying Kþ
current (IKr) is mediated by HERG1 in the heart and
HERG1 currents blockade may lead to serious
ventricular arrhythmias and sudden death.17,18 In
addition, HERG1 channels are frequently aberrantly
expressed in a variety of primary tumors and cancer
cell lines of different origin (reviewed in ref. 6)
where they have been shown to regulate various
functions relevant to tumor cell biology, such as cell
proliferation, apoptosis, cell migration, invasiveness
and neoangiogenesis by modulating several bio-
chemical pathways.13,14

To date, no information exists about the possible
contribution of HERG1 to the development and
progression of head and neck squamous cell carci-
noma. This study is the first to investigate the
expression pattern of HERG1 in both primary tumors
and precancerous lesions to establish the clinical
and biological role of HERG1 potassium channel
subunit in the initiation and progression of head
and neck squamous cell carcinoma.

Materials and methods

Patients and Tissue Specimens

Surgical tissue specimens from 75 patients with
premalignant lesions of the larynx and 133 patients
with laryngeal or hypopharyngeal squamous cell
carcinoma who underwent surgical treatment at
the Hospital Universitario Central de Asturias be-
tween 1996 and 2005 were retrospectively collected,
following institutional review board guidelines.
Representative tissue sections were obtained from
archival, paraffin-embedded blocks and the histolo-

gical diagnosis was confirmed by an experienced
pathologist (AA). The sections selected for study
were as follows: In the group of patients with
premalignant lesions, the entire lesion was included
in one block and therefore the section used for
histological diagnosis was subsequently stained and
evaluated. The premalignant lesions were classified
following the World Health Organization classifica-
tion19 into the categories of mild dysplasia (10
lesions, 13%), moderate dysplasia (25 lesions,
33%) or severe dysplasia/carcinoma ‘in situ’ (CIS;
40 lesions, 54%). All patients were men, with a
mean age of 65 years (range 36–83 years). All of
them were smokers, and 23 were also habitual
alcohol drinkers. Patients with a diagnosis of pre-
malignant lesion and cancer within the next
6 months were excluded from the study. All
patients were treated by excisional biopsy using
stripping microflap excision. Patients were fol-
lowed up for a minimum of 60 months or until
progression to malignancy occurred.

In the group of patients with head and neck
squamous cell carcinoma, three morphologically
representative areas were selected from each
individual tumor block to construct five tissue
microarray blocks. All patients had a single
primary tumor, microscopically clear surgical
margins and received no treatment before surgery.
Only five patients were women, the mean age was
60 years (range 38–86 years). All but three patients
were habitual tobacco and alcohol consumers. Of
133 patients, 71 (53%) received postoperative
radiotherapy. The characteristics of the patients
studied and the clinicopathological features of
their tumors (site, pT classification, pN classifica-
tion, disease stage and histopathological grade) are
shown in Table 1. The stage of disease was
determined after the surgical resection of the
tumor according to the TNM system of the
International Union against Cancer (6th Edition).
The histological grade was determined according
to the degree of differentiation of the tumor
(Broders’ classification).

Tissue Microarray Construction

A series of 133 patients affected by laryngeal/
hypopharyngeal squamous cell carcinomas were
selected to construct tissue microarrays, with
institutional review board approval, from archived
formalin-fixed, paraffin-embedded head and neck
squamous cell carcinoma tissue samples (Depart-
ment of Pathology at the Hospital Universitario
Central de Asturias). A high percentage of patients
who developed distant metastasis was included (52
of 133, 39%) to investigate the possible role of
HERG1 expression in metastatic dissemination. The
original archived hematoxylin- and eosin-stained
slides were reviewed by a pathologist (AA) and
1mm diameter tissue cores from donor blocks were
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transferred to a recipient ‘Master’ block in a grid-
like manner using a manual tissue microarray
instrument. Three tissue cores were taken from
the donor tissue blocks to fully represent each case.
In addition, each tissue microarray also contained
three cores of normal epithelium as an internal
control.

To check the histopathological diagnosis and the
adequacy of tissue sampling, a section from each
microarray was stained with hematoxylin and eosin
and examined by light microscopy.

Immunohistochemistry

The formalin-fixed, paraffin-embedded tissues were
cut into 3-mm sections and dried on Flex IHC
microscope slides (Dako). The sections were depar-
affinized with standard xylene and hydrated
through graded alcohols into water. Antigen retrie-
val was performed using Envision Flex Target
Retrieval solution, high pH (Dako). Staining was
carried out at room temperature on an automatic
staining workstation (Dako Autostainer Plus) with
rabbit polyclonal anti-HERG1 (CT) (pan) antibody

(Enzo Life Sciences), at 1:200 dilution using the
Dako EnVision FlexþVisualization System (Dako
Autostainer). Counterstaining with hematoxylin for
1min was the final step.

As HERG1 staining showed a homogeneous
distribution, a qualitative scoring system based on
staining intensity was applied. Immunostaining was
scored blinded to clinical data by two independent
observers as negative (0), weakly (1þ ), moderately
(2þ ) or strongly positive (3þ ). Scores Z2 were
considered as HERG1-positive expression.

Cell Culture

The head and neck squamous cell carcinoma-
derived cell lines SCC2, SCC38, SCC40 and SCC42B
were kindly provided by Dr R Grenman20 and the
cell lines SCC040, SCC041, SCC078, SCC094,
SCC096A and SCC120 were established by Dr MA
Hermsen.19 Cells were grown in DMEM supplemen-
ted with 10% fetal bovine serum, 100U/ml penicil-
lin, 200mg/ml streptomycin, 2mmol/l L-glutamine,
20mmol/l HEPES (pH 7.3) and 100mmol/l non-
essential amino acids.

Real-Time RT-PCR

Total RNA was extracted using Trizol reagent
(Invitrogen Life Technologies) and cDNAwas synthe-
sized with Thermoscript RT-PCR System (Invitrogen
Life Technologies) according to the manufacturer’s
protocols. Gene expression was analyzed by Real-
time PCR using the ABI PRISM 7500 Sequence
detector following Applied Biosystems’ SYBR Green
Master Mix protocol. Reactions were carried out
using primers specific for herg1 forward 50-AC
CGTGAGATCATAGCACCTAA-30 and reverse 50-
ACAGGACCTGGGTGACCTTCT-30, and the constitu-
tively expressed L19 ribosomal coding gene as
internal control. The relative mRNA expression
was calculated using the 2—DDCT method and the
data were expressed as the fold change in herg1
levels in the squamous cell carcinoma-derived cell
lines normalized to L19 levels. Single PCR products
of the correct size were observed in all cases.

siRNA Transfections

siRNA duplexes were purchased from Thermo
Scientific Dharmacon (Lafayette, CO, USA). Human
KCNH2 ON-TARGETplus SMARTpool was used to
knockdown HERG1 expression and SiGENOME Non-
targeting siRNA Pool No. 2 was used as a negative
control siRNA.

Head and neck squamous carcinoma cells were
seeded into 6-well plates in antibiotic-free medium
at a density of 60 000 cells per well. The next day,
cells were transfected with pooled siRNA duplexes

Table 1 Characteristics of the patient population and clinico-
pathological parameters of their tumors included in the tissue
microarrays

Characteristic No. of patients (%)

Mean age (years) 60

Gender
Men 128
Women 5

pT classification
T1 20
T2 21
T3 47
T4 45

pN classification
N0 44
N1 16
N2 64
N3 9

Disease stage
I 14
II 5
III 25
IV 89

Pathological grade
Well differentiated 38
Moderately differentiated 59
Poorly differentiated 36

Site
Hypopharynx 65
Larynx 68

Total 133
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using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol.

Anchorage-Dependent and -Independent Cell Growth

Head and neck squamous carcinoma-derived cells
were seeded into 96-well plates at a density of 1500
cells per well, treated with 10mM imipramine or 5mM
E-4031 (Sigma-Aldrich) and cell proliferation was
measured at different time points (2, 4 and 6 days).
Growth medium containing the corresponding drug
was replaced every 48h. Quantification of cell
number was determined in quadruplicates using a
tetrazolium-based MTS test (CellTiter 96 AQueous
One Solution Cell Proliferation Assay from Promega,
Madison, WI, USA) reading the absorbance at 490nm.

Anchorage-independent cell growth was estimated
by using 96-well plates coated with an anti-adhesive
polymer poly-(2-hydroxyethyl methacrylate) (poly-
HEMA; Sigma-Aldrich).

Matrigel Invasion Assays

In vitro invasion assays were performed by using a
24-well invasion chamber coated with Matrigel
(Becton Dickinson). Cells (3� 104) were seeded in
500 ml of serum-free DMEM in the upper chamber of
the prehydrated Matrigel-coated inserts and 500 ml
of DMEM containing 10% of fetal bovine serum was
added to the lower chamber. After 48 h, the cells
remaining in the upper surface of the insert were
removed with a cotton swab, whereas invaded cells
on the underside of the insert were fixed and stained
with a solution containing 0.5% crystal violet
(Sigma Aldrich) in methanol. The total number of
invading cells was quantified using the Leica QWin
Pro V3.2.1 Image Analysis System (Copyright Leica
Microsystems, Heerbrugg, Switzerland) on images
acquired with an Olympus BX61 Microscope and
DP70 Digital Camera System.

Statistical Analyses

The w2 test and Fisher’s exact test were used for
comparison between categorical variables and
Student’s t-test for parametric continuous variables.
Spearman’s non-parametric correlation coefficient
for comparison between HERG1 protein expression
in the premalignant lesion and the invasive tumor
subsequently developed. For time-to-event analysis,
Kaplan–Meier curves were plotted. Differences
between survival times were analyzed by the log-
rank method. Cox proportional hazards models were
utilized for univariate and multivariate analyses.
The HR with 95% CI and P-values were reported.
All tests were two-sided. The values of Pr0.05 were
considered statistically significant.

Results

HERG1 Protein Expression in Invasive Head and Neck
Squamous Cell Carcinomas

Immunohistochemical analysis of HERG1 expres-
sion was carried out on head and neck squamous
cell carcinoma tissue microarrays composed of
tissue sections from 133 laryngeal/hypopharyngeal
squamous cell carcinomas. Each tissue microarray
also contained sections of normal epithelium as
internal control. Immunostaining was successfully
evaluated in 124 (93%) of 133 cases. In all, 108
(87%) of the 124 tumors exhibited HERG1 positive-
expression (moderate to strong expression; Figures
1a and b), whereas HERG1 expression was negligible
in both normal epithelium and stromal cells (Figure
1c). HERG1 expression in tumors was preferentially
detected in the cytoplasm, with protein enrichment
at the cell periphery in some cases.

Associations of HERG1 Protein Expression with
Clinicopathological Parameters and Patient Outcome

The relationships between HERG1 protein expres-
sion and the clinicopathological variables are shown
in Table 2. HERG1 expression was significantly
associated with lymph node metastasis (N1–3 versus
N0, P¼ 0.04) and advanced disease stages (III and IV
versus I–II, Po0.001). The median follow-up of the
whole series was 24.5 months (range, 1–97 months),
and the median follow-up of the patients alive at the
last visit was 67.5 months (range, 48–97 months). In
all, 15 patients died for other causes not related to
the primary tumor before 36 months of follow-up.
These cases were excluded from the recurrence
analysis. Of the remaining 109 patients, 9 cases (8%)
developed local recurrence, 10 (9%) regional recur-
rence and 6 (5%) loco-regional recurrence. In
addition, we included in the tissue microarray 49
cases (45% of total cases) who developed distant
metastasis (20 of them also had loco-regional
recurrence). HERG1 expression correlated signifi-
cantly with regional tumor recurrence (P¼ 0.004)
and distant metastasis (P¼ 0.03), but not with local
recurrence (P¼ 0.07). Of note, HERG1-positive ex-
pression was found in 16 (100%) of 16 cases with
regional recurrences and 47 (96%) of 49 patients
who developed distant metastasis. In addition,
univariate Kaplan–Meier analysis demonstrated a
significant correlation between HERG1-positive ex-
pression and reduced disease-specific survival (log-
rank test, P¼ 0.012; Figure 2a). Other variables
associated with a poorer prognosis were hypophar-
yngeal location of the tumor (P¼ 0.004), T4 classi-
fication (P¼ 0.023), presence of nodal metastases
(Po0.001) and poor histological differentiation
(P¼ 0.005). However, in multivariate analysis the
only parameters independently associated with a
reduced disease-specific survival were the presence
of nodal metastasis (HR¼ 3.25; CI 95% 1.7–6.2;
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Po0.001) and poor histological differentiation
(HR¼ 1.29; CI 95% 1.08–1.66; P¼ 0.043).

HERG1 Protein Expression in the Early Stages of
Tumorigenesis

HERG1 protein expression was evaluated by im-
munohistochemistry on a set of 75 laryngeal
premalignancies to determine the timing of HERG1
expression during head and neck squamous cell
carcinoma tumorigenesis. Of the 75 laryngeal
lesions displayed, 31 (41%) HERG1-positive
expression in the dysplastic areas with negligible
immunostaining in both stromal cells and normal-
adjacent epithelia (Figures 1d and e). In all, 2 (20%)
of the 10 lesions with mild dysplasia, 10 (40%) of
the 25 lesions with moderate dysplasia and 19
(47%) of the 40 lesions with severe dysplasia/CIS
exhibited HERG1-positive staining (P¼ 0.28).

The evolution to invasive carcinoma in relation to
the histopathological diagnosis and HERG1 protein
expression is shown in Table 3. During the follow-
up period, 25 (33%) of 75 patients developed an

invasive carcinoma at the same site of the previous
premalignant lesion. The mean time to cancer
diagnosis in the cases that progressed was 29
months (range 12–66 months). In this cohort study,
there was no statistically significant correlation
between the histopathological grade and the risk of
progression to laryngeal cancer (P¼ 0.193; Table 3),
although severe dysplasias showed a higher cancer
risk (HR¼ 1.5; 95% CI: 0.77–2.89; P¼ 0.22, Cox
regression).

Interestingly, patients with HERG1-positive
lesions had a significantly higher laryngeal cancer
incidence than did those with negative lesions
(Figure 2b; HR¼ 1.69; 95% CI: 1.12–2.55;
P¼ 0.012, Cox regression). At 5 years after the
patients were diagnosed, 16 (52%) of the 31 patients
with positive HERG1 expression developed laryn-
geal cancer, whereas only 9 (20%) of the 44 patients
with negative expression progressed to invasive
carcinoma (P¼ 0.007; Table 3).

HERG1 protein expression was also determined in
19 of the 25 invasive tumors developed in our
cohort. For each patient, protein expression in the
invasive tumor was compared with that of the

Figure 1 Immunohistochemical analysis of human ether à-go-go-related gene 1 (HERG1) expression. Representative examples of invasive
head and neck squamous cell carcinomas showing HERG1-negative staining (a) and strong positive staining (b). Normal-adjacent
epithelia showed negative HERG1 staining (c). Representative examples of laryngeal squamous intraepithelial lesions showing areas of
severe dysplasia with negative (d) and positive HERG1 staining (e).
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corresponding previous premalignant lesion.
HERG1-positive expression was detected in 15
(79%) of the 19 invasive tumors. Statistical analysis
revealed a strong positive correlation between
HERG1 expression in patient-matched premalignant
lesions versus invasive tumors (Spearman’s correla-
tion coefficient 0.489; P¼ 0.034). Overall, we
observed that HERG1 expression was maintained
or further augmented in the tumor compared with
the patient-matched preinvasive lesion.

In vitro Functional Role of HERG1 Expression in Head
and Neck Squamous Cell Carcinoma-Derived Cell
Lines

To assess the pathobiological role of aberrant
HERG1 expression in head and neck squamous cell

carcinoma a series of functional studies using
in vitro cellular models were carried out. Thus, we
first compared the expression levels of herg1 by real-
time RT-PCR in a panel of 10 head and neck
squamous cell carcinoma-derived cell lines (Figure
3a). herg1 expression was detected in all squamous
cell carcinoma cell lines, although mRNA levels
varied depending on the cell line and SCC42B cells
showed the highest expression.

We next determined the impact of HERG1 block-
ade on cell proliferation by using the EAG family
blocker imipramine and the HERG1-specific blocker
E-4031. We found that the selective blockade of
HERG1 ion-conducting function (canonical func-
tion) with either imipramine or E-4031 had no effect
on the growth of SCC42B cells as monitored by MTS
(Figure 3b). However, the inhibition of HERG1
expression by siRNA transfection in SCC42B cells
specifically and significantly reduced both the
anchorage-dependent and -independent cell growth
compared with siControl-transfected cells (Figure
3c). Furthermore, Matrigel invasion assays showed
that the invasive capacity of SCC42B cells was
dramatically impaired by siRNA-mediated HERG1
knockdown (Figure 3d).

Discussion

Like other epithelial cancers, head and neck carci-
nogenesis appears to evolve through a multistep
process involving biomolecular changes caused by
carcinogen exposure, ensuing premalignant lesions
and consequent invasive cancer.1,21 The identifica-
tion of molecular alterations associated with these
events could yield insight into the mechanisms of
head and neck squamous cell carcinoma initiation
and progression and may provide new tools for
diagnosis, treatment and prevention.2,3

In recent years, the expression and activity of
different ion channels have been shown to regu-
late specific stages of cancer development and

Table 2 Associations between HERG1 protein expression and
clinicopathological findings, site, relapse and disease outcome

Characteristic No. HERG1 protein
expression (%)

P-
value

pT classification
T1–T2 35 28 (80) 0.22a

T3 45 39 (87)
T4 44 41 (93)

pN classification
N0 39 30 (77) 0.04b

N1–3 85 78 (92)

Disease stage
I–II 15 8 (53) 0.000a

III 24 22 (92)
IV 85 78 (92)

Pathological grade
Well differentiated 35 30 (86) 0.748a

Moderately differentiated 56 48 (86)
Poorly differentiated 33 30 (91)

Site
Hypopharynx 62 56 (90) 0.422b

Larynx 62 52 (84)

Recurrencec

No recurrence 35 27 (77) 0.019a

Local recurrence 9 6 (66)
Regional recurrence 10 10 (100)
Loco-regional recurrence 6 6 (100)
Loco-regional recurrence and
distant metastasis

20 20 (100)

Distant metastasis 29 27 (93)

Disease status
Alive without disease 28 20 (71) 0.004b

Dead of index cancer 70 66 (94)
Died of other causes 11 10 (91)

Total cases 124 108 (87)

aw2 Test.
b
Fisher’s exact test.

c
In all, 15 patients who died from causes not related to the index
tumor before 36 months of follow-up were excluded from the
recurrence analysis.

Figure 2 Kaplan–Meier cancer-free survival curves categorized by
human ether à-go-go-related gene 1 (HERG1) expression (positive
versus negative) in patients with head and neck squamous cell
carcinomas (a) and in patients with laryngeal dysplasias (b).
P-values were estimated using the log-rank test.
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progression.5–7 The contribution of potassium chan-
nels to the neoplastic phenotype involves, between
others, the control of cell proliferation and apopto-
sis, or the regulation of invasiveness and metastatic
spread.9–13,22 Owing to their oncogenic properties
and location at the cell membrane, members of
the EAG channels family have been postulated
as promising therapeutic targets for cancer treat-
ment.11,15

This study is the first to investigate the expression
pattern of the HERG1 potassium channel subunit in
laryngeal premalignant lesions and invasive carcino-
mas to ascertain the role of HERG1 in both malignant
transformation and tumor progression and its clinical
significance in head and neck squamous cell carci-
noma. Our findings demonstrate that HERG1 is
frequently aberrantly expressed in an extraordinarily
high percentage of primary tumors (87%) and head
and neck squamous cell carcinoma-derived cell lines
(100%), whereas no expression was detected in the
corresponding normal epithelia, rendering HERG1
expression a reliable tumor marker. HERG1 expres-
sion increased during head and neck squamous cell
carcinoma progression and was significantly asso-
ciated with lymph node metastasis, advanced disease
stages, regional tumor recurrence, distant metastasis
and reduced disease-specific survival. Similarly,
HERG1 has also been found frequently aberrantly
expressed in other types of cancer, such as endo-
metrial cancer,23 leukemia,24 glioblastoma,25 gastric
cancer,26 esophageal squamous cell carcinoma27

and colorectal cancer,28 where HERG1 expression
commonly correlated with tumor aggressiveness,
poor prognosis and metastatic disease.

Even though cumulative evidences have clearly
demonstrated the involvement of HERG1 in tumor
progression and metastatic spread, its contribution
to malignant transformation has not yet been
established. In an attempt to accomplish this, we
have investigated the role of HERG1 in the early
stages of tumorigenesis by analyzing the expression
pattern on a large series of laryngeal precancerous
lesions and the tumors subsequently developed. We
found that HERG1 expression is a frequent and early
event in laryngeal tumorigenesis. HERG1-positive

expression was detected in 31 (41%) of 75 laryngeal
dysplasias and was maintained or even augmented
in the corresponding patient-matched invasive
tumors subsequently developed. Interestingly, pa-
tients carrying HERG1-positive lesions experienced
a significantly higher cancer incidence than those
with negative expression. Although patients with
severe dysplasia were at a higher risk of malignant
progression, histology did not show a significant
role in assessing laryngeal cancer risk in this cohort,
which highlights the limited value of histopatholo-
gical classification in predicting outcome. These
data support a novel role for HERG1 in laryngeal
cancer development and malignant transformation
and, more importantly, uncover the potential clin-
ical utility of HERG1 expression as a biomarker
for cancer risk assessment providing additional
value beyond current clinical and histopathological
criteria. These findings will require further confir-
mation in large prospective studies before imple-
mentation into clinical practice.

HERG1 expression has also been detected in
Barrett’s esophagus, a preneoplastic condition
strongly associated with esophageal adenocarcino-
ma, and it has been hypothesized that this expres-
sion marks an early step of progression from
normality to esophageal cancer.29 Nevertheless, it
remains to be determined whether aberrant HERG1
expression plays an active role in malignant trans-
formation or it is a mere consequence of tumor
establishment and progression.

The in vitro functional studies in head and neck
squamous cell carcinoma-derived cell lines have
further contributed to clarify the pathobiological
role of HERG1 potassium channel subunit, demon-
strating that HERG1 expression is a biologically
relevant feature that promotes cell proliferation and
invasiveness. Moreover, the role of HERG1 on cell
proliferation seems to be independent of its ion-
conducting properties, observations in line with
those made in breast30 and lung31 cancer cells.
Therefore, consistent with our in vivo findings,
aberrant HERG1 expression may confer a prolifera-
tive advantage to tumor cells and the acquisition of a
truly invasive and metastatic potential, thus favor-
ing tumors to grow faster and with increased
aggressiveness, ultimately leading to disease pro-
gression. Despite the primary function of voltage-
dependent ion channels is to regulate Kþ flux
through the cell membrane, recent studies have
shown that HERG1 channels may exert pleiotropic
effects in cancer cells by triggering and modulating
intracellular signaling cascades through the forma-
tion of macromolecular complexes with membrane
receptors, especially integrins.14 On the basis of
current evidence, it has been hypothesized that the
activity of HERG1 channels inside these complexes
modulates the function of the partner proteins
mainly via conformational coupling, independently
of the ion-conducting function. In addition, it has
been proposed that the HERG1-centered plasma

Table 3 Evolution of the premalignant lesions in relation to the
histopathological diagnosis and HERG1 protein expression

Characteristic No. of cases (%) Progression to
carcinoma (%)

P-value

Histopathological diagnosis
Mild dysplasia 10 (13) 2 (20) 0.193a

Moderate dysplasia 25 (33) 6 (24)
Severe dysplasia 40 (54) 17 (42)

HERG1 expression
Negative 44 (59) 9 (20) 0.007b

Positive 31 (41) 16 (52)

aw2 Test.
b
Fisher’s exact test.
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membrane complexes, being specific to cancer cells,
could represent novel targets for antineoplastic
therapy.

Pharmacological blockade of HERG1 channels
with specific blockers has proved to be effective in
significantly reducing the growth of different cancer
cells.6,28,32,33 In contrast, increasing data indicate
that the ion-conducting function of HERG1 may
not be a major determinant for its oncogenic

potential.14,30,31 Furthermore, pharmacological
blockade of HERG1 may also have limited thera-
peutic applicability in human cancers owing to its
cardio toxic side effects.34 It has recently been
described that R-roscovitine, a cyclin-dependent
kinase inhibitor currently undergoing phase II
clinical trials as an anticancer drug, blocks HERG
potassium currents at clinically relevant concentra-
tions in HEK293 cells stably expressing HERG

Figure 3 Effect of human ether à-go-go-related gene 1 (HERG1) blockade on the growth and invasion of head and neck squamous cell
carcinoma-derived cells. (a) Comparison of herg1 levels by real-time reverse transcription-PCR (RT-PCR) in head and neck squamous cell
carcinoma-derived cell lines. (b) Tetrazolium-based MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) proliferation assay in SCC42B cells treated with 10mM imipramine or 5 mME-4031 for 2, 4 and 6 days. Data are expressed
relative to the absorbance at day 0 of vehicle-treated cells. The results shown represent the average of two independent experiments
assayed in quadruplicate±s.d. (c) SCC42B cells were transfected with the indicated short interfering RNAs (siRNAs) and the anchorage-
dependent and -independent growth was measured by MTS after 4 days using, respectively, uncoated or poly-2-hydroxyethyl
methacrylate (poly-HEMA)-coated tissue culture plastic 96-well plates. Data are expressed as the percentage of viable cells (absorbance at
day 4 relative to day 0 of siControl-transfected cells). (d) Matrigel invasion assays were performed in SCC42B cells 72h after transfection
with either siHERG1 or siControl. The invading cells were stained with crystal violet and quantified using the Leica QWin Pro Image
Analysis System.
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without significantly increasing the risk of cardiac
arrhythmias.35 Plasmid vector-mediated HERG1
RNA interference is an alternative approach that
has been used to successfully inhibit tumor growth
in nude mice.36

Collectively, these findings demonstrate that
HERG1 potassium channel subunit is frequently
aberrantly expressed in an overwhelming percen-
tage of primary tumors and head and neck squamous
cell carcinoma-derived cell lines and represents a
clinically and biologically relevant feature during
disease progression and a promising candidate as
tumor marker and membrane therapeutic target for
head and neck squamous cell carcinoma treatment.
In addition, this study also provides original
evidence supporting the involvement of HERG1 in
malignant transformation and its potential clinical
utility as a novel biomarker for cancer risk assess-
ment, together with morphological criteria.
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