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ABSTRACT

The human ether-a-go-go-related gene (herg) encodes a K* current
(Iuggrc) that plays a fundamental role in heart excitability by regulating
the action potential repolarization (I,); mutations of this gene are re-
sponsible for the chromosome 7-linked long QT syndrome (LQT?2). In this
report, we show that in a variety (n = 17) of tumor cell lines of different
species (human and murine) and distinct histogenesis (neuroblastoma,
rhabdomyosarcoma, adenocarcinoma, lung microcytoma, pituitary tu-
mors, insulinoma B-cells, and monoblastic leukemia), a novel K* inward-
rectifier current (I,z), which is biophysically and pharmacologically sim-
ilar to Iyggc, can be recorded with the patch-clamp technique. Northern
blot experiments with a human herg cDNA probe revealed that both in
human and murine clones the very high expression of herg transcripts can
be quantified in at least three clearly identifiable bands, suggesting an
alternative splicing of HERG mRNA. Moreover, we cloned a cDNA en-
coding for I, from the SH-SYSY human neuroblastoma. The sequence of
this cDNA result was practically identical to that already reported for
herg, indicating a high conservation of this gene in tumors. Consistently,
the expression of this clone in Xenopus oocytes showed that the encoded
K* channel had substantially all of the biophysical and pharmacological
properties of the native I;; described for tumor cells. In addition, in the
tumor clones studied, /;; governs the resting potential, whereas it could
not be detected either by the patch clamp or the Northern blot techniques
in cells obtained from primary cell cultures of parental tissues (sensory
neurons and myotubes), whose resting potential is controlled by the
classical K* anomalous rectifier current. This current substitution had a
profound impact on the resting potential, which was markedly depolar-
ized in tumors as compared with normal cells. These results suggest that
Iy is normally only expressed during the early stages of cell differentia-
tion frozen by neoplastic transformation, playing an important patho-
physiological role in the regulatory mechanisms of neoplastic cell survival.
In fact, because of its biophysical features, I\, besides keeping the resting
potential within the depolarized values required for unlimited tumor
growth, could also appear suitable to afford a selective advantage in an
ischemic environment.

INTRODUCTION

It has long been known that cancer cells have remarkably lower
resting potentials (Vg ggr) than normal cells from the same tissues, and
it has been proposed that this is an essential prerogative for cells
destined to unlimited growth (reviewed in Ref. 1). Although an
obvious explanation of this feature might be ascribed to type and
density of K* channels, this topic has been scarcely explored with
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up-to-date electrophysiological and molecular biology techniques.
This scientific gap is particularly amazing in view of the huge knowl-
edge available about K* channels and their role in the control of
mitogenesis (2, 3). In this field, special attention has been devoted
recently to the members of an evolutionarily conserved multigene
family of voltage-activated K* channels that contribute to the signal-
ing capacity of excitable as well as nonexcitable cells (4). The
prototype of one such family is the Drosophila eag® locus (5), which
encodes a K* channel protein, the heterologous expression of which
in Xenopus oocytes produces a voltage-dependent outward K™ current
(6). A number of eag-related genes have now been cloned, including:
elk (Drosophila), m-eag (mouse), and herg (human-eag-related gene),
which was first isolated from a human hippocampus cDNA library
and mapped to chromosome 7 (4).

The first clue that the herg gene product may play a role in the
regulation of human tissue excitability was provided by Curran et al.
(7), who found that herg mutations were related to an inherited
ventricular arrhythmia (LQT2). Heterologous expression of the herg
product (8) showed that it encodes for a K* current (/y;grc), the major
subunit of /g, channels, which contribute to the repolarization of
cardiac action potential (9). This current is specifically blocked by
class III antiarrhythmic drugs, such as sotalol and its analogue E4031,
as well as by WAY 123,398 and dofetilide (9, 10).

Evidence for the expression of HERG-like currents in tissues other
than those of the heart emerged from the discovery that a current
having the biophysical and pharmacological properties of HERG (/;z)
was constitutively and highly expressed in neuroblastoma cell lines
across various species, from mouse to human, and shared the depend-
ence of the conductance on [K*], and, like the Iypgg expressed in
Xenopus oocytes, was blocked by E4031, WAY-123,398, Cs*, Ba®*,
and La®>* (11-14). The voltage-dependent gating of the neuroblas-
toma Iz was characterized by intrinsic inactivation and activation
curves that together make the channel operate within the central
region of Vo of neuroblastoma cells (about —40 mV). These gating
properties are linked to the mechanisms controlling the cell cycle in
such a way that the I;x activation curves vary widely in the cells of
unsynchronized populations, whereas the synchronization of cells in
the G, phase of the cell cycle greatly reduces this variability (12).

We here report that /iy is not only present in a number of different
neuroblastoma cell lines but also in tumors of different histogenesis.
On the contrary, in normal cells derived from tissues with the same
histogenesis as the corresponding tumor cell lines, /;; was undetect-
able, and Vg Was governed by different channels displaying bio-
physical properties similar to the classical inward rectifier current
(IRK). Interestingly, the cloning of a herg cDNA from SH-SYSY
human neuroblastoma cells and its expression in Xenopus oocytes
revealed that herg and the corresponding K* current are maintained
substantially unmodified after the neoplastic transformation, provid-
ing a new experimental explanation for the depolarized Vgggr, Which
characterizes cancer cells.

3 The abbreviations used are: eag, ether-a-go-go; DRG, dorsal root ganglion.
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MATERIALS AND METHODS

Cell Culture. The human rhabdomyosarcoma TE671, the mouse neuro-
blastoma N18TG2 (provided by Prof. G. Augusti-Tocco, Department of Cel-
lular Biology, University of Rome, Rome, Italy), the DRG X neuroblastoma
hybrid cell line F11, and the human neuroblastoma SHSYSY (Prof. G. Tarone,
Department of Genetics, Biology and Medical Chemistry, University of Turin,
Turin, Italy) were cultured in DMEM containing 4.5 g/l of glucose and 10%
FCS (5% for the SHSYSY). The mouse/rat neuroblastoma-glioma NG108-15
(provided by Prof. Augusti-Tocco) was cultured in DMEM-HAT medium
containing 4.5 g/l of glucose and 10% of FCS. The rat pheochromocytoma
PC12 and small cell lung cancer cells NCI-N592, GLC8, and H69 (kindly
provided by Prof. F Clementi, Department of Pharmacology, University of
Milan, Milan, Italy); the pituitary cell lines GH;, GH,, and MMQ (kindly
provided by Dr. I.S. Login, University of Virginia, School of Medicine,
Charlottesville, VA); the human mammary gland adenocarcinoma cells SK-
BR-3 and the monoblastic leukemia line FLG29.1 (kindly provided by P.
Bernabei, Hematology Unit, Florence, Italy) were all cultured in RPMI 1640
containing 10% horse serum and 5% FCS. The human myotubes were cultured
in MEM containing 15% FCS, epidermal growth factor (Life Technologies,
Inc.) and insulin (Sigma Chemical Co.). The neonatal rat DRG cells were
prepared as described (15). The anterior pituitary cells were dissected from
150-g Wistar rats; dissociated with trypsin (25%), collagenase A (25%), and
DNase (2.5%); and incubated for 30 min at 37°C. The resulting suspension was
plated onto 35-mm dishes at a density of 3 X 10° cells/ml. The plating medium
was DMEM containing 4.5 g/l of glucose and 10% FCS. All of the cells were
incubated at 37°C in a humidified atmosphere with 5% CO, (10% for
SHSYSY and F11).

Molecular Biology. Total RNA from subconfluent cultures of SH-SYSY
cells was isolated using RNA STAT-60 isolation kit (Tel-Test B, Inc.).
Overlapping partial fragments of herg cDNA were isolated by means of
reverse transcription-PCR using the following oligo pairs (the nucleotide
numbers refer to the HERG sequence: accession number U04270): fragment 1,
forward primer 5'-GATCGGGCCCCTCAGGATGCCGGTGCGGAGGG-
GCCAC-3' (part of the untranslated region, APAI restriction site, and nucle-
otides 1 to 21 of the translated region; the starting codon is underlined) and
reverse primer 5'-GCCCTTGAGGTCGACAAAGTTGAGGGTG-3' (nucleo-
tides 1008 to 1035); fragment 2, forward primer in which a SALI restriction site
was introduced (C instead of G, underlined) 5'-CTCAACTTTGTCGACCT-
CAAGGGCGAC-3' (nucleotides 1013 to 1035) and reverse primer 5'-ACT-
CAGGGAAGCCCTTCAGC-3' (nucleotides 2148 to 2167); and fragment 3,
forward primer 5'-TCCAGCGGCTGTACTCGGGC-3' (nucleotides 1988 to
2007) and reverse primer 5'-GGACCAGAAGTGGTCGGAGAACTC-3' (nu-
cleotides 2539 to 2562); fragment 4, forward primer 5'-GGCTCCATC-
GAGATCGAGATCCTGCGGGGC-3' (nucleotides 2353 to 2376) and reverse
primer 5'-GATCGAATTCCTAACTGCCCGGGTCCGAGCC-3'.

PCR was performed as follows: 35 cycles (95°C, 30 s; 55°C, 30 s; and 72°C,
30 s), followed by a final extension for 10 min at 72°C. The bands of the
expected molecular weight were gel purified, subcloned into PCRII (Invitro-
gen, San Diego, CA), and sequenced. The full-length herg cDNA was assem-
bled from the overlapping fragments in a modified pSP64 vector in which two
new restriction sites were introduced (EcoRV and Nrul) 3' to the poly(A)* tail.
For expression in Xenopus oocytes, the construct was linearized using Nrul and
cRNA prepared with the nMESSAGEmMACHINE in vitro transcription kit
(Ambion, Austin, TX) with SP6 polymerase. The cRNA was precipitated and
resuspended in 0.1 M KCI. The integrity of the cRNA was confirmed, and
concentration was estimated on a formaldehyde/agarose gel by comparison
with an RNA ladder (Life Technologies, Inc., Gaithersburg, MD).

Northern Blot Analysis. Northern blotting was performed using the
NorthernMax kit (Ambion). Five to 20 ug of total RNA from each of the tumor
cell lines and rat brain and heart (Ambion) were electrophoresed on a 1%
agarose-formaldehyde gel. Ethidium bromide (10 ug/ml) was added to the
samples prior to electrophoresis to allow visualization of the total RNA before
blotting. The transfer to BrightStar-Plus membranes (Ambion) was carried out
using the manufacturer’s protocol. The blot was probed with the entire herg or
a fragment (444 bp) encompassing nucleotides 1691-2135 (accession number
U04270), which was obtained by means of PCR amplification from the herg
plasmid. Both probes were labeled with 32P (DecaPrime kit; Ambion) by
means of random priming. Hybridization was overnight at 42°C in the solution

provided in the NorthernMax kit at a probe concentration of 2 X 10° cpm/ml.
The membrane was washed with the buffers supplied with the kit: twice for 10
min at room temperature in wash buffer I and twice for 20 min at 50°C in wash
buffer 2. The transcripts were visualized by autoradiography using Kodak
Biomax MS film and an intensifying screen for 16-52 h. Higher stringency
conditions (hybridization at 65°C and washing at 65°C) gave similar results.

Patch Clamp Recordings. The currents were recorded at room tempera-
ture using an amplifier Axopatch 1-D (Axon Instruments, Inc., Foster City,
CA). The whole-cell configuration of the patch-clamp technique was adopted
using pipettes, the resistances of which were in the range of 5-10 MQ. Pipette
resistance, cell capacitance, and series resistance errors were carefully com-
pensated for by introducing a compensation of about 80-90% before each
voltage clamp protocol run. The cells were perfused with an extracellular
solution delivered into the chamber where the cells were plated by means of
hypodermic needles inserted into a capillary with a small hole. The standard
extracellular solution contained 130 mm NaCl, 2 mm KCl, 2 mm CaCl,, 2 mM
MgCl,, 10 mmM HEPES-NaOH, and 5 mM glucose 5, pH 7.4. When necessary,
the NaCl was replaced by KCl1 5 and 40 mM. The standard pipette solution at
[Ca?*]; = 1077 M (pCa 7) contained 120 mM K *-aspartate, 10 mM NaCl, 2 mm
MgCl,, 4 mm CaCl,, 10 mm EGTA-KOH, and 10 mm HEPES-KOH. The
junction potential (~—5 mV) was not corrected.

Oocyte Handling and Voltage-Clamp Recordings. The Xenopus were
anesthetized by immersion in 0.2% tricaine for 15-30 min. The ovarian lobes
were digested using 2 mg/ml type 1A collagenase (Sigma Chemical Co.) in a
Ca?*-free solution to remove follicle cells. Stage IV and V oocytes were
injected with herg cRNA (0.1-0.5 pg/ul; 40 nl) and then cultured in Barth’s
solution (88 mm NaCl 88, 1 mm KCl, 0.4 mM CaCl,, 0.33 mM Ca(NO,),, 1 mm
MgSO,, 2.4 mM NaHCO,, and 10 mm HEPES, pH 7.4). The oocyte measure-
ments were made 2-5 days after the injection at room temperature using
standard two microelectrode voltage-clamp techniques. Glass microelectrodes
were filled with 3 M KCl, and their tips were broken to obtain tip resistances
of 3-6 M(Q. The oocytes were voltage clamped using a commercially available
amplifier (Warner Instrument Corp.). The standard bath solution contained 120
mM NaOH, 2 mm KOH, 1 mm CaCl,, 1 mm MgCl,, 10 mm HEPES, and 122
mM methanesulfonic acid. When necessary, the NaOH was replaced by 5 and
40 mM KOH. During the acquisition and data analysis of both the current- and
voltage-clamp recordings, the pClamp (Axon Instruments, Foster City, CA)
and Origin (Microcal, Inc., Northampton, MA) software were routinely used
on a 486DX2 PC.

RESULTS

Expression of herg Transcripts and I, Currents in Various
Neuroblastoma Cell Lines. Using Northern blot analysis and patch
clamp recordings, we studied the expression of herg transcripts and
the corresponding K* currents in the following neuroblastoma cell
lines: SH-SYSY and SK-NBE (human); N18T42 and 41A3 (murine);
F11 (rat DRG-mouse NI18TG2 neuroblastoma hybrid); and
NG108-15 (mouse-rat hybrid neuroblastoma-glioma), as shown in
Fig. 1A, bottom.

The Northern blot of RNA from SH-SYSY cells showed three
bands of 4.4, 2.9, and 2.4 kb, which hybridized to the herg probe; the
largest band (4.4 kb) was the most intense of the three. The same three
bands were also shown by the other human line, SK-NBE (Fig. 1B,
bottom), although the second band (2.9 kb) was much more prevalent
than the others. The existence of multiple transcripts suggests that
alternative splicing of herg mRNA may occur in human neuroblasto-
mas, with quantitative differences from one cell line to another; the
alternative splicing of herg mRNA has been suggested for human
heart mRNA with two bands of 4.4 and 4.1 kb visible on Northern
blots (7). The patch clamp recordings obtained using the protocol
shown in Fig. 1G revealed no substantial differences in the inward
currents of the SH-SYSY and SK-N-BE cells (Fig. 1, A and B, top).
The mouse and mouse-rat hybrid lines (panels C-F) expressed the
same I,y profile as the human lines but showed only a single band of
4 kb in the Northern blot. This means that either the fragment of
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Fig. 1. Expression of herg mRNA and the corresponding HERG currents in various tumor cell lines. Each panel shows the /i, currents (upper) and Northern blots (lower) of each
cell type. The currents were elicited in a solution containing 40 mm KCl according to the protocol shown in G; the membrane potential was held at various potentials from —80 to
—10 for 20 s (preconditioning step) and then stepped up to the test potential (— 120 mV) for 200 ms. The Northern blot analyses were performed on total RNA. The blots were hybridized
using a 32P-labeled probe encoding the whole sequence or only the region between S3 and S6. The arrows on the left indicate the molecular weights of the bands observed in SYSY
cells (4.4, 2.9, and 2.4 kb). H, Northern blots of rat brain and heart mRNA. In O, the experimental points (symbols) were obtained from the currents shown in the various insets (A-F
and I-N) by plotting their normalized peak amplitude (//I,,,,,) against the preconditioning potential. The points were then best fitted to Boltzmann equations and gave the following
values of V,,, and slope (k; mV) for each of the cell types: SH-SY5Y, —33.1 and 6.7; SK-N-BE, —32 and 6.1; N18TG2, —36.5 and 7.1; 41A3, —38.5 and 5.2; F11, —41 and 4.2;
NG108, 15, —43, and 5.1; TE671, —33.3 and 4.74; SK-BR-3, —38.7 and 3.8; NCI-N592, —56.1 and 4.9; FLG29, —23.4 and 4.2. The scale bars in A-F and /-N were 25 ms for time
and the following for each cell type (pA): SH-SYSY, 100; SK-N-BE, 75; N18TG2, 200; 41A3, 150; F11, 200; NG108, 300; TE671, 500; SK-BR-3, 500; NCI-N592, 1000; and FLG29,

100.

human herg cDNA used as a probe is not capable of detecting the
alternatively spliced transcripts revealed by SH-SYSY and SK-
N-BE RNA or the mouse and/or rat herg transcripts are not
alternatively spliced. Unlike those of human tissues, Northern blots
of rat RNAs from normal tissues known to express erg, brain and
heart, also show only a single band (Fig. 1H). Here the transcript
was of about 4.3 kb, which is closer in size to the largest transcript
in human tumor cells than to the mRNA detected in mouse/rat
neuroblastomas.

Although we did not carry out strictly quantitative comparisons
among various cell types, we checked the mRNA load for each
sample from the intensity of the 28S and 18S mRNA bands as
revealed by ethidium bromide prior to blotting. We considered this
procedure the most suitable to have a roughly comparative estimate
of herg expression in cells of completely different histogenesis, for
which it was hard to choose a priori a gene expressed at the same
level. herg expression (Fig. 2A) and mRNA loading (Fig. 2B) are
shown for some of the cell lines reported in Fig. 1 and for normal
tissues.

herg Expression and I,; in Nonnervous Tumors of Distinct
Histogenesis. The high level of herg expression in all of the tested
neuroblastoma cell lines prompted us to explore whether herg and/or
I'ig were also detectable in nonnervous tumors of varying histogenesis.
As shown in Fig. 1, I-N, the tumor cells from human tissues with a
completely different histogenesis, such as TE671 rhabdomyosarcoma,
SK-BR3 mammary adenocarcinoma, NCI-N592 lung microcytoma,
and FLG29 monoblastic leukemia (16), all had transcripts that were
detectable using the herg probe. The number and relative abundance
of herg transcripts in all four cell lines was similar to those of the
human neuroblastomas except in the case of FLG29, the RNA of
which had a unique profile that was characterized by two bands (4.0
and 2.2 kb), of which the smallest was the most prevalent. In all of
these nonneuronal tumors, as well as in other clones, including rat
pheochromocytoma PC12; small cell lung cancer GLC8 and H69
cells; the GH;, GH,, and MMQ pituitary tumors; and RIN and INS-1
pancreatic B-cell tumors (data not shown), /;z was expressed at
comparable levels and with the same typical voltage-dependent acti-
vation curves as the neuroblastomas. Interestingly, the deactivation
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Fig. 2. Northern blot and corresponding mRNA loading for normal and tumor cells. A,
Northern blot with herg probe (see “Materials and Methods™) of 5 ug of total mRNA
extracted from the tissues indicated in the figure. B, the ethidium bromide stained gel prior
to blotting. Arrows, 28S and 18S RNAs.

time constant was faster in the FLG29 cells (Fig. 1N, top). Because the
smallest transcript in this cell line was the most predominant, the
faster deactivation of the resulting /;; is consistent with recent results
(17) showing that herg transcripts lacking most of the NH, terminus
have faster deactivation kinetics. Fig. 10 shows the currents obtained
from tumor cells after they were normalized and plotted against the
preconditioning potential to obtain the corresponding voltage-depen-
dent activation curves of /;z. The experimental data were fitted using
a Boltzmann equation, which revealed a marked variability in voltage
gating among the different cell lines. The most right-shifted curve was
for the FLG29 clone, consistent with the faster deactivation referred to
above. A similar effect on voltage-dependent gating has been ob-
served in F-11 cells treated with La** (13). Importantly, the currents
shown in Fig. 1 were all pharmacologically identified as HERG
currents; all could be blocked by the antiarrhythmics agents E4031
and WAY 123-398, as well as by the inorganic cations Cs* and Ba>*
in the same way as I gpc and iz (data not shown; Ref. 13). Our
results show that similar /,; currents are expressed at comparable
levels in tumors of completely different histogenesis, from neuroblas-
toma to monoblastic leukemia. These cell lines ostensibly have little
in common except the phenotypic characteristics of malignancy, i.e.,
anaplasia and invasiveness.

Cloning of a herg cDNA from SH-SYSY Human Neuroblas-
toma Cells. A herg cDNA was cloned from SH-SYSY cells using
reverse transcriptase-PCR, for which eight oligonucleotide primers
were synthesized on the basis of the herg sequence available in the
GenBank database (accession number U04270). From the total RNA
of SH-SYSY human neuroblastoma cells, four overlapping cDNA
fragments were obtained, sequenced, and assembled into a full-length
herg coding sequence. The latter resulted to be in some cDNA totally
identical to the sequence isolated from human hippocampus by
Warmke and Ganetzky (4), whereas in one cDNA clone, we observed
a variation of five nucleotides (in boldface and double-underlined
letters) as reported in Fig. 3.

This change implies a single amino acid substitution, i.e., an argi-
nine instead of a histidine at position 396 (indicated by the box). This
substitution occurs just before the putative S1 segment. It is not yet
clear whether these differences are due to mutations introduced during
the PCR or represent a true herg polymorphism. On the whole, these
data suggest that the herg in neuroblastoma cells is substantially
similar to that originally described in the cDNA of human hippocam-

pus, indicating that this gene is not affected by the transformation
process.

Comparison of Native I, with Currents Expressed by the
SH-SYSY herg Clone in Xenopus Oocytes. To compare the native
I currents with those generated by the SH-SYSY herg clone (Fig. 3),
we used the heterologous expression in Xenopus oocytes.

Fig. 4 shows the inward SH-SY5Y HERG currents recorded in
Xenopus oocytes compared with the SH-SYSY 1/, current; no com-
parison of the outward currents is shown because their recording in
neuroblastoma cells is complicated by an overlapping delayed recti-
fying K* current that is activated in the same voltage range as HERG.
To study the activation properties, we used the protocol described in
Fig. 4C. The tail currents elicited at —120 mV (Fig. 4A for oocytes
and Fig. 4B for SH-SYSY cells) were normalized to obtain the
activation curves illustrated in Fig. 4G (closed and open squares for
the oocytes and SH-SYSY cells, respectively). The inactivation curves
(Fig. 4G, closed and open triangles for the oocytes and SH-SYSY
cells, respectively) were obtained by plotting the normalized peak
chord conductance (gpeax = Ipear/[Vm — Ex]) against the membrane
potential V,, (Fig. 4D and E). The experimental points were fitted to
Boltzmann equations, which gave the V,,, and slope values indicated
in the figure legend. The shape of the activation curves was identical
in the oocytes and SH-SYSY cells, although the curve was shifted 38
mV to the left in the former. This shift should be not regarded as a
peculiarity of the mutated cDNA indicated in Fig. 3 because it was
also observed with the unmutated clones (data not shown).

Three possible explanations may account for this shift: (a) differ-
ences in the internal and/or external surface charge of the plasma
membrane that produce changes in the surface potential; (b) unique
posttranslational modifications of the herg gene product in the two
cell types; or (c) the association of HERG with different subunits in
neuroblastoma cells and oocytes.

Activation curves of the herg expressed currents reported by San-
guinetti et al. (8), Trudeau et al. (18), and Schonherr and Heinemann
19) (Vy, = —69 mV versus —15, 6, and —19.5, respectively) are
shifted to the right as compared with our data obtained from oocyte
currents. This discrepancy is explained by the much shorter precon-
ditioning prepulse used in these studies. In fact, we have evidence*
that shorter prepulses than those shown in Fig. 4C (10 s) and a
different choice of the V;, (—80 mV versus O mV in our experiments)
led to a rightward shift of the activation curve, because the channels
require this amount of time to attain a true steady-state at each voltage.
In this light, we consider it a pure chance that the activation curves
reported by the cited authors fall close the our SH-SYSY clone.

Taken together, the properties of the neuroblastoma I; current
were largely reproduced by the currents resulting from the SH-SY5Y
herg clone.

Neoplastic Transformation Is Accompanied by the Replace-
ment of IRK Currents with I,; Currents: Effects on Vggor at
Different [K*],. As a first insight into the oncological relevance of
the recurrent expression of I,z in tumor cells, we conducted a com-
parative study of the inward K* currents in two pairs of histogenet-
ically identical normal and tumor cells, i.e., TDRG versus F11
neuroblastoma, and human myotube (HM) versus TE671 rhabdomy-
osarcoma. Interestingly, each of these comparisons revealed that,
instead of the I; recorded in the tumor lines (Fig. 1, E and /),the
normal cells possessed a K* current with the biophysical and phar-
macological features (Cs* sensitive and E-4031 insensitive; data not
shown) of the classical inward rectifier IRK (Fig. 5 A and B and Fig.

4 B. Rosati, A. Arcangeli, M. Olivotto, and E. Wanke, manuscript in preparation.
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From 1 to 1020 identical to published herg sequence (Warmke and Ganetzky, 1994)
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1021 + + + + + + + + + == 1122
VDL KGDU®PFULASUZPTSD RETITIAPIEKTII KEIRTHNVTE KV
acccaggtcctgtccetgggegecgacgtgetgectgagtacaagetgcaggecaccgegcateegecgetggaccatectgecattacageececttecaaggee

1123 + + + + + + 1224
T Q VL SLGADVLUPEYI KT LUOQAU®PRTI BR W T I L HY S P F KA
gtgtgggactggctcatcctgetgetggtcatctacacggctgtcttcacacectactecggetgecttectgetgaaggagacggaagaaggcccgectget

1225 S1 + + + + + 1326
VWDWULIULILULVIYTA AVYVFTU®PYSAATFTULULIKTETTETETGTU?PUZPA
accgagtgtggctacgcctgccagecgetggetgtggtggacctcategtggacatcatgttcattgtggacatectcatcaacttecgecaccacctacgte

1327 + + + S2 + 1428
T ECGYACOQPLA AV VDULTIVDTIMTFTIUVDTIULTINTEFEIRTTYYV
aatgccaacgaggaggtggtcagccaccccggccgcat;gccgtccactacttcaagggctggttcctcatcgacatggtqgccgccatccccttcgacctg

1429 -+ + + + + + S3 1530
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ctcatcttfggctcetggetctgaggagetgategggetgetgaagactgegeggetgetgeggetggtgegegtggegeggaagetggategetactcagag

1531 + + + S4 + +-- 1632
L I F G S G SEZELTISGLTLI KTA ARTILILAR RILVIRVARIEKTILDIRY S E
tacggegeggecgtgetgttettgetcatgtgecacctttgegetcategegecactggetggectgecatetggtacgecatecggcaacatggagcagecacac

1633 + Ss + $---= 1734
Y GAAVLFLULMTCTU FALTIA AU HWTLA AT CTIWYA ATIGNMENQUPH
atggactcacgcatcggctggctgcacaacctgggcgaccagataggcaaaccctacaacagcageggcectgggeggeccctccatcaaggacaagtatgtg

1735 + + + + + + + + + +o o — 1836
M DS R I GWULHNULGDA QTIGI KU?PYNS S GULGGUP S I KDIK YV
acggcgctctacttcaccttcagcagectcaccagtgtgggecttcggcaacgtcectceteccaacaccaactcagagaagatcttetccatctgegtcatgete

1837 + 1938
T ALY F T F S SL TSV GV FGNW VS PNTNSEIZ KTIT FSTIOCVMIL
attggctccctcatgtaggetagecatcttcggcaacgtgteggecatcateccageggetgtactcgggcacagecegctaccacacacagatgetgegggtg
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from 2041 to 3480 identical to herg sequence (Warmke and Ganetzky, 1994)

Fig. 3. Nucleotide and amino acid sequence of herg from the neuroblastoma clone SH-SY5Y. The differences in nucleotides and amino acids are indicated by boldface,
double-underlined letters and boxes, respectively. Straight lines, putative transmembrane domains, from S1 to S6.

6A). Consistently, herg was not found expressed in rDRG and HM
cells (Fig. 50).

The impact of this replacement emerged when the cell response to
variance of the extracellular K* concentration ([K*],) was compar-
atively studied in HM versus TE671 rhabdomyosarcoma cells. The I/V
plot obtained at both physiological and high [K*], (5 mM versus 40
mM) of the Cs™-sensitive IRK steady-state currents recorded from a
human myotube showed clear inward rectification with the expected
right shift of Ey and the conductance increase at high [K*],, (Fig. 64).

A similar experiment performed in a TE671 cell is shown in Fig.
6B, which clearly indicates that the steady-state /;z (WAY123.398
sensitive) is active in the Vgt region and disappears in the negative
region (—55/—70) at both 5 and 40 mm [K*],. One consequence of
this difference is that Vo can be modulated down to —85 mV by
IRK channels in normal cells. In tumor cells without IRK currents,
Vrest €an never be negative to —45 mV because of the deactivation
of the HERG channels at these voltages. This is clearly illustrated in
Fig. 6C, which shows the Vgggr values of TE671 cells and HM
measured as a function of [K*],; similar results were also obtained
when rDRGs and F11 cells were compared (data not shown).

Thus, neoplastic transformation leads to the regulation of Vygsr by
I currents rather than by the IRK-type channels that commonly serve
this role in normal differentiated cells, and this change profoundly
affects the Vigsr response to [K*],.

Measurements of Vgp in Tumors and in Their Normal Coun-
terparts. We have demonstrated that, in neuroblastoma cells, a direct
correlation exists between the V,,, of the activation curve of /;z and
the value of Vigqr, so that the more the activation curve was shifted
to the right, the more depolarized Vgt became (12). Consistent with
the observation that most of the tumor cell lines we tested have
markedly right-shifted activation curves (Fig. 10), these lines also had
rather depolarized Vgggr values, which were always more positive
than —40/—45 mV (Table 1).

This depolarization was emphasized when the Vgggr values of the
tumor cell lines were compared with the normal tissue of correspond-
ing histogenesis [for instance, neuroblastomas clones with rat sensory
neurons (rDRG) or TE671 rhabdomyosarcomas with HM].

DISCUSSION

We have shown that herg is highly conserved in tumors. The
protein encoded by the neuroblastoma clone has the same amino acid
sequence as the herg cDNA cloned from human hippocampus (4); the
only difference in the predicted amino acid sequence is, in one cDNA
clone, an arginine replacing histidine at position 396. Whether this
replacement is a true polymorphism or a PCR-introduced artifact did
not affect the functional properties of the protein because, when
expressed in Xenopus oocytes, the neuroblastoma herg clone pro-
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Fig. 4. Comparison of the biophysical properties
of currents recorded from oocytes injected with the
SH-SYSY herg cRNA and from SH-SYSY cells. A
and B, currents elicited from oocytes or SH-SYSY
cells according to the protocol shown in C. C, C
protocol used for panels A and B. D and E, currents
clicited according to protocol shown in F. F, pro-
tocol used for panels D and E. G, the normalized

neuroblastoma SYSY

B G

activation and inactivation curves of the currents
shown in A-E. The data points were fitted using a
Boltzmann equation, which gave the following val- D “

E'-c

slope, —5.8; oocyte: inactivation (A) V,,, —69,
slope, 21.7; activation (M) V.. —62.3, slope, 5.8.
(K], 40 mm.

ues (mV): neuroblastoma SH-SYSY: inactivation
S5pA |
0 mWVq

(A) Vy5, —61, slope, 25; activation () V5, —24,
100 ms
F  om

duced a K* current that was identical to that encoded by the hip-
pocampal herg clone (8, 18).

The main properties of the /jg, I, and Iyppg currents are: (a) an
activation gate opening upon depolarization and a rapid, hyperpolar-
ization-dependent inactivation that reduces conductances at positive
voltages to produce inward rectification; (b) sensitivity to class III
antiarrhythmic drugs; and (c) the [K*], dependence of maximal
conductance. These properties make HERG channels unique, because
they have the molecular structure of the outward K* channel family
(six putative transmembrane segments) but show the inward rectifi-
cation and [K™], dependence that is typical of inward rectifying K*
channels (which have only two predicted transmembrane segments).
The biophysical features of HERG channels readily correlates with
cardiac Iy, currents and thus explain their physiological role in the
repolarization of the action potential in cardiac myocytes. Moreover,

A RG B HM C

&
% 9
£ & &
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0.15nA I

0.5nA
50 ms 50 ms
0mV ——
-60 mV —
-120 mV

Fig. 5. Sensory neurons and human myotubes do not express herg, whereas they
display IRK-like currents. A and B, Cs™-sensitive currents elicited according to the
protocol shown in the inset in a rat sensory neuron (A, rDRG) and a human myotube (B,
HM). These results are typical of the recordings obtained in an additional 9-15 cells for
cach cell type. Compare this recordings with those shown in Fig. 1, E and /, respectively.
C, Northern blot of mRNA obtained with herg probe (see “Materials and Methods”) for
the indicated cell lines. Experimental procedure as shown in Figs. 1 and 2.
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the modulation of I, by [K*], may be useful during rapid heart rates
or ischemia, when K* accumulates within the intracellular clefts (8);
under these conditions, the increase in [K*], would enhance the
contribution of I, to net depolarizing currents.

The experiments reported in this paper, together with our previous
biophysical and pharmacological studies (12, 13), demonstrate that
HERG channels are not only operative in heart but also play a role in
tumor cells of various lineage (Figs. 1 and 6), because the herg
transcripts were found to be constitutively expressed in a variety of
neuroblastomas as well as in other types of tumors of nonnervous
histogenesis.

In tissues representing the normal counterparts of the tested tumors,
HERG currents are not detectable by means of the patch-clamp
technique, but herg have been shown to be present in brain (Fig. 1H
and Ref. 20). Moreover, in these tissues, HERG channels appear to be
substituted by IRK-like currents (Figs. 5 and 6). The presence of
IRK-like channels would ensure a more hyperpolarized resting poten-
tial in normal cells than in tumor cells; therefore, the occurrence of
HERG in tumor cells could certainly contribute to the depolarized
Vrest that is a feature of cancer cells (1).

In previous reports, we have shown that /5 is functionally linked to
neuroblastoma cell integrin receptors, which play a key role in the
commitment to differentiate (11, 21). Additional experiments are
needed to assess whether this link is a general feature of neoplastic
cells that exists as a residual primitive mechanism for signaling cell
contact with ECM or other cells (22). This signaling mechanism may
consist of the adhesion-mediated activation of a K* current with a
limited hyperpolarizing power that is capable of influencing voltage-
dependent plasma membrane signaling proteins, possibly in localized
spots on the cell surface (23, 24). Such a mechanism would be
destined to be replaced by more sophisticated signaling devices in
mature adherent cells or lost in nonadherent cells. On the contrary,
because cancer cells are “frozen” at a more or less primordial stage of
differentiation, this mechanism may also be conserved, even in non-
adherent cells such as the FLG29 leukemia line.

This view is supported by the transient expression of HERG-like
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HM r2
-100p, _-50 ‘3’
Fig. 6. Currents regulating Vggsr in tumor and 5mM
normal cells of the same histogenesis. A, /V plot of
the steady-state Cs*-sensitive current densities re-
corded in voltage-clamp in a human myotube at two
different [K*], of 5 and 40 mm. B, I/V plot of the F-2
steady-state WAY 123-398-sensitive current densi-
ties recorded in voltage-clamp in a human rhab-
domyosarcoma TE671 cell at two different [K*],
of 5 and 40 mM. C, Vgest measured in two typical L4
TE 671 (O) and HM cells (W) at different [K*],.
40 mM
-6

currents in neuronal and muscle cells at early stages of their devel-
opment, which are eventually replaced by IRK-like currents (25, 26),
and the consequence of this replacement is that the limited hyperpo-
larizing power of HERG channels is substituted by the limitless power
of channels, such as IRK, in fully differentiated cells. The IRK
currents can in fact maintain the strongly hyperpolarized Vgggr that is
necessary to fix the voltage in a stable long-lasting state, ready to
trigger the action potential. On the other hand, the limited hyperpo-
larization power of HERG channels may be more appropriate for
immature cells, which are unable to generate action potentials and
require greater flexibility. In other words, HERG channels may be
more suitable for maintaining immature, unstable connections of
neurons in nascent synapses, rather than for the stable organized
connections that sustain adult brain functions (27). We provided
evidence that iz reduces the long-lasting firing that neuroblastoma
cells acquire upon retinoic acid-mediated differentiation (14); this
agrees with the hypothesis that Jyprs maintains immature neuronal
cells in a state of minimal excitability compatible with a certain
proliferative capacity, whereas its replacement by IRK favors a more
physiological Vgger that characterizes neuronal maturation but also
implies the definitive cell exit from the mitotic cycle.

Although the above considerations might account for the persist-
ence of I in neuroblastomas, they do not explain the advantage of Iz
maintenance in nonnervous tumors. However, the government of
Vrest by Iir clamps this potential at rather depolarized values (Table
1), which are within the limits required for a continuos cell recruit-
ment into the mitotic cycle. Moreover, the dependence of the con-
ductance of HERG channels on [K*], may confer a selective advan-
tage to tumor cells of any origin. In fact, tumor cells in vivo are
exposed to severe ischemia, and hence, to K* accumulation in the

Table 1 Current-clamp measurements (mean * SE) of Vgesr measured at
physiological [K Jo (5 mu)

Vgest (mV) n
Cancer cells
SH-SYSY -285+18 20
NG108-15 -38*5 8
N18TG2 -408 5 8
PC12 -34+53 5
41A3 —-41.8 £ 09 47
F11 —46 + 34 5
TE671 -36+6 6
Normal cells
Human myotubes (HM) -62*6 10
Sensory neurons (rDRG) -58+14 25
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extracellular fluid (28), as a result of imperfect angiogenesis and
uncontrolled cell proliferation (29-32). Under these conditions and
adopting the reasoning of Sanguinetti et al. (8), a [K*] -driven
mechanism of cell hyperpolarization may be crucial to cell survival.
When the ATP shortage produced by ischemia leads to Na*/K* pump
failure, K* loss from the cell may be counterbalanced by the hyper-
polarization elicited by the increase in HERG conductance.

To conclude, the high level of HERG expression in tumor cells may
represent a selective advantage for transformed clones, a speculation
that deserves an experimental demonstration.
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