
þ10 mV (see Supplementary Information). The size of the leak was adjusted to produce
the same steady-state depolarization in the model as occurred in light-adapted
photoreceptors (Fig. 1b). The log-normal shape of the light conductance pulses (Fig. 5)
was fitted to experimentally derived light impulse responses12, and the size of pulses was
adjusted so that the largest conductance pulse produced a saturated voltage response with
an amplitude similar to that seen in experiments.

To ensure that the Hodgkin–Huxley-type model could be driven with the same
dynamic white noise that was used in experiments30, we tested it by removing the active
conductances, thereby reducing it to an analytically solvable RC circuit. A comparison of
the model output with the exact solution of the RC circuit in the frequency domain
showed that the numerical methods used in the model did not introduce errors. Identical
stimuli were used in both modelling and in vivo recordings to allow their responses to be
compared directly.
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Mutations in ion channels involved in the generation and ter-
mination of action potentials constitute a family of molecular
defects that underlie fatal cardiac arrhythmias in inherited long-
QT syndrome1. We report here that a loss-of-function (E1425G)
mutation in ankyrin-B (also known as ankyrin 2), a member of a
family of versatile membrane adapters2, causes dominantly
inherited type 4 long-QT cardiac arrhythmia in humans. Mice
heterozygous for a null mutation in ankyrin-B are haploinsuffi-
cient and display arrhythmia similar to humans. Mutation of
ankyrin-B results in disruption in the cellular organization of the
sodium pump, the sodium/calcium exchanger, and inositol-1,4,5-
trisphosphate receptors (all ankyrin-B-binding proteins), which
reduces the targeting of these proteins to the transverse tubules
as well as reducing overall protein level. Ankyrin-B mutation also
leads to altered Ca21 signalling in adult cardiomyocytes that
results in extrasystoles, and provides a rationale for the arrhyth-
mia. Thus, we identify a new mechanism for cardiac arrhythmia
due to abnormal coordination of multiple functionally related
ion channels and transporters.

We previously characterized a large French kindred (Fig. 1a)
where long-QT syndrome associated with sinus node dysfunction
and episodes of atrial fibrillation segregated as an autosomal-
dominant trait mapping to an 18-cM interval on chromosome
4q25-27 (ref. 3). Among the 25 affected patients (21 adults and 4
children) included in the study, average rate-corrected QT interval
(QTc) was 490 ^ 30 ms (for adults) and 465 ^ 38 ms (for children)
compared with 380 ^ 30 ms and 403 ^ 36 ms in unaffected indi-
viduals. T-wave morphologies characterized by sinusoidal features
differed from those observed in the long-QT type 1–3 syndrome
(LQT1–3). Sinus node bradycardia or junctional escape rhythm was
diagnosed in all patients with LQT4 (ref. 3; see also Supplementary
Fig. 1), although 24-h electrocardiogram (ECG) recordings revealed
that sinus node dysfunction alternated with normal sinus rhythm.
Nine patients were equipped with a rate-responsive atrial pace-
maker because of marked bradycardia and the need of beta-blocking
therapy. Finally, episodes of atrial fibrillation were diagnosed in 12
adult patients but were absent during childhood. Since the initial
description of the family, eight additional individuals have been
born. Four were demonstrated to carry the LQT4 haplotype. Sinus
node abnormalities were diagnosed in utero in all affected members
from generation IV.

# Present address: Box 3892, Duke University Medical Center, Durham, North Carolina 27710, USA.
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Sequencing of the gene encoding ankyrin-B (ANKB; also known
as ANK2) identified an A to G transition mutation at position 4274
in exon 36, resulting in the substitution of glycine for a glutamic
acid at amino acid residue 1425 (E1425G) near the regulatory
domain of 220-kDa ankyrin-B (Fig. 1b). No nucleotide alterations
were identified in two other positional candidate genes encoding
CAMKII-d or TRP3. Forty-five family members (24 carriers,
including one individual who suffered sudden death, and 21 non-
carriers) were evaluated for the E1425G mutation. The E1425G
mutation segregated with LQT in 22 out of 24 individuals (III-5 and
IV-1 were non-penetrant, with QTc ¼ 420 ms), and with sinus node
dysfunction in 23 out of 24 individuals (III-12 was non-penetrant
with a heart rate of 60 beats per min (b.p.m.); Supplementary Fig. 4).
The E1425G mutation was not found in more than 400 control
alleles.

We evaluated the functional activity of the E1425G mutant on the
basis of the ability to rescue abnormal Ca2þ dynamics of AnkBþ/2

neonatal cardiomyocytes obtained from mice heterozygous for a
null mutation in the gene encoding ankyrin-B4,5 (neonatal cardio-
myocytes were used because adult cardiomyocytes are not readily
transfected). Ankyrin-B expression in AnkBþ/2 cells is reduced and

localized to a striated pattern only in certain regions of these cells
(Supplementary Fig. 2). AnkBþ/2 cardiomyocytes have a decreased
spontaneous contraction rate (144 ^ 10 to 78 ^ 8 b.p.m.;
P , 0.05) associated with prolonged intracellular Ca2þ concen-
tration ([Ca2þ]i) transients at a lower frequency (Fig. 1c; from 2.7 to
about 1.3 Hz; P , 0.05). These defects in AnkBþ/2 cardiomyocytes
can be rescued by transfection with complementary DNA encoding
green fluorescent protein (GFP)-tagged 220-kDa ankyrin-B (Fig. 1c;
Ca2þ waves approximately 2.2 Hz, rhythm restored to
134 ^ 11 b.p.m.). In contrast, AnkBþ/2 cardiomyocytes transfected
with ankyrin-B containing the human E1425G mutation still
displayed abnormal Ca2þ oscillations (Fig. 1c; approximately
1.3 Hz; with instances of prolonged elevations in cytosolic Ca2þ;
P , 0.05) and a decreased beat frequency (71 ^ 12 b.p.m.;
P , 0.05), even though the mutant GFP–ankyrin-B itself targeted
normally (Supplementary Fig. 2). Therefore, two normal copies of
the ankyrin-B gene are required for normal Ca2þ signalling, and the
E1425G mutation leads to loss-of-function. Ankyrin-B is, to our
knowledge, the first identified protein to be implicated in a con-
genital long-QT syndrome that is not an ion channel or channel
subunit1,6.

Figure 2 Sinus bradycardia, heart rate variability and sudden cardiac death in AnkB þ/2

mice. a, Heart rates (n ¼ 7 for wild-type and AnkB þ/2 mice) showing bradycardia and

variability in AnkB þ/2 mice. b, Episodes of variable heart rate (greater than ^10% mean

heart rate per animal) over 10 min (n ¼ 11 for wild-type and AnkB þ/2 mice). c, ECG of

sinus slowing of a AnkB þ/2 mouse. d, Sample ECGs of AnkB þ/2 and wild-type mice.

e, ECG traces of AnkB þ/2 mice at rest and after exercise. f, ECGs after exercise and

administration of epinephrine (Epi). Polymorphic ventricular arrhythmias occurred within

about 17 min of epinephrine administration, followed by marked bradycardia and death

2 min after the arrhythmia. No wild-type mice exhibited changes in ECG patterns or died

after these treatments.

Figure 1 Loss-of-function mutation in ankyrin-B in type 4 long-QT syndrome. a, Pedigree

of type 4 long-QT family. Filled symbols indicate long-QT and sinus node dysfunction

phenotypes. b, An A to G mutation at position 4274 causes a E1425G missense mutation.

c, Ca2þ levels as a function of time (fold increase over basal levels (I/I o)). Graphs

represent untransfected (þ/þ) (top left) and AnkB þ/2 (þ/2) neonatal cardiomyocytes

(top right), and GFP–ankyrin-B (bottom left) and GFP–ankyrin-B E1425G (bottom right)

transfected AnkB þ/2 cardiomyocytes. After Ca2þ imaging, cardiomyocytes were

monitored for GFP–ankyrin-B to ensure transfection.
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Analysis of ECGs and heart rates of unrestrained animals using
implanted radiotransmitter electrodes revealed significant simi-
larities in cardiac phenotype between humans with LQT4 and
AnkBþ/2 mice (Fig. 2). AnkBþ/2 mice have bradycardia with a
conscious resting heart rate of 515 ^ 49 b.p.m., compared with
641 ^ 31 b.p.m. for wild-type mice (n ¼ 12 for wild-type and 14 for
AnkBþ/2 mice; P , 0.05). Bradycardia was observed in all AnkBþ/2

mice, with these mice displaying a heart rate of less than 600 b.p.m.
for 87 ^ 3.4% of a 30-min interval, whereas wild-type mice spend
4.3 ^ 1.7% of the same interval at less than 600 b.p.m. (n ¼ 10 for
both genotypes; P , 0.05). AnkBþ/2 mice also exhibit a high degree
of heart-rate variability (Fig. 2a, b) associated with multiple
episodes of abrupt sinus slowing. Figure 2c shows an ECG trace
of one episode for a AnkBþ/2 mouse. The prolonged RR intervals
(sinus slowing; asterisk in Fig. 2c) occur on a background of reduced
heart rate (Fig. 2a) compared with wild-type mice. Furthermore,
AnkBþ/2 mice exhibit episodes of intermittent isorhythmic atrio-
ventricular dissociation similar to rhythm disturbances present in
human LQT4 patients (Supplementary Fig. 3). ECG abnormalities
in AnkBþ/2 mice are not due to electrolyte or obvious structural
defects in the heart, as no significant differences between wild-
type and AnkBþ/2 mice were evident in serum Kþ, Naþ, Mg2þ

or Ca2þ, and no histopathological defects were detected in

heart sections from AnkBþ/2 mice.
The QTc is significantly prolonged from 25 ^ 1.0 to 30 ^ 1.1 ms

in AnkBþ/2 mice (n ¼ 9 and 11 for wild-type and AnkBþ/2 mice;
P , 0.05). The difference in apparent QT length in a mouse ECG
could be due to delayed conduction and/or delayed repolarization7.
ECGs of AnkBþ/2 mice, in contrast to humans with LQT4, reveal
general slowing of conduction with PR intervals increased from
35.9 ^ 1.0 to 39.6 ^ 0.7 ms, QRS intervals increased from
8.3 ^ 0.1 to 11.2 ^ 0.2 ms, and P-wave duration increased from
8.2 ^ 0.7 to 13.4 ^ 0.5 ms (n ¼ 9 and 11 for wild-type and AnkBþ/

2 mice; all differences statistically significant, P , 0.05). Given that
action potentials of adult AnkBþ/- cardiomyocytes are not substan-
tially prolonged, the increase in QT interval observed in AnkBþ/-

mice is probably due to delayed conduction.
Sudden cardiac death in humans with the E1425G mutation

occurred after physical exertion and emotional stress (Fig. 1)3. We
attempted to mimic these circumstances in mice with exercise
followed by injection with epinephrine (see Methods). The mice
responded in a dramatic manner. Two out of 14 AnkBþ/2 mice
became unresponsive for 3–10 s immediately after exercise alone.
Over half of AnkBþ/2 mice (8 out of 14) died after exercise
combined with epinephrine. No wild-type mouse ever became
unresponsive or died during these experiments (0 out of 6).

Figure 3 Coordinate reduction of ankyrin-B and ankyrin-B-associated proteins at Z-line/

T-tubules of adult AnkB þ/2 cardiomyocytes. a, Quantification of ankyrin-B protein

expression in adult tissues (n ¼ 4). b, Adult cardiomyocyte immunoprecipitations were

analysed for 220-kDa ankyrin-B (input ¼ 10% input). c, Quantitative immunoblots of

protein levels in adult cardiomyocytes (n ¼ 5). d, e, Ankyrin-B immunofluorescence

in isolated wild-type and AnkB þ/2 adult cardiomyocytes (arrowheads indicate

Z-lines/T-tubules; scale bars are 20 mm (top), 10 mm (bottom left) and 5 mm (bottom

right)). f, AnkB þ/2 cardiomyocytes display qualitative loss of Ncx1, Na/K ATPase a1 and

a2, and InsP3R labelling over Z-line/T-tubules. Scale bar, 40 mm. Loss of ankyrin-B-

associated protein staining at the Z-line/T-tubule was apparent throughout the entire

depth of the cell.
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Exercised AnkBþ/2 mice displayed instances of reversed polarity of
the QRS complex (two mice), and second-degree atrio-ventricular
block (P-wave with no QRS complex, 11 mice; Fig. 2e). Prolonged
polymorphic ventricular arrhythmia immediately preceding death
was recorded in two mice treated with exercise plus epinephrine
(Fig. 2f). The additional six mice that died from exercise and
epinephrine displayed multiple short episodes (1–2 s) of poly-
morphic ventricular arrhythmia within 0–2 min before death. No
arrhythmic episodes were observed in ECGs of wild-type mice after
exercise or exercise plus epinephrine.

Reduction in the level of 220-kDa ankyrin-B by about 50% in
immunoblots of adult cardiac tissue in AnkBþ/2 mice (Fig. 3a) is
accompanied by selective loss of ankyrin-B staining at the Z-line/
transverse (T)-tubule region of AnkBþ/2 cardiomyocytes (localiza-
tion at the Z-line/T-tubule based on confocal Z-sections using
dihydropyridine receptor (Dhpr) as a T-tubule marker; Fig. 3d).
Ankyrin-B staining is retained at the M-line (predominant staining)
and intercalated discs (Fig. 3e). Ankyrin-B is also aligned with
Z-lines in skeletal muscle, but, in contrast to cardiomyocytes,
ankyrin-B in skeletal muscle is restricted to costameres at the
sarcolemma4.

The coordinate loss of ankyrin-binding proteins NaV1.6, beta IV
spectrin and neurofascin at axon initial segments lacking ankyrin-
G8 suggested that reduced levels of ankyrin-B at Z-lines/T-tubules in
heart could also result in the deficiency of proteins associated with

ankyrin-B at T-tubules. Na/K ATPase, Na/Ca exchanger (Ncx) and
inositol-1,4,5-trisphosphate receptors (InsP3R) are candidate
ankyrin-binding proteins, on the basis of biochemical data9, that
are localized at T-tubules10. Ankyrin-B co-immunoprecipitates with
Ncx1, the a1 and a2 subunits of ATPase, and InsP3R from extracts of
heart tissue (Fig. 3b), but not with other cardiomyocyte proteins
(including Dhpr, Serca2 and calsequestrin; data not shown).
Immunoblots revealed that levels of InsP3R (pan InsP3R), a1 and
a2 Na/K ATPase, and Ncx in isolated adult cardiomyocytes were
reduced by 15–33% in AnkBþ/2 cardiomyocytes (Fig. 3c). Measure-
ments of the binding of [3H]InsP3 (ligand for InsP3R) and
[3H]ouabain (ligand for Na/K ATPase) to adult cardiac microsomes
also demonstrated a 33% and 16% reduction, respectively, in
capacity in hearts of AnkBþ/2 mice, whereas affinities for these
ligands were unchanged. In contrast, quantitative western blot
analysis revealed that protein levels of endoplasmic and sarcoplas-
mic reticulum components (Serca2, calreticulin, calsequestrin), Kþ

channels or associated subunits (Kcnq1/KVLqt1, Erg1, MinK/IsK,
Kir2.1/Irk1, Kir2.3/Irk3), ryanodine receptor 2, plasma membrane
Ca2þ channels (Dhpr, Pmca2), and structural proteins (a-actinin,
dystrophin) were unaffected (Fig. 3c; see also Supplementary Fig. 6).
Northern blots revealed no difference in the levels of mRNA
encoding InsP3R (type 1 and pan), Na/K ATPase a1 and a2, and
Ncx1.

The modest overall reduction in levels of Ncx, Na/K ATPase and
InsP3R has a substantial impact on the levels of these proteins
localized at T-tubule sites, which can be detected easily by immuno-
fluorescence (Fig. 3f). Ncx, as well as a1 and a2 Na/K ATPase are
preferentially reduced in AnkBþ/2 cardiomyocytes at T-tubule sites,
whereas little change can be detected at the sarcolemma or inter-
calated discs. Furthermore, InsP3R in AnkBþ/2 cardiomyocytes is
reduced at T-tubule sites and is disorganized in some regions,
whereas label at intercalated discs is relatively normal. Markers for
T-tubules (Dhpr), the sarcoplasmic reticulum (Serca2), and Z-line
components (a-actinin)10 are unaltered in AnkBþ/2 cardiomyo-
cytes (Fig. 3f). Proteins that are also unaffected, as monitored by
confocal analysis, include dystrophin, connexin 43, NaV1.5, NaV1.6,
Erg1, Pmca2, Kcnq1/KVLqt1, calsequestrin and calreticulin (not
shown). Ankyrin-B-dependent expression of InsP3R, Ncx or Na/K
ATPase may be a specialized feature of cardiac muscle, as there is no
difference in expression or localization of these proteins in skeletal
and vascular smooth muscle.

Reduction of Na/K ATPase, Ncx and InsP3R in neonatal AnkBþ/2

cardiomyocytes can be rescued by transfection with GFP-tagged
220-kDa ankyrin-B, but not by 220-kDa ankyrin-B containing
the E1425G mutation (Supplementary Fig. 2). This indicates that
220-kDa ankyrin-B is necessary and sufficient for normal
expression of Ncx, Na/K ATPase and InsP3R in neonatal cardio-
myocytes, and that the same E1425G mutation causing clinical
arrhythmia in humans abolishes this activity. These findings estab-
lish that ankyrin-B participates in expression of multiple ion-
channel/transporter proteins. The current list of ankyrin-B-depen-
dent proteins may not be complete, as the full extent of ankyrin-B-
binding partners is not yet known.

Examination of the electrical behaviour and Ca2þ dynamics of
isolated heart cells from adult AnkBþ/2 mice with ECG defects
revealed a significant increase in the peak [Ca2þ]i level at all
potentials (Fig. 4). No significant differences in resting levels of
[Ca2þ]i (about 160 nM) were observed using indo-1. An increased
[Ca2þ]i transient under these conditions implies that the amount of
Ca2þ in the sarcoplasmic reticulum is elevated, although these
values were not experimentally determined. No significant
changes were evident in the magnitude or voltage dependence of
the L-type Ca2þ channel current between 240 mV and þ60 mV
(I Ca; Fig. 4a). Although heart weights were similar between wild-type
and AnkBþ/2 mice (indicating that no overt hypertrophy
accompanied elevated [Ca2þ]i), cardiomyocytes of AnkBþ/2 mice

Figure 4 Ca2þ signalling in adult AnkB þ/2 ventricular cardiomyocytes. a, I Ca density

(0 mV): AnkB þ/2, 9.37 ^ 0.61 pA/pF; control, 28.87 ^ 0.60 pA/pF, not significant.

b, Peak of [Ca2þ]i transient plotted as F/Fo, where F is fluorescence intensity, and Fo is

resting fluorescence intensity. F/Fo for AnkB þ/2 is significantly greater than control at all

membrane potentials. At 0 mV, F/Fo for AnkB þ/2 ¼ 2.80 ^ 0.13 (n ¼ 18);

control ¼ 2.41 ^ 0.12 (n ¼ 20), representing a 16.2% increase. c, Steady-state action

potentials recorded after 10–20 stimuli from AnkB þ/2 cardiomyocytes at 1 and 5 Hz in

control solutions and in isoproterenol. Red arrows indicate stimuli timing. DADs and

EADs were observed in 36% of AnkB þ/2 cardiomyocytes, but they were not observed in

control cardiomyocytes.
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did exhibit an approximately 23% increase in capacitance,
suggesting increased surface area and a small increase in cell volume.

Cardiac action potentials measured in the presence and absence
of isoproterenol revealed stress-induced abnormalities in AnkBþ/2

heart cells (Fig. 4c). These cells were not significantly different
from wild-type cells under control conditions (wild-type,
AP90 ¼ 12.3 ^ 1.0 (n ¼ 8); AnkBþ/2, AP90 ¼ 15.0 ^ 1.4 (n ¼ 17),
where AP90 ¼ time (in ms) for 90% repolarization of action
potentials). However, after acute application of isoproterenol
(1 mM) to simulate conditions of stress, action potentials in
AnkBþ/2 cardiomyocytes developed spontaneous extrasystoles at
both 1 and 5 Hz, whereas control cells did not. Both delayed after-
depolarizations (DADs) and early after-depolarizations (EADs)
were observed in AnkBþ/2 cells, and the DADs and EADs led to
extrasystoles. The appearance of EADs, DADs and extrasystoles
suggest that these arrhythmic mechanisms underlie the lethal
arrhythmias seen in humans with the E1425G mutation, and
might be caused by elevated [Ca2þ]i

11. A causative role of increased
[Ca2þ]i in cardiac arrhythmia and congenital sudden cardiac death
is an emerging area of interest, with current examples including
gain-of-function mutations in the Ryr2 Ca2þ-release channel12.

Elevation in the [Ca2þ]i transient in AnkBþ/2 cardiomyocytes
can be rationalized by loss of Na/K ATPase isoforms13,14. A small
reduction of Na/K ATPase would be expected to mimic effects of
cardiac glycosides such as digitalis, a Na/K ATPase inhibitor11. Na/K
ATPase inhibition results in increased [Ca2þ]i by first producing an
increase in [Naþ]i, leading to a reduction of Ca2þ extrusion by
Ncx13,14 into the extracellular space. In the face of unchanged Ca2þ

entry by I Ca, and combined with a small reduction in Ncx, the
reduction of Na/K ATPase in AnkBþ/2 cells should lead to an
increase in total cellular Ca2þ, as suggested by our data. Long-term
reduction or increase in Ncx in animal models does not seem to
produce a severe phenotype because of diverse compensatory
mechanisms15. Therefore the loss of Na/K ATPase is probably the
major contributor to elevated [Ca2þ]i transients in AnkBþ/2

ventricular myocytes. This study shows that ankyrin-B has an
important involvement in regulating the coordinated expression
of Ncx, the Na/K ATPase, InsP3R, and possibly other ankyrin-
binding proteins. Moreover, the ankyrin-B dysfunction in
humans leads to lethal cardiac arrhythmias and type 4 long-QT
syndrome. A

Methods
Human mutation analysis
Genomic DNA was prepared from peripheral blood lymphocytes. Mutation analysis was
conducted by direct sequencing of the ankyrin-B gene. All 45 exons of the ankyrin-B gene
were amplified using intronic primers (Supplementary Fig. 5).

Mouse ECG recordings
We performed and analysed mouse ECG recordings as described in the Supplementary
Information.

AnkB1/2 cardiomyocytes
GFP–ankyrin-B E1425G was created using standard molecular techniques. Neonatal
cardiomyocytes were prepared, transfected5 and imaged using Fluo3-AM4. Transfection
was optimized for low GFP–ankyrin-B expression (levels undetectable without GFP-
labelled antisera5). After Ca2þ imaging, cells were immunostained using indicated antisera
and visualized using Alexa 568 so that signal would not interfere with Fluo3 fluorescence.
For contraction experiments, over 100 cells were monitored for each condition. For rescue
experiments, Ca2þ was monitored in over ten cells for each condition.

Immunoblotting and immunoprecipitations
We performed quantitative immunoblots using equal protein concentrations as
described4. Adult heart immunoprecipitations were performed using standard techniques
(lysis buffer: 1.5% Triton X-100, 0.5% deoxycholate plus £ 2 protease inhibitor cocktail,
most proteins were soluble except for InsP3R (40%)). Immunoblotting was performed
using 125I-labelled protein A, and intensities were quantified by phosphorimaging5.

Immunostaining and imaging
Wild-type and AnkBþ/2 cells were prepared and imaged identically as described5.
Antibodies used were: a-actinin, dystrophin and Dhpr (Sigma), InsP3R types 1 and 2

(ABR), pan InsP3R (Calbiochem), Pmca2, Ryr2 and Serca2 (ABR), GFP (Chemicon or
Clontech), Ncx1 (RDI), Na/K ATPase a1 (Developmental Studies Hybridoma Bank;
Upstate Biotechnology; M. Caplan) a2 (Upstate Biotechnology), Erg1 and connexin 43
(Chemicon), NaV1.6, Kir2.1, Kir2.3 and MinK (Alomone), NaV1.5 (W. Catterall), Kcnq1
(KVLqt1; Santa Cruz), and ankyrin-B monoclonal and affinity purified polyclonal
immunoglobulin. Similar results were obtained in both isolated cardiomyocytes and in
sections of adult cardiac muscle.

Patch-clamp methods
AnkBþ/2 and wild-type animals (1–3 months of age) were killed by an intraperitoneal
injection of pentobarbital sodium (100 mg per kg). Single cardiomyocytes were isolated16.
An Axopatch-200A or -200B amplifier (Axon Instruments) was used to measure
membrane currents16,17. The patch pipette (1–3 MQ) solution was (in mM): CsCl (130),
NaCl (10), MgATP (5), HEPES (10), MgCl2 (1), TEA-Cl (20) pH 7.2 (with CsOH).
Superfusion solution 1 contained (in mM): NaCl (140), KCl (5), MgCl2 (0.5), CaCl2 (1.8),
NaH2PO4 (0.33), glucose (5.5) and HEPES (5), pH 7.4, at 35–37 8C. Superfusion solution
2 was the same as solution 1 but with CsCl substituted for KCl þ10 mm TTX. After
conversion to whole-cell voltage clamp in solution 1, solution 2 was used to measure ICa.
Test depolarizations followed 4 50-ms depolarizations to 0 mV at 1 Hz. A 500-ms ramp-
depolarization from 290 mV to 240 mV was followed by a 50-ms period at 240 mV
before test depolarizations.

Action potential recordings
Cardiomyocytes were superfused with solution 1. b-adrenergic stimulation of cells was
produced by the addition of 1 mM isoproterenol to solution 1. Pipette filling solution was
as above, except that KCl was substituted for CsCl (pH 7.2 with KOH). Axopatch 200A was
used in current clamp mode to record action potentials. Current injections triggered
action potentials at a constant rate (1 Hz, 5 Hz). We performed all experiments at 37 8C.

Confocal [Ca21]i imaging
Biorad MRC600 and Zeiss LSM510 microscopes were used with simultaneous electrical
measurements to determine [Ca2þ]i (refs 16, 18). In parallel experiments, measurements
of resting [Ca2þ]i were obtained by adding indo-1 (25 mM)19 to the pipette filling solution,
on a system made by the authors. Resting [Ca2þ]i was calculated as described19.

Statistics
Data were analysed using either paired two-tailed t-tests or two-way analysis of variance,
and P values ,0.05 were considered significant. Data are expressed as means ^ s.e.m.
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The nuclear factor NF-kB and oncogenic Ras can alter prolifer-
ation in epidermis, the most common site of human cancer1,2.
These proteins are implicated in epidermal squamous cell carci-
noma in mice3–5, however, the potential effects of altering their
function are uncertain. Whereas inhibition of NF-kB enhances
apoptosis in certain tumours6, blockade of NF-kB predisposes
murine skin to squamous cell carcinoma5,7. Because therapeutics
inhibiting Ras and NF-kB pathways are being developed to treat
human cancer8,9, it is essential to assess the effects of altering
these regulators. The medical relevance of murine studies is
limited, however, by differences between mouse and human
skin, and by the greater ease of transforming murine cells.
Here we show that in normal human epidermal cells both
NF-kB and oncogenic Ras trigger cell-cycle arrest. Growth arrest
triggered by oncogenic Ras can be bypassed by IkBa-mediated
blockade of NF-kB, generating malignant human epidermal
tissue resembling squamous cell carcinoma. Human cell tumor-
igenesis is dependent on laminin 5 and a6b4 integrin. Thus, IkBa
circumvents restraints on growth promotion induced by onco-
genic Ras and can act with Ras to induce invasive human tissue
neoplasia.

To study Ras and NF-kB in a setting more relevant to human
tumorigenesis, we expressed the active Ha-Ras Gly12Val mutant,
NF-kB p65 and a stable NF-kB repressor mutant of IkBa10 in human
skin tissue. Primary human keratinocytes were retrovirally trans-
duced and used to regenerate human skin on immune-deficient
mice11. Tissue expressing IkBa alone showed mild hyperplasia,
whereas expression of oncogenic Ras induced growth arrest with
graft failure (Fig. 1a and Supplementary Table I). Although impli-
cated in promoting features of neoplasia in other settings12, the
coexpression of oncogenic Ras with NF-kB subunits failed to
support proliferation (Supplementary Fig. 1a). Notably, the co-
expression of Ras and IkBa (Ras–IkBa) produced large neoplasms
resembling human squamous cell carcinomas (SCCs) in 3 weeks
(Fig. 1a and Supplementary Fig. 1b).

Rapidly growing Ras–IkBa tumours showed hallmarks of SCC.
Histologically, Ras–IkBa human epidermis showed massive neo-
plasia with deep invasion through fat and into underlying muscle

and fascia (Fig. 1a). There are no diagnostic markers for human
SCC2; however, Ras–IkBa epidermal tumours showed changes in
protein expression that have been reported as characteristic for
SCC, including increases in vascular endothelial growth factor
(VEGF) and matrix metalloproteinase 3 (MMP3), and a decrease
in E-cadherin (Fig. 1b). Ras–IkBa tumours also showed a more than
tenfold increase in mitotic index (Fig. 1b). Thus, Ras–IkBa epider-
mal neoplasia strongly resembles spontaneous human SCC.

To determine the relevance of these findings to epidermal cancer,
we studied primary human cutaneous SCCs. p65 was redistributed
to the cytoplasm both in Ras–IkBa tumours and in SCCs obtained
from patients (Fig. 1c). In addition, immunoblots from ten con-
secutive SCCs showed that a subset of SCCs expressed increased

Figure 1 Ras and IkBa human epidermal neoplasia. a, Histology. Invasive epidermal

neoplasia (E) through dermis (D), fat and muscle (M) b, Expression of MMP3, VEGF,

E-cadherin and Ki67. c, Expression of p65 and IkBa in regenerated human epidermal

tissue expressing either Ras–IkBa or GFP as compared with normal patient skin (NL) and

spontaneously arising SCC. Note the loss of nuclear p65 distribution in both Ras–IkBa-

induced and spontaneous epidermal tumours, and the widespread distribution of IkBa.

d, Immunoblots of ten additional consecutive primary cutaneous SCCs.
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