R Author’s Choice

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 42, pp. 35565-35575, October 12, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the U.S.A.

Kcnh1 Voltage-gated Potassium Channels Are Essential for

Early Zebrafish Development™

Received for publication, March 19, 2012, and in revised form, August 3, 2012 Published, JBC Papers in Press, August 27,2012, DOI 10.1074/jbc.M112.363978
Rayk Stengel*', Eric Rivera-Milla®', Nirakar Sahoo*, Christina Ebert®, Frank Bollig®, Stefan H. Heinemann®,

Roland Schénherr*?, and Christoph Englert®

From the *Friedrich Schiller University of Jena and Jena University Hospital, Center for Molecular Biomedicine, Department of
Biophysics and Leibniz Institute for Age Research-Fritz Lipmann Institute, D-07745 Jena, Germany

Background: Kcnhl is a voltage-gated potassium channel that is primarily expressed in brain.

Results: Knockdown of kenhl in zebrafish delays neural development and causes embryonic lethality.

Conclusion: Kcnhl is involved in cell proliferation during early zebrafish development.

Significance: The finding that Kcnhl has basic functions beyond neural signaling will help to elucidate its roles in physiology

and cancer formation.

The Kcnhl gene encodes a voltage-gated potassium channel
highly expressed in neurons and involved in tumor cell prolifer-
ation, yet its physiological roles remain unclear. We have used
the zebrafish as a model to analyze Kcnhl function in vitro and
invivo. We found that the kcnh1 gene is duplicated in teleost fish
(i.e. kenhla and kcenhlb) and that both genes are maternally
expressed during early development. In adult zebrafish, kenhla
and kcnh1b have distinct expression patterns but share expres-
sion in brain and testis. Heterologous expression of both genes
in Xenopus oocytes revealed a strong conservation of character-
istic functional properties between human and fish channels,
including a unique sensitivity to intracellular Ca>*/calmodulin
and modulation of voltage-dependent gating by extracellular
Mg?*. Using a morpholino antisense approach, we demonstrate
a strong kcnhl loss-of-function phenotype in developing
zebrafish, characterized by growth retardation, delayed hind-
brain formation, and embryonic lethality. This late phenotype
was preceded by transcriptional up-regulation of known cell-
cycle inhibitors (p21, p27, cdh2) and down-regulation of pro-
proliferative factors, including cyclin D1, at 70% epiboly. These
results reveal an unanticipated basic activity of kcnhl that is
crucial for early embryonic development and patterning.

Kcnhl is a voltage-gated potassium channel with canonical
tetrameric structure and six-transmembrane domain topology.
The Kcnhl gene was originally named ether a go-go (eag) as its
mutation in Drosophila melanogaster induced a rhythmic leg-
shaking phenotype under ether anesthesia (1); it is also referred
to as eagl or K, 10.1. Kenhl mutant flies exhibit a high fre-
quency of spontaneous action potentials and enhanced trans-
mitter release in motor neurons (2). In mammals KcnhlI expres-
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sion is almost completely restricted to the brain (3-5), but no
specific neuronal function could yet be described. The only
physiological function ascribed to vertebrate Kcnhl channels
thus far is a promoting role at the onset of myoblast fusion (6, 7).

An important pathophysiological role for Kenhl in cancer
formation has been proposed (8) because the human KCNH1
gene is overexpressed in a broad spectrum of cancers and chan-
nel inhibition can reduce cell proliferation (8 —11). However,
neither the gene expression profile nor the deduced functional
properties of Kcnhl channels provided insight into mecha-
nisms underlying the channel oncogenic potential. Many onco-
genes are involved in development, and cancer formation often
recapitulates key processes of embryogenesis (12). Thus, it
would be instructive to study Kcnhl during embryonic devel-
opment, but thus far no suitable vertebrate models have been
established.

Recently it became evident that Danio rerio (zebrafish) is a
valuable model for investigating Kcnh2 (Ergl, K,11.1) channel
diseases of the heart (13-18). With respect to physiological
functions, Kcnh2 is the best-characterized member of the Kenh
channel family. It is involved in the control of cardiac action
potentials, and mutations in KCNH2 can cause life-threatening
cardiac arrhythmias in humans (19 -21). Kcnh2 knockdown in
zebrafish was found to mimic the known cardiac phenotype
without systemic disturbance of embryo development (13-18).

We evaluated zebrafish as a model organism to study physi-
ological functions of Kcnhl potassium channels in vertebrates
and their potential role in embryogenesis. We identified and
cloned two fish orthologs of KCNH I, both sharing typical func-
tional properties with human KCNH1 channels. The kcnhl
genes in zebrafish showed maternal expression, and morpho-
lino-mediated knockdown caused severe and specific develop-
mental anomalies. Our results provide evidence for a novel role
of Kenhl voltage-gated potassium channels during embryo
development and establish the zebrafish as a valuable model to
study such functions.

EXPERIMENTAL PROCEDURES

Maintenance of Fish—Zebrafish embryos were obtained
from matings of wild-type fish of the T{iAB strain that had been
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kept in laboratory stocks in Jena for many generations, accord-
ing to the local animal care program. Embryos were raised at
28 °C and staged according to Kimmel et al. (22).

Bioinformatics—The kcnhl genes in zebrafish genome data-
bases were identified using the GenBank™ (www.ncbi.nlm.
nih.gov), JGI, Ensembl, and UCSC Genome browsers. Protein
and nucleotide databases were searched using BLAT and
BLAST algorithms (blastn and tblastn; E-values = e *° as a
threshold) using as a reference the human KCNHI sequence
NM_002238 (GenBank™). For phylogenetic and synteny anal-
yses, DNA sequences were edited and analyzed using the DNA-
STAR package (Lasergene 5.02). Amino acid sequences were
aligned using Clustal W and the core matrix PAM-45. Phyloge-
netic analyses were performed using distance-based methods
as neighbor-joining and minimum-evolution incorporated in
the MEGA software (23). Reliability of tree topologies was
assessed using bootstrapping after 1000 iterations.

Cloning of kcnhla and kcnhlb Coding Sequences—Total
RNA isolated from 24 h post-fertilization (hpf)® embryos was
treated with DNase I and used as a template for cDNA synthesis
using the SuperScript III RT kit (Invitrogen). Gene-specific
PCR reactions were set up for three overlapping fragments of
each zebrafish kcnhl gene (primer information upon request).
Resulting overlapping amplicons were used in second and third
PCR reactions as templates with the respective primers of the
distal ends. Finally, full-length cDNAs were ligated into the
pGEM-T vector (Promega) and fully sequenced. Selected
clones were digested with BamHI/Xbal and ligated into
pGEM-HE (24).

Dominant negative mutants of zebrafish channels (Kcnhla
G438C; Kenhlb G438C) were constructed using site-directed
mutagenesis (QuikChange kit, Stratagene). PCR reactions were
performed using the pGEM-HE clones of the corresponding
genes as a template and primers carrying the desired mutation.
Clones were fully sequenced to confirm the correct mutation.
The dominant negative mutant of the human channel (KCNH1
G440C) was as described previously (25).

Whole-mount in Situ Hybridization—Gene-specific probes
were amplified by PCR using 24-hpf zebrafish cDNA as the
template and the following primers: kenhla probe forward (5'-
CTG GAA AGA AGT AAC ACT AGC TCA GG-3'), kenhla
probe reverse (5'-GTG TGT TCG GGA ATG GTT GG-3'),
kenhl1b probe forward (5'-GGA CAC TTC TCA CGC AAT
CTG G-3'), kenhlb probe reverse (5'-GAT ATC CCC CTG
CAG ATC TTG C-3'). Amplicons (819 bp for kcnhla and 738
bp for kenh1b) were ligated into pGEM-T vector (Promega) and
sequenced. Digoxigenin-labeled antisense riboprobes were
generated from linearized vectors (Sacll) using the SP6 RNA
polymerase (sense riboprobes: Notl and T7 RNA polymerase).
Whole-mount in situ hybridization was performed essentially
as described (26). Probes were detected using anti-digoxigenin
alkaline phosphatase and nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate (Roche Applied Science). For char-
acterization of kcnhl morphants, the following markers were

3 The abbreviations used are: hpf, hours post fertilization; MO, morpholino;
HEDTA, N-(2-hydroxyethyl)ethylenediaminetriacetic acid; CaM, calmodu-
lin; RFP, red fluorescent protein.
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used: ntl (27), myoD (28), krox20 (29), atp1a3b (30), and foxd3,
wntll, and fgf8 (31). Photographs were taken using a Zeiss Axio
Imager microscope (Carl Zeiss, Oberkochen, Germany) after
embedding stained embryos in 1% methylcellulose or glycerol.

Morpholino Treatment of Zebrafish Embryos—The se-
quences of the used morpholinos (MOs) are: kenhla ATG (5'-
CAC GGC GGG TCA TGC GCT CCA CTG A-3'), kenhlb
ATG (5'-GCG CTG AAG AGCCTCCTG CTA CA-3'), kenhl
pan-ATG (5'-CTA GTC CTC TGC GTC CCC CGG CCA
T-3'), kenhla elil (5'-AGG TGC GTC TTA CCG TTA GAC
CGT-3'), kenhla €2i2 (5'-GCA CAA TAT ATC TGT TAC
CTG CAA G-3'), kenhlb elil (5'-AGT GTA CAA GGC TTT
TCT CAC CGT T-3'), kenh1b e2i2 (5'-ACA GAA ACA TGA
AAT CAC CTG CAT G-3'). One to two-cell stage embryos
were injected (~5 nl) with different MO concentrations (rang-
ing from 0.1 to 1 mm) and raised at 28.5 °C. As controls, we used
a MO (5'-GCG CCA TTG CTT TGC AAG AAT TG-3') to
knock down the A113 transcript of p53 (not expressed before 48
hpf) (32) and a published kcnh2 ATG-MO (5'-GCG GCG CAC
GGG CAT TTT TCA CGC G-3') (14). Images were generated
using the AxioVision software (Zeiss). To test the specificity of
ATG-MO, we generated modified pCS2+ GFP and pCS2+RFP
mRNAs (kindly provided by J. Wittbrodt, Heidelberg) that con-
tained the MO target sequences of kcnhla and kcnhlb MO
directly upstream of the corresponding start codon (Fig. 6, A
and B). We performed serial injections into 1-2-cell-stage
embryos, injecting MO first (0.5 mm final concentration) and
then a mix of modified mRNAs (10 ng final concentration each)
as described in Table 1. Live embryos (24 hpf) were scored for
GFP and RFP signal using epifluorescence Stereo Discovery V8
microscope (Zeiss).

RT-PCR Analysis—Total RNA was isolated from zebrafish
embryos, morphants, or zebrafish organs using the RNeasy
Mini kit (Qiagen) and treated with DNase. cDNA synthesis was
performed using SuperScript III and oligo(dT) primers (Invit-
rogen). PCR analysis of cDNA was carried out with the Expand
High Fidelity PCR system (Roche Applied Science) using gene-
specific primers as follows: kenhla forward (5'-TTT TCT GGA
AAA TAT TGT CCG ACG G-3'), kcnhla reverse (5'-GTG
GGCTGCAGT TGCTGA AGG-3'), kenh1b forward (5'-GAG
AAT ATA GTG CGG CGC TCC-3'), kenh1b reverse (5'-TTT
AAG CACGTT TTC TCC CCG-3'), kenh2 forward (5'-ATG
CCCGTG CGCCGECG-3'), kcnh2reverse (5'-CGATGT CGT
GCA GCG AGG ATG C-3'). Annealing temperatures were:
kenhla primer pair, 60 °C; kenhlb primer pair, 58 °C; kenh2
primer pair, 62 °C. For loading control the expression of bactin
was tested using forward primer (5'-GAG AAG ATC TGG
CAT CAC ACC-3’) and reverse primer (5'-AGC TTC TCC
TTG ATG TCA CG-3’) at an annealing temperature of 60 °C.
For quantitative RT-PCR, total RNA was isolated from 40-50
zebrafish embryos at 70% epiboly stage. 800 ng of RNA was used
to synthesize cDNA. PCR analysis was carried out using the
SYBR GreenER quantitative PCR super mix for iCycler (Invit-
rogen) in an iCycler device (96-well format; Bio-Rad). All sam-
ples were measured as triplicates and normalized to the corre-
sponding amounts of the housekeeping gene efla (33), which
was measured within the same plate. Relative expression levels
where calculated using the 27 *4“T method (34) and are based
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on two independent experiments. The gene-specific primer set
is listed in supplemental Table 1.

Electrophysiological Measurements—Capped mRNA was
synthesized in vitro using the mMessage mMachine kit
(Ambion) and Nhel-linearized pGEM-HE constructs contain-
ing the respective channel-coding sequence as template.
Stage-V Xenopus laevis oocytes were surgically obtained under
ice water/tricaine anesthesia according to the local animal care
program. Manually defolliculated oocytes were microinjected
with channel-coding mRNA (<50 nl). For patch clamp mea-
surements the vitelline membrane was removed by enzymatic
treatment as described (35). Currents were measured 1-4 days
after mRNA injection.

Inside-out Patch Clamp Measurements—Aluminum silicate
glass pipettes with resistances of 1-2 megaohms were used for
electrodes. An EPC-9 amplifier operated with PatchMaster
software (both HEKA Elektronik, Lambrecht, Germany) was
used as the patch clamp amplifier. For the -V measurements in
symmetrical K, the bath solution contained: 100 mm potas-
sium aspartate, 10 mm EGTA, 15 mm KCI, 10 mm HEPES (pH
8.0 with KOH). The pipette solution was composed of 103.6 mm
potassium aspartate, 11.4 mm KCl, 1.8 mm CaCl,, 10 mMm
HEPES (pH 7.2 with KOH). For the measurement of Ca*>*/CaM
effects, the solutions used were “1 um Ca®*” (115 mm potas-
sium aspartate, 10 mM HEDTA, 5 mm CaCl,, 10 mm HEPES (pH
8.0 with KOH)) or “Ca** -free” (100 mM potassium aspartate, 10
mM EGTA, 15 mMm KCl, 10 mm HEPES (pH 8.0 with KOH)). The
change of solutions was performed using a multichannel perfu-
sion system, and the pipette tip was placed directly in the mid-
dle of streaming solution. His¢-tagged human CaM was pre-
pared as previously described (36).

Non-stationary Noise Analysis from On-cell Membrane
Patches—Non-stationary noise analysis was performed from
sets of at least 200 successive current sweeps containing
responses to depolarizations to —20, 0, 20, 40, and 80 mV.
Ensemble variances were compiled from differences of neigh-
boring records (37), and variance-current plots of the activating
current phases were simultaneously fitted for all voltages (V) as
described (38) to yield the single-channel current i( V), the max-
imal open probability P (V), and the number of active channels.

Two-electrode Voltage Clamp—Currents were recorded at
24.5 = 0.5°C using a Turbo-TEC 10CD amplifier (NPI elec-
tronic, Tamm, Germany) operated with PatchMaster software
(HEKA Elektronik). Filament glass pipettes (Hilgenberg, Mals-
feld, Germany) filled with 2 M KCI and having resistances
between 0.6 and 0.8 megaohms were used for electrodes. The
bath solution (normal frog Ringer) contained 115 mm NaCl, 2.5
mwm KCl, 1.8 mm CaCl,, 10 mm HEPES (pH 7.2, NaOH). The
addition of 5 mm MgCl, to this solution is indicated in the
figures of the respective experiments. Co-expression of wild-
type and dominant negative mutant channels was obtained by
microinjection of a 1:1 mix of the corresponding mRNAs. For
these experiments 3 independent injections of each RNA mix
were performed with 5-10 oocytes per injection.

Data analysis was performed with FitMaster software (HEKA
Elektronik) and IgorPro software (WaveMetrics, Lake Oswego,
OR). Pooled data are represented as the means * S.E. (n =
number of independent experiments). p values from unpaired
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Student’s ¢ tests are indicated as * (<0.05), ** (<0.01), and
3 (<0.001).

RESULTS

Two kenhl Genes in Zebrafish—An in silico search for puta-
tive KCNH1 (EAG1I) orthologs in the zebrafish genome yielded
four putative candidates. Two of those, located on chromo-
somes 17 and 22, encode proteins with more than 90% amino
acid identity to human KCNH1. The gene on chromosome 17
had already been predicted as kcnhl in the Ensembl database
(39). The second two hits scored at 86 — 88% amino acid identity
to KCNH1 and represent the orthologs of the closest gene fam-
ily member KCNHS (EAG2), located on chromosomes 20 and
13. A phylogenetic analysis comparing human, mouse, and
chicken Kcnhl and KenhS5 genes to the corresponding genes in
the fish genomes from medaka, puffer fish, and zebrafish sup-
ported this assignment (Fig. 1A). These findings are in accord-
ance with the suggested whole-genome duplication that
occurred in a common ancestor of teleost fish (40-42). We
named the kcnhl genes in zebrafish kcnhla (chromosome 17,
GenBank™ accession number HQ703597) and kcnh1b (chro-
mosome 22, accession number HQ703598). Synteny analysis of
the chromosome regions encoding Kcnhl loci in human and
zebrafish genomes revealed similarities in gene organization for
human KCNHI and zebrafish kcnhla, whereas the kcnhlb
locus on zebrafish chromosome 22 showed no obvious overlaps
in gene organization (Fig. 1B).

Cloning of the zebrafish KCNHI orthologs, both being
assembled from 11 exons, revealed that all exon borders are
conserved between fish and human (Fig. 1C). The only two
exons with differences in length are exons 1 and 11. Conserva-
tion at the level of amino acids is lowest (34% identity) in the
second half of the cytosolic carboxyl termini of the predicted
channel proteins (Fig. 1C). By contrast, all six membrane-span-
ning segments, the amino-terminal Per-ARNT-Sim domain
and the carboxyl-terminal cyclic nucleotide binding domain as
well as three CaM binding motifs are highly conserved between
human and zebrafish channel proteins (Fig. 1, C and D).

Kcenhla and kenh1b Code for Functional Voltage-gated Potas-
sium Channels with Typical KCNHI-like Characteristics—
We expressed both zebrafish kcnh1 genes in X. laevis oocytes by
injection of in vitro transcribed mRNA. Electrophysiological
recordings revealed the formation of potassium channels with
functional properties similar to human KCNH1 (Fig. 2). In
inside-out patch clamp experiments, stepwise depolarization of
the membrane potential elicited K* currents very similar in
amplitude as well as in activation and deactivation kinetics (Fig.
2A). Overall, the steady-state current-voltage dependences of
the three channels largely superimposed in the voltage range
explored (Fig. 2B). The currents measured at the ends of depo-
larizing pulses and peak tail currents were plotted versus depo-
larization voltages and analyzed by fits with 4th-order Boltz-
mann functions. The half-maximal gate activation voltages
were similar (KCNH1, —65.1 = 2.3 mV; Kcnhla, —54.0 + 2.4
mV; Kenhlb, —55.3 * 4.5 mV), whereas the corresponding
slope factor was lower for Kenhlb (17.2 = 0.5 mV) in compar-
ison to KCNH1 (24.7 = 1.3 mV) and Kcnhla (21.0 = 0.6 mV)
(Fig. 2C). Single-channel characteristics were estimated by
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FIGURE 1. Conserved Kcnh1 channels in zebrafish and man. A, shown is a distance-based phylogenetic tree of kcnh 1 and kcnh5 genes in three fish genomes
and their human, mouse, and chicken orthologs. Fish kcnh1a and kcnh1b paralogs are highlighted with gray boxes. The chromosome (Chr.) number associated
with each gene is provided. Numbers at internodes indicate supporting bootstrap values after 1000 iterations. Branch lengths represent the relative amount of
molecular divergence as indicated in the scale bar (standardized rate of amino acid replacements per site). B, synteny analysis of human and zebrafish Kcnh 1 loci
reveal conservation of gene clusters in fish and man. C, shown is exon distribution and amino acid identities among Kcnh1 proteins. Exon lengths in base pairs
are indicated for human (KCNH1) and zebrafish (kcnh1a/b) genes. Conserved structural domains of the Kcnh1 proteins are assigned to the corresponding
coding exons, and the identity of amino acid sequences between all three proteins is indicated below. D, membrane topology and domain structure of a single
Kenh1 subunit is shown. The positively charged voltage-sensor helix and the two pore helices are indicated in gray and black, respectively. PAS, Per-ARNT-Sim
domain; cNBD, cyclic nucleotide-binding domain. Binding sites for Ca?*/CaM are shown as black ovals.

non-stationary noise analysis applied to on-cell patch clamp
recordings at various voltages (Fig. 2D). The single-channel
conductance was estimated by linear data fits to the single-
channel current as a function of voltage. Both zebrafish chan-
nels had a higher single-channel conductance than human
KCNHI1 (11.1 = 0.5 picosiemens (pS); n = 5), with 13.5 = 0.6 pS
(n = 4) for Kcnhla and 18.1 £ 0.9 pS (n = 7) for Kenhlb. The
extrapolated reversal potentials, between —45 and —50 mV in
all cases, indicated a strong selectivity of all three channels for
K* over Na™ ions.

Hallmarks of mammalian Kcnhl channels are two unique
features; 1) extracellular Mg®" ions markedly slow down acti-
vation (43, 44), and 2) intracellular Ca®>*/CaM inhibit current
conduction (36). Two-electrode voltage clamp experiments
shown in Fig. 3A demonstrate that 5 mm Mg>" in the external
solution slows the activation of all three channel types with
similar potency. Normalized current values, reached after 20
ms, revealed a slightly stronger effect of external Mg®" on both
zebrafish channels compared with human KCNHI. The cur-
rent ratios (I [Mg®>"]/I [noMg>"]) at 20 ms were 0.09 + 0.01
(n=5)and 0.06 = 0.02 (n = 5) for Kcnhla and Kenh1b, respec-
tively, and 0.21 = 0.07 (n = 5) for human KCNHI.

Channel regulation by Ca*>*/CaM was analyzed using single-
step depolarizations of inside-out membrane patches to 40 mV.
Fig. 3B shows current traces from representative experiments
before and after application of 1 um Ca®>* and 100 nm CaM to
the cytosolic membrane face. Analysis of the remaining cur-
rents after Ca>*/CaM application did not show significant dif-
ferences between KCNH1 and the zebrafish channels. In sum-
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mary, cloning and expression of two kcnhl genes from
zebrafish revealed that both genes encode functional voltage-
gated potassium channels, sharing the characteristic biophysi-
cal features of human KCNH1 channels.

Given the functional and structural similarities between both
zebrafish channel paralogs, we wondered if Kcnhla and
Kcnhlb are able to form heteromeric channels. After a previ-
ously described experimental approach (25, 45), we generated
dominant negative mutants of both channels by single amino
acid replacements (G438C) in the selectivity filter. mRNA
encoding the mutant zebrafish channels as well as a dominant
negative human KCNH]I variant (25) were each co-injected
with wild-type mRNA for the zebrafish channels (Fig. 3C). All
three mutant constructs led to reduced current amplitudes of
Kcnhla and Kenhlb channels, strongly suggesting that both
zebrafish paralogs can form hetero-tetrameric channels with each
other as well as with the human KCNH1 channel. A nonspecific
current reduction via an excess of mRNA could be excluded, as
comparable high amounts of the respective wild-type mRNAs
resulted in increased current amplitudes (not shown).

Both Zebrafish kcnhl Genes Are Expressed in Neural Tissue—
We analyzed the temporal gene expression patterns of kcnhla
and kenh1b by RT-PCR at different developmental stages. Both
paralogs were expressed maternally and could be detected in all
developmental stages analyzed (Fig. 4A4). The expression levels
of both genes were stable until 11 hpf and increased signifi-
cantly thereafter, displaying constantly high levels until 5 days
post-fertilization. Interestingly, the time point around 14 hpf
marks the start of neurulation in zebrafish.

VOLUME 287+NUMBER 42-OCTOBER 12,2012



>
v y)

80 mvV -
m E 5
<§| 40 mv Y
N
KCNH1
80 mV
<
{ =4
o~ 40 mV
Kcnh1a

80 mV
40 mV

|

Kecnh1b
100 ms
KCNH1 - = [ ] (11)'|
Kenh1a - [ ] 8) *
Kenh1b g . 8) -I
L L | | I
-60 -40 10 20 30
V,, (mV) Ky, (MV)
D 2s-
@ KCNH1
2.0 ®@ Kecnhla
¢ Kcenh1b
T 1.5 -
o
o] 10_
0.5
00— T T T T T

20 O 20 40 60 80
Voltage (mV)

FIGURE 2. Electrophysiological properties of Kcnh1 channels expressed
in Xenopus oocytes. A, current-voltage relationships were determined in
inside-out patch configuration. Shown are superimposed current traces for
depolarizing 200-ms steps ranging from —110 to +100 mV (from a holding
potential of —120 mV) in steps of 10 mV at an interval of 5 s (only traces
between —100 and +80 mV are shown, step size 20 mV; +80- and +40-mV
traces are labeled). B, shown is mean current within the last 50 ms of the
depolarizing steps (open symbols) and peak tail currents at —120 mV (filled
symbols) as a function of the test voltage. Superimposed gray curves are fits
according to a 4'™-order Boltzmann function (tail currents) or a 4™"-order
Boltzmann function with consideration of a linear conductance (mean cur-
rents), yielding a half-maximal voltage of gate activation (V,,) and a corre-
sponding slope factor (k,,). C, shown are the results of the analysis of steady-
state voltage dependence of activation; V,,, and k,,, as the mean = S.E. The
numbers of experiments for A-C are shown in parentheses; * denotes statisti-
cal difference to the value obtained for KCNH1 with p < 0.05 (Student’s t test).
D, single-channel conductance determination for zebrafish Kcnh1 channels
and human KCNH1 are shown. Single-channel current amplitudes are plotted
as a function of test voltage determined with non-stationary noise analysis
from on-cell membrane patches. Error bars denote S.E. values (n = 4-7). The
straight lines are linear fits to estimate the single-channel conductance.
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Mg?" ions. Current traces elicited by depolarizing 300-ms steps to 20 mV
from holding potentials as indicated in the corresponding pulse protocol
(upper panel) were measured in the absence (black curves) and presence (gray
curves) of external 5 mm Mg?" ions. Measurements were performed using
two-electrode voltage clamp. B, channel inhibition by Ca®"/CaM is shown.
Superimposition of current traces before (black) and 100 s after (gray) internal
application of 100 nm CaM + 1 um Ca?* was measured from inside-out oocyte
patches. Normalized residual currents in Ca®*/CaM were 12.6 * 4.3, 18.9 +
7.1,and 8.8 = 5.7% for KCNH1 (n = 4), Kenhla (n = 5), and Kenh1b (n = 5),
respectively. C, Kcnh1 channels can form heteromers. mRNA encoding dom-
inant-negative (dn) mutants of Kcnh1a (G438C), Kcnh1b (G438C), or human
KCNH1 (G440C) were co-injected at 1:1 ratio with wild-type mRNA of Kcnhia
or Kenh1b, respectively. Using two-electrode voltage clamp, K* currents were
elicited by stepwise depolarization (as in Fig. 24), and the maximal conduc-
tances (G,,,,) Were determined. The bars show the mean * S.E. from three
independent experiments (n = 7-15). All values are normalized to G,,,, mea-
sured after injection of wild-type channel mRNA alone. Student'’s t tests are
indicated as * (<0.05), ** (<0.01), and *** (<0.001).

Analysis of the spatial distribution of mRNA levels in organs
of adult zebrafish revealed distinct, but overlapping expression
patterns of both paralogs (Fig. 4B). For kcnhla, expression was
highest in testis and brain, moderate in the eye and the gastro-
intestinal tract, and low in the heart. Strong expression of
kenhlb was observed in testis, whereas lower levels were
detected in brain and ovary. Kcnhlb was also expressed in the
gills, the kidney, and the intestine.

To analyze the spatial expression patterns during develop-
ment, we performed whole-mount in situ hybridization exper-
iments in embryos of different developmental stages using
sequences within the least conserved last exons of both genes as
probes. At 19 hpf, both paralogs showed weak but specific stain-
ing patterns; transcripts were detected in discrete domains of
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FIGURE 4. Expression of kcnh1a and kcnh1b during early development
and in the adult zebrafish. A, temporal mRNA expression patterns of kcnhTa
and kecnh1b in zebrafish embryos at the specified stages (in hours post fertil-
ization, hpf) were analyzed by RT-PCR. One sample without reverse transcrip-
tase (—rt) was used as a negative control. bactin was used as a housekeeping
gene. Arrowheads indicate the expected amplicon sizes. B, shown is the
expression pattern of kcnh1a/b in adult zebrafish tissues. mRNA was isolated
from the specified organs, and analysis was performed as in A. C-F, dorsal and
lateral views, anterior to the left, of zebrafish embryos at 19 hpf (C) and 24 hpf
(D-F) were stained by whole-mount in situ hybridization. Arrowheads point to
specific expression domains. C, upper panels show whole-mount staining for
kenh1a (left) and kecnh1b (right); the lower panels show enlarged posterior
sections after kcnh1b staining (right) versus control staining with a kcnh1b
sense probe (left). D, the two left panels (lateral and dorsal view) show an
expression domain for kcnh1a (arrowheads) that was absent in kcnh1b stain-
ing. For comparison, the right-hand images show equivalent staining with an
atp1a3b-specific probe that was previously shown to mark the epiphysis (30).
E, image details show kcnhla expression domains (arrowheads) in anterior
(left, dorsal) and central to posterior parts (right, dorsolateral) of the embryo.
F, dorsal view images in two focal planes show kcnh1b expression domains
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the hindbrain and trunk (Fig. 4C). Hindbrain expression was
detectable in the rostrolateral part, anterior of the otic placode,
most likely reflecting trigeminal ganglia (Fig. 4C, upper panels,
left arrowheads). Expression of both paralogs in the trunk was
confined to discrete spots arranged in bilateral rows (top, right
arrowheads and bottom, right panel). This staining pattern
likely reflects primary neurons such as Rohon-Beard neurons
or motor neurons.

At the 24-hpf stage, a domain was detected in the dorsal
midline of the brain expressing specifically kcnhla (Fig. 4D,
left), but not kcnh1b (not shown). This kcnhla-specific domain
closely resembled a staining of the epiphysis using the marker
atpla3b (30) as shown in Fig. 4D, right, for comparison.

As already seen at 19 hpf, kcnhla expression domains at 24
hpf comprised a distinct, curved area in the hindbrain (Fig. 4E,
left). In addition, three areas dorsal of the otic vesicle showed
positive signals (Fig. 4E, right). In contrast, kcnh1b expression at
24 hpf was observed bilateral at two confined areas in the cere-
bellum (Fig. 4F, left panel) and in three prominently stained
bilateral domains, two of which were located dorsomedial and
another caudolateral from the otic vesicle (Fig. 4F, right panel,
upright arrowheads). The dorsolateral kcnhlb expression
domains along the trunk were less pronounced but still evident
(Fig. 4F, right panel, right arrowhead). In summary, the expres-
sion patterns for kcnhla and kenhlb were overlapping but not
identical.

Knockdown of kenhla or kenhl1b Induces Severe Developmen-
tal Disturbances—The maternal expression of kcnhla and
kenh1b suggested a physiological function during early devel-
opment (46). Because formation of neuronal structures is one of
the earliest developmental processes, we hypothesized that
neuronal expression of kcnh1 genes might be of general impor-
tance for the growing embryo. To test this hypothesis we used a
morpholino-mediated gene knockdown approach. MOs are
antisense oligonucleotides that can prevent gene expression on
two different levels (47). ATG morpholinos (ATG-MO) inhibit
the translation of mature mRNAs. Alternatively, splice mor-
pholinos (splice-MO) that are directed against specific splice
donor or acceptor sites result in inclusion of an intron, exclu-
sion of an exon, or usage of an alternative splice site. To rule out
potential unspecific effects, we employed three different mor-
pholinos for each kcnh 1 paralog, two splice-MO and one ATG-
MO. In addition, one ATG-MO was designed to interfere with
both paralogs (panATG-MO). As controls we used previously
described ATG-MOs targeting the closely related kcnh2 potas-
sium channel gene or the p53 tumor suppressor gene. Expres-
sion of kcnh2 is confined to the heart, and knockdown of this
gene has been reported to cause pericardial edemas, the
absence of circulation, and atrioventricular block (13, 14).
Knockdown of p53 was reported to have no early phenotype, as
expression of p53 in zebrafish does not start before 48 hpf (32).

The most dramatic effect of all kenh1-directed MO injections
was a dose-dependent mortality of early embryos. Fig. 54 sum-
marizes the survival rates at 24 h. Although uninjected controls
and embryos injected with the p53-targeting morpholino had

(arrowheads) in anterior (left) and central to posterior regions (right) of the
embryo.
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almost 100% survival rates, all morpholinos targeting kcnhl
genes caused a dramatic reduction of survival irrespective of the
mode of interference of the morpholino. At the lowest morphol-
ino concentration (0.1 mm) about 50% of the morphants sur-
vived, and at the maximum concentration of 1 mm, the survival
dropped below 20%. Apparently, both kcnhl paralogs must be
involved in vital functions during development of the first 24 h.
Knockdown of the kcnh2 potassium channel gene had a milder
phenotype and even at the highest concentration at least 50% of
the embryos survived.

The earliest morphologic phenotype of kcnhl morphants
was a constriction of the marginal enveloping cell layer (Fig. 5B,
upper right panel). In seven independent injections with three
different morpholinos for each of the two kcnh 1 paralogs as well
as with the pan-ATG MO (all at 0.5 mwm), this phenotype was
detectable in 15- 30% of the injected embryos (n = 75) at 5 hpf.
This constriction did not occur in any of the three controls.
Later, at 11 hpf, 16 -37% of the kcnhI morphants showed a
strong phenotype with progressive cell detachment at the tails
and eventually necrosis (Fig. 5B, lower right image). At 18 hpf
most embryos had not developed further, and only 7-21% of
the injected embryos in the seven groups of kcnhl morphants
showed no severe malformations but were clearly retarded in
growth compared with uninjected embryos. Given the severity
of the phenotype in early development, we assume that these
embryos are hypomorphic, most likely due to incomplete kcnh 1
knockdown.

Inspection of surviving morphants at 48 hpf revealed an
overall growth retardation in all kcnk1 morphants, irrespective
of morpholino type (Fig. 5C). Beyond this general phenotype,
frequently observed characteristics of kcnhl morphants were
kinked tails (Fig. 5C, arrowhead 1), yolk sac extension defects
(2), tail edemas (3), hydrocephaly (4), and poorly developed eyes
(5). By contrast, p53 morphants showed no differences in com-
parison to uninjected controls. The kcnh2 morphants showed
no growth retardation, but more than 50% of these embryos
displayed typical heart edema (Fig. 5C, bottom, arrowhead 6).

To confirm efficiency and specificity of the morpholinos tar-
geting kcnhla and kenhlb, we employed two strategies. First,
we compared the efficiency of ATG-MOs on the protein level
using modified GFP and RFP constructs harboring the mor-
pholino target sequences upstream of the respective start
codon supplemental Fig. S1, A—C; Table 1). Second, we exam-

cated MO concentrations. For both kcnh1a and kcnh1b, three different gene-
specific MOs, affecting either splicing (spl1, spl2) or translation (ATG), were
used to knock down gene function. A panATG MO was directed against both
kenh1 paralogs. Uninjected embryos and embryos injected with MOs target-
ing p53 or kcnh2 genes served as controls. Results are based on four inde-
pendentinjections (mean = S.E.,n = 20-50). B, shown are two representative
phenotypes of kenh1a morphants after injection of ATG-interfering MOs (0.5
mm) at the indicated time points. Arrowheads in the upper rightimage indicate
a typical constriction of the marginal enveloping cell layer at 5 hpf. At later
stages (11 hpf), a strong phenotype was characterized by progressive cell
detachment at the tail region (lower right panel, arrowhead), and subsequent
necrosis (asterisk). C, shown is a phenotype of kcnh1 morphants at 48 hpf in
comparison to uninjected controls and p53 or kcnh2 morphants. All injections
were performed with ATG-MO at 0.5 mm. Note the general growth retardation
of kenh1 morphants and frequent characteristics, such as kinked tails (arrow-
head 1), yolk-sac extension defects (2), tail edemas (3), hydrocephaly (4), and
poorly developed eyes (5). The bottom image shows a kcnh2 morphant with
typical heart edema (arrowhead 6).

JOURNAL OF BIOLOGICAL CHEMISTRY 35571


http://www.jbc.org/cgi/content/full/M112.363978/DC1

Kcnh1 Is Required for Embryonic Development

ined the specificity and efficiency of kcnhl splice-MOs in
knocking down the respective wild-type mRNAs using RT-PCR
(supplemental Fig. S1D). The kcnhl ATG-MOs specifically
blocked their target sequences supplemental Fig. S1C and
Table 1), and the kecnhlisplice-MOs specifically knocked down

whole-mount in situ hybridization in morphants with a mild
phenotype. Analysis of early fate specification during gastrula-
tion (5 hpf) using the axial mesoderm marker no tail (ntl) did
not reveal any differences between kcnhla and kcnhlb mor-
phants and uninjected controls supplemental Fig. S2). How-

the levels of their target mRNAs in a dose-dependent manner
supplemental Fig. S1D). The RT-PCR analyses also indicated
lack of transcriptional compensation between kcnhl paralogs,
as the knockdown of one kcnh1 gene did not affect the mRNA
levels of the other.

Knockdown of kenhla and kenhl1b Delays Hindbrain Forma-
tion and Somitogenesis—T o gain insight into the events under-
lying the developmental defects in kcn/kI morphants, we ana-
lyzed the expression pattern of developmental markers via

ever, during embryonic segmentation (12 hpf), kenhla and
kenh1b morphants consistently displayed a lateral expansion of
hindbrain territories labeled by krox20 (rhombomeres 3 and 5,
Fig. 6, white arrowheads). In kenhl morphants, the rhombom-
eres 3 and 5 were thinner and wider than in controls, and rhom-
bomere boundaries were less sharp. In kcnhib morphants,
often no krox20-positive cells had reached the midline axis of
rhombomere 5 at this time point (Fig. 6, white arrowheads in
the upper dorsal panel). Together these findings suggest that
hindbrain development in kcnkI morphants is delayed by sev-
eral hours.

Labeling of somites in the axial mesoderm with a myoD
probe was also indicative of a slower development of kcnhl
morphants. At 12 hpf the number of clearly distinguishable
somites was reduced, and they failed to expand laterally as in

TABLE 1

Specific effects of ATG morpholinos on the translation of modified GFP
and RFP mRNAs

Numbers of embryos show detectable GFP and RFP signal (GFP/RFP) at 24 hpf,
after the co-injection of the indicated morpholinos and mRNAs.

None kcnhla kenhlb kenhl pan

Morpholino-target sequence mRNA

GFP/RFP 13/13 15/15  12/12  12/12 - )

kenhla MO wt-GEP?/kenhla MO mm-RFP? 12/12 4/17  16/16  18/18 the controls (Fig. 6, black arrowheads in the lower dorsal panel).
kenh1b MO wt-GFP/kenh1h MO mm-RFP 14/14 18/18 2/16  13/13 S .

kenh pan-MO wt-GFP/kcrhl pan-MO mm-REP 12/12 16/16 20/20  3/15 These results indicate that kcnhl MO disturbed the normal

extension of the embryonic anterioposterior axis (myoD) and
affected hindbrain patterning as visualized by the neural fate
marker krox20.

“ wt indicates that the morpholino target sequence has the wild-type sequence as
indicated in supplemental Fig. S1, A and B.

” mm indicates that the morpholino target sequence has five mismatches as shown
in supplemental Fig. S1B.
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FIGURE 6. Developmental delay of kcnh1 morphants affects hindbrain formation and somitogenesis. A, shown are representative whole-mount in situ
hybridizations of zebrafish embryos with digoxigenin-labeled riboprobes for markers of hindbrain (krox20) and somites (myoD). Uninjected embryos (control)
are compared with the indicated morphants. In lateral images (upper row), the dark-stained hindbrain rhombomeres 3 and 5 (krox20) and an extended stretch
of myoD-stained somites are visible in the upper left and right region of the images, respectively. In the bottom row of the dorsal images the embryos are rotated
to the left (anterior) by about 70 degrees. Note that in kcnh1a and kcnh1b morphants the rhombomeres 3 and 5 (white arrows) are thinner and that midline
fusion of rhombomere 5 is incomplete. The lateral expansion and segmentation of somitic and presomitic mesoderm (black arrows) is reduced in both kcnh1
morphants. The percentage of embryos showing the given phenotype in two independent experiments is indicated in the upper images. B, early gene
expression is modulated by kcnh1. Expression of the indicated genes in zebrafish morphants was analyzed by quantitative RT-PCR at 70% epiboly stage (7.5
hpf). Gene-specific quantitative PCR signals in uninjected controls as well asin kcnh1a, kenh1b, and pan-kcnh 1 morphants were normalized to p53-MO-injected
controls, and ef1a served as the housekeeping gene for all samples. Genes are ordered according to the effect of pan-kcnh1-MO injection. Data are the mean =
S.D. from two independent experiments with each three reactions.
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Knockdown of kenh1 Alters the Expression of Genes Involved
in Cell-cycle Control—To gain an insight into potential mech-
anisms underlying the described phenotype in kcnhl mor-
phants, we used quantitative PCR and monitored the mRNA
expression of genes required for zebrafish development. This
gene set comprises transcription factors, cell-cycle regulators,
protein kinases, and adhesion proteins. We assumed that the
delay in hindbrain formation and somitogenesis at 12 hpf must
be preceded by more subtle changes at earlier time points and
chose the onset of constriction of the enveloping layer (70%
epiboly, 7.5 hpf) for expression analysis. Consistent with our
viability data (Fig. 54), the knockdown of p53 had no significant
impact compared with uninjected controls. Fig. 6B shows the
changes of mRNA levels, ordered from up-regulated to down-
regulated genes. At this time point, the mRNA levels of several
genes showed no or only minor changes upon kcnh1-MO injec-
tion. Among the non-responsive genes are the protein kinase
genes erk2, her4, juk, and the transcription factor gata2. This
demonstrates that gene expression in kcnhl morphants is not
generally disturbed. By contrast, the expression of three genes
(N-cadherin, p21, p27) was up-regulated by more than 50% in at
least one of the morphant groups. The products of p21 and p27
are known for their function as cyclin-dependent kinase inhib-
itors and, thus, inhibitors of cell proliferation. Also N-cadherin
(cdh2) has recently been shown to restrict cell proliferation in
zebrafish embryos (48). The up-regulation of N-cadherin was
more pronounced in kcnhla morphants and in embryos
injected with the pan-kcnh1-MO than in kcnh1b morphants. A
third group of genes was found down-regulated in kcnh1 mor-
phants. The respective gene products have diverse functions,
including secreted signaling proteins (wntll, fgf8), transcrip-
tion factors (foxD3, cfos, sox2), and cell-cycle regulators (cyclin
D1). Of note, the down-regulation of cyclinD1 is in agreement
with previous cell-based studies, reporting that siRNA target-
ing kcnhl down-regulates cyclinDI in human breast cancer
cells (49). All the down-regulated genes are in one way or
another associated with proliferation. Morpholino-induced
gene repression was largely independent of the targeted kcnhl
paralog, with exception of sox2, which was not significantly
altered in kcnhla morphants, but was strongly reduced by
kenh1b-MO and pan-kenh1-MO (Fig. 6B). Taken together, the
quantitative PCR data reveal that delayed patterning and
growth reduction seen at 12 hpf in knchi-depleted zebrafish
embryos are preceded by specific alterations in the transcrip-
tion levels of genes involved in the control of cell proliferation.
We were interested to see whether the impact of kenh1 knock-
down on regulatory genes is predominantly quantitative or if
the spatial expression of responsive genes is also disturbed. To
address this question we selected three down-regulated genes
(fgf8, wntl1, foxd3) and analyzed their expression domains by in
situ hybridization at the gastrulation stage (90% epiboly) and
during early somitogenesis supplemental Fig. S3). We did not
observe prominent changes of the spatial expression profiles.
However, a moderate reduction of signal intensity upon pan-
kenh1-MO injection was typically observed for fgf8 and foxd3
during gastrulation supplemental Fig. S3A).
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DISCUSSION

The physiological and pathophysiological roles of the volt-
age-gated potassium channel Kcnhl in humans and other
mammals are far from being understood. Further investigations
require suitable model organisms, allowing a faithful compari-
son to the situation in humans. We used zebrafish as a model to
study expression and function of kenhlI genes during vertebrate
embryogenesis. We found that fish kcnh1 genes are duplicated
(so called kenhla and kenhib) and highly conserved compared
with the human ortholog. In adult fish we observed expression
of both genes in the brain and expression of kcnhla in the eye,
which is consistent with the expression patterns found in mam-
mals (3, 5). Kenhl inactivation led to severe and lethal pheno-
types. Molecular analysis of kcnh 1 loss-of-function phenotypes
revealed a general delay of development in kcnhl morphants.
The normal anterio-posterior patterning of zebrafish embryos
is impaired, with evident loss of neural fate markers in the hind-
brain region and reduced expression of muscle fate markers
during segmentation. Our results thus suggest a crucial role of
Kcnhl channels during embryogenesis.

Electrophysiological characterization of heterologously
expressed Kenhla and Kenhlb channels revealed a functional
behavior similar to that of the human channel but with slightly
increased single-channel conductance of the fish channels. The
typical modulation of channel activation kinetics by prepulse
potential and external Mg>" ions is also conserved between
human and fish channels. This may be explained by almost
complete conservation of the transmembrane segments S2
through S4, harboring the binding site for external Mg>* ions
(50). Similarly, the CaM binding motifs identified in the human
KCNH1 channel (36, 51) are well conserved in the fish
orthologs, and Ca®" sensitivity of both fish channels could be
confirmed in Xenopus oocytes.

After a whole-genome duplication event, a common fate of
duplicated genes is the loss of function of one gene copy by
inactivating mutations (52). Alternatively, preservation of two
functional gene copies may occur if one gene adapts a new
function (neofunctionalization) or if both genes experience a
partial loss of subfunctions (53). In the case of the kcnhlI genes
in zebrafish, our heterologous expression data do not support
neofunctionalization or loss of subfunctions. The analysis of
mRNA expression of kcnhla and kenhlb in the developing
embryo did not reveal evidence for temporal subfunctionaliza-
tion, and both mRNA species were already present in the fertil-
ized egg. We hypothesize that the two kcnhl paralogs under-
went at least in part a spatial subfunction partitioning, as we
observed overlapping but not identical expression domains for
the two genes. This is exemplified by the exclusive detection of
mRNA for kcnhla in the epiphysis at 24 hpf, whereas at the
same developmental stage three bilateral domains exhibited
prominent and exclusive staining for kcnh1b. For domains that
coexpress both paralogs (e.g. primary neurons along the body
axis), the formation of heteromeric channels must be assumed,
as simultaneous expression in Xenopus oocytes provided evi-
dence for mixed channel formation. This is in agreement with
the previous observation that human channels of the EAG sub-
family (KCNH1, KCNH5) also form heteromers (25). Func-
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tional coassembly of closely related channels has also been
described for human eag-related gene (ERG) channels (45).

To date, the developmental activity of kcnhl genes has not
been reported in mammalian models nor have embryonic phe-
notypes been described in Drosophila eag mutants. Early devel-
opment is regulated by a combination of maternal factors
(deposited in the egg during embryogenesis) and zygotic factors
generated by the embryo itself (46). Our data indicate that
zebrafish kcnhla and kenhlb are two of such maternal factors
crucial for development. The knockdown of either one of the
kenhl genes led to severe phenotypes including early mortality
and cell detachment.

In line with the predominantly neuronal expression of both
kenhl genes, an obvious late effect of morpholino treatment
was an initial retardation of the developing brain accompanied
by the loss of hindbrain markers. With ongoing development,
these effects extended to other parts of the body including the
tail, and the whole embryos did not reach normal length. In this
context it is important to note that expression of both kcnhl
paralogs was not restricted to the brain but was also detectable
along the body axis in primary neurons of the spinal cord. Thus,
the observed fundamental role of both kcnh1 paralogs is in line
with the temporal and spatial expression patterns of both genes.

Morpholino antisense technology provides a powerful tool to
study gene function in vivo, but off-target effects have also been
described to cause neural cell death and even general retarda-
tion (54). To exclude misinterpretations, we controlled our MO
experiments in two ways, 1) by comparing our kcn/1 morphant
phenotypes with two independent MO and 2) by analyzing the
extent of interference with normal kcnkl pre mRNA splicing
via RT-PCR and expression of modified GFP/RFP mRNAs.

Although the morpholino-induced phenotypic alterations
became apparent with the development of early brain struc-
tures and the onset of segmentation, changes in the transcrip-
tional profile of distinct genes were already evident at 7.5 hpf
(70% epiboly). Some of the observed changes like the up-regu-
lation of cell-cycle inhibitors p21 and p27 immediately suggest
a mechanistic basis for the developmental delay at later time
points. For the cell adhesion protein N-cadherin (cdh2), a
causal link of up-regulation to the phenotypic changes is less
intuitive, but a specific role for N-cadherin in zebrafish neural
development has recently been demonstrated (48). N-cadherin
was found to restrict cell proliferation in the dorsal neural tube,
amechanism that might well be involved in the impaired neural
development of kcnhl morphants. Principally, the impact of
kenhl knockdown on responsive genes might also involve a
spatial disorganization of expression, in addition to quantita-
tive effects. However, our analysis of fgf8, wnt11, and foxd3 at
later developmental stages did not reveal prominent changes in
the respective expression patterns.

It remains to be determined how Kcnh1 proteins can influ-
ence gene expression in the developing embryo. The unique
dependence of Kcnhl channels on intracellular Ca**, distin-
guishing it from Kcnh2 and other voltage-gated potassium
channels, may be of special interest because Ca®"-dependent
signals have a fundamental role in cellular signaling and a role
for Ca®" in patterning of the early zebrafish embryo is well
established (for review, see Webb and Miller (55)). A recent
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report showing that human and rat Kenhl channels can also
localize to the inner nuclear membrane (56) suggests that direct
interactions with nuclear regulators and even with chromatin
might also occur. Interestingly, of nine genes that we found regu-
lated by kcnhl depletion, two genes were affected specifically by
kenhla (N-cadherin) or by kenhlb (sox2), suggesting that some
regulatory functions of the paralogs must be unique. Given that
critical players in embryogenesis are often re-employed in tumor-
igenesis, the disclosed role of Kcnhl in ontogenetic processes will
also have consequences for the future understanding of Kenhl
channels in cell proliferation and cancer.
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