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Abstract

Background—~Cardiac repolarization, the process by which cardiomyocytes return to their resting
potential after each beat, is a highly regulated process that is critical for heart rhythm stability.
Perturbations of cardiac repolarization increase the risk for life-threatening arrhythmias and sudden
cardiac death. While genetic studies of familial long QT syndromes have uncovered several key
genes in cardiac repolarization, the major heritable contribution to this trait remains unexplained.
Identification of additional genes may lead to a better understanding of the underlying biology, aid
in identification of patients at risk for sudden death, and potentially enable new treatments for
susceptible individuals.

Methods and Results—We extended and refined a zebrafish model of cardiac repolarization by
using fluorescent reporters of transmembrane potential. We then conducted a drug-sensitized genetic
screen in zebrafish, identifying 15 genes, including GINS3, that affect cardiac repolarization. Testing
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these genes for human relevance in two concurrently completed genome wide association studies
revealed that the human GINS3 ortholog is located in the 16g21 locus which is strongly associated
with QT interval.

Conclusions—This sensitized zebrafish screen identified 15 novel myocardial repolarization
genes. Among these genes is GINS3, the human ortholog of which is a major locus in two concurrent
human genome wide association studies of QT interval. These results reveal a novel network of genes
that regulate cardiac repolarization.
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Introduction

Methods

Aquaculture

The electrocardiographic QT interval duration is a predictor of mortality in familial long QT
(LQT) syndromes?, as well as in a wide range of acquired heart diseases?:3. QT prolongation
by drugs can also lead to fatal arrhythmias and has been a major cause of the withdrawal of
medications from the market in the last decade®. Virtually all drugs that cause this adverse
effect inhibit the rapid component of the delayed rectifier current, Ik,

The QT interval is a summation of individual cellular action potential (AP) durations (APD)
and is known to depend on the function of multiple ion channels and their accessory proteins.
Much of our current understanding of cardiac repolarization comes from the study of familial
long QT (LQT) syndromes®:’. These disorders are marked by abnormal cardiac repolarization
and a high incidence of sudden death®. While the majority of LQT disorders result from
mutation of ion channel genes, there is increasing recognition of the role of non-ion channel
mechanisms such as ankyrin B?, and the caveolar scaffolding protein caveolin 310,

The zebrafish has been shown to recapitulate much of the complexity of higher
vertebrates!?, yet still retains the potential for exploring integrative physiology on a genomic
scalel2:13 Here, we studied cardiac repolarization as a complex trait using a functional screen
to identify novel genetic determinants.

All experiments were performed in Tuebingen AB zebrafish raised at 28C and maintained
using standard methods. Embryos were staged according to morphological criteria (somite
number) and by timing in hours post fertilization (hpf).

Voltage mapping

Individual hearts were isolated by microdissection in modified Tyrodes solution (136 mM
NaCl, 5.4 mM KCI, 0.3 mM NaH,PQOy, 1.8 mM CaCly, 1ImM MgCl,, 5mM glucose, 10mM
HEPES, 2% BSA\) these solutions are based on measurements from zebrafish serum4 and also
previous studies of zebrafish cardiac physiology%:16. Dofetilide (a gift from Pfizer, Groton,
CT) was added where indicated from a 25mg/ml stock in DMSO for 30 minutes prior to
imaging. Cardiac motion was arrested by use of the myofibrillar ATPase inhibitor 2, 3-
butanedione monoxime (Sigma) at 15-17mM. Hearts were stained with a 7uM solution di-4-
ANEPPS (Molecular Probes, Eugene, Oregon) for 10 minutes immediately prior to imaging.
The preparations were placed in a custom pacing and imaging chamber and voltage mapping
of cardiac electrical activity was performed using this chamber and a CCD camera
(CardioCCD-SMQ, RedShirt Imaging, Decatur, GA) mounted on a Nikon TE2000 inverted
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microscope. The hearts were field paced at 60 min~1 (Grass S48K Stimulator, West Warwick,
R1) unless otherwise indicated. Samples were illuminated using a 120W metal-halide Exfo X-
Cite 120 lamp with a 480nm/40 excitation filter and the fluorescence image filtered through a
535nm/50 emission filter. Data were acquired at a frame rate of 125Hz. Subsequent analyses
were performed using Cardioplex Software, including exponential subtraction of baseline
photobleaching. Measurements of action potential durations were taken as the average of three
or more successive beats for each sample. To improve signal to noise ratio in 48hpf hearts,
signal averaging of 5 successive action potentials was performed using Clampfit (Molecular
Devices, Sunnyvale CA). Action potential duration was calculated at 90% repolarization
(APD90).

Repolarization screen

The methods for the generation of the insertional mutant library and identification of the
mutated genes have been reported previously’. Embryos were obtained from the natural
spawning of heterozygous carriers, setup in pair-wise crosses. Embryos were collected,
exposed to 12uM dofetilide at 36hpf and 20 mutant embryos from each clutch scored for heart
rate effects and the presence or absence of 2:1 AV block at 48hpf as previously described!3.
In wild-type embryos this dose of dofetilide results in 2:1 AV block in 100% of fish due to
marked prolongation of ventricular refractory periods (Figure 1b). Mutants with abnormal
cardiac responses to dofetilide were confirmed on at least two occasions in multiple clutches.

Zebrafish Nitric Oxide Synthase 1 Adaptor Protein identification

The zebrafish nitric oxide synthase 1 adaptor protein (NOS1AP) gene was identified by
homology search of the Ensembl database using the human NOS1AP peptide sequence as a
query. The strongest homology was found to be a predicted gene on linkage group 6 that
encodes a putative 506 amino acid protein bearing 71% identity and 80% similarity to the
human sequence.

Morpholino knockdown

Morpholinos (Gene-Tools, LLC, Philomath OR) were resuspended in sterile water to a
concentration of 1 mM and diluted to 10-100 uM with 1X Danieau's [58 mM NaCl, 0.7 mM
KCI, 0.4 mM MgS0O4, 0.6 mM Ca(NO3)2, 0.5 mM Hepes, pH 7.6]. The morpholinos were
injected at the single cell stage in a volume of approximately 5 nl. Morpholino sequences were
as follows; NOS1AP 1 exon donor 5'-AATAAATTCACGTTACCTTTGCTTC-3', NOS1AP
ATG 5-TTGTACTTTGTTTTTGCAGGCATGG-3', Mismatch Control 5'-
AAaAAATTYACCTTACGTTTGYTTC — 3, GINS3 exon 2 donor Morpholino 5'-
TACGACTACTCAAGGCTCACCTGGA - 3. The effects of morpholinos on mRNA levels
were assayed using quantitative real-time RT-PCR from injected embryos with beta-actin as
a control.

Analysis of association data from the Genome Wide Association Studies consortia QT-
Genetics (QTGEN) and QT-Sudden Cardiac Death (QTSCD)

Human orthologs of the 15 zebrafish repolarization genes were identified in the current human
NCBI genome assembly. Surrounding genomic regions (£ 150Mb) from the start and stop
codons were annotated (a total of 5.0 Gb of genomic sequence). The single most significant
SNP at each locus was identified in the QTSCD GWAS and reported. For the GINS3 locus,
the most significant SNP in both QTSCD and QTGEN datasets was meta-analyzed, and the
resulting best p-value reported. QT association results from all SNPs at all loci tested (4171
SNPs) were used to generate a quantile-quantile plot of observed vs. expected signals. This
procedure was repeated excluding the GINS3 locus to detect additional associations.
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Network annotation

Results

The putative orthologs of each zebrafish repolarization gene in yeast, C. elegans, Drosophila,
mouse and human were identified through reciprocal best match BLAST searches. Databases
of genetic or physical interactions (Biomolecular Object Network Databank (BOND,
http://bond.unleashedinformatics.com; Wormbase release WS160,
http://www.wormbase.org; Gene Orienteer v1.6, http://www.geneorienteer.org/index.php)
were searched to identify pathway members. (see Supplemental data Table 2) and a simple
network diagram constructed. Pairwise genetic interactions between orthologs in multiple
species were denoted using a single line. Physical interactions between orthologs were signified
using a heavy line.

The zebrafish models multiple aspects of human repolarization

While previous work has demonstrated parallels between zebrafish and human cardiac
electrophysiology®:18:19  there is still no simple method for recording QT interval, or its
cellular correlate, action potential duration (APD) in embryonic zebrafish. We therefore
developed optical voltage mapping for high-resolution electrophysiologic analysis of the
zebrafish heart (Supplemental Figure 1).

We initially recorded cardiac action potentials in the zebrafish mutant breakdance which
carries a mutation in KCNH2 11:20, the major subunit responsible for Ik,, and a known QT
interval modifier21=23, Homozygous breakdance embryos display striking increases in APD
compared to wild-type siblings (615 + 66msec vs 225 + 21msec, p=1.2 x 10~8) (Figure 1a).
There was also evidence of action potential “triangulation,” a hallmark of arrhythmic risk
characterized by replacement of the plateau phase of the action potential with slow, linear
repolarization (Figure 1a). We also observed spontaneous early afterdepolarizations, the
triggers of torsade de pointes (Figure 1b) in the bkd —/— zebrafish hearts.”. Optically measured
action potential durations correlate well with previously reported intracellular recordings from
wildtype zebrafish ventricular myocytes!®.

We verified the predicted heightened sensitivity of heterozygote breakdance mutants to Ik,
block®. At baseline, breakdance heterozygotes display minimal APD prolongation (258 +
16msec vs. 226 + 21msec, p=1.0 x 1074), but exposure to the potent and specific I, blocker
dofetilide at 10 nM (similar to circulating plasma levels of the drug in clinical use) prolonged
their action potentials by 194 + 92 msec (+75%), compared to an increase of 64 + 45msec
(+28%) in wild type (Figure 1c).

Treatment of zebrafish with sea anemone toxin (ATX-I1), a toxin that interferes with sodium
channel inactivation?* resulted in a dose-dependent increase in the APD, extending the parallels
with human QT interval to include the LQT3 syndrome (Figure 1d).

Variation at a locus in the Nitric Oxide Synthase 1 Adaptor Protein (NOS1AP) gene has been
associated with QT interval variation in humans?®. Morpholino knockdown of zebrafish
NOS1AP shortened ventricular action potentials compared to wild type (142 + 34msec vs 238
+ 41msec, p=0.001) (Figure 2a and 2b), and caused a reproducible increase in the upstroke
slope of the action potential. Morpholino injection resulted in loss of >90% of processed
NOS1AP message (Figure 2c¢). Results were confirmed with a second non-overlapping
morpholino (APD = 194ms * 27, p=0.03 vs wild-type), while a 5-basepair mismatch control
morpholino did not alter APD or NOS1AP mRNA levels (Figure 2b).
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Phenotype driven screen for repolarization modifiers

To discover additional genetic determinants of cardiac repolarization, we conducted a screen
of 294 zebrafish insertional mutants originally selected based on early recessive morphologic
phenotypes 17. Because homeostatic mechanisms can mask important genetic effects, we used
dofetilide to sensitize the screen. All fish were exposed to a dose of dofetilide (12uM) that
causes uniform 2:1 atrioventricular (AV) block in wildtype embryos. This phenotype is
reminiscent of 2:1 AV block observed in profound cases of pediatric long QT syndrome26—
28 Resistance was defined as failure to develop 2:1 AV block, while sensitized embryos
displayed higher grade or complete AV block. Thirteen resistant and two sensitized mutants
were identified and confirmed in multiple clutches (Table 1). Of the original 294 mutants tested,
128 (44%) display clear morphologic cardiac defects, while the remaining 166 do not. Of the
15 drug response mutants we identified, 8 had morphologic defects, while the remaining 7 did
not. In each instance the drug response effects co-segregated with known mutant phenotypes,
and were confirmed with multiple alleles when available (Table 1). Non-specific effects of
viral insertion were excluded by the absence of any effect on drug response in the majority of
mutant lines. Among the drug-resistant mutants was an allele of a cerebral cavernous
malformation gene CCM2, known in the zebrafish as valentine (vtn). Valentine has been
previously implicated in the regulation of cardiomyocyte function and vascular morphogenesis
during development.2® Optical mapping demonstrated abnormally short action potentials in
vtn homozygotes (Supplemental Figure 2). The phenotypes were replicated in independent
ethyl-nitrosourea (ENU) induced mutant alleles of vtn, and in known mutant lines in two other
genes in this pathway: heart of glass (heg) and santa (san), (Supplemental data Table 1).29:30

In silico analysis reveals a network of repolarization genes

In order to better understand potential relationships between these 15 genes we systematically
evaluated potential pair-wise interactions between the genes we identified and known
repolarization genes, including NOS1AP, using public databases of experimental genetic and
physical interactions. Pair-wise interactions between gene orthologs in yeast, C. elegans,
Drosophila, mouse and human were identified and used to construct a network diagram with
genetic interaction indicated by a solid line, and physical interactions indicated by a bold line
(Figure 3c). These analyses suggest a network of transmembrane and cytoplasmic proteins that
modulate ion channel function, perhaps through interactions with integrin pathways
(Supplemental Data Table 2).

Testing zebrafish repolarization genes in human cohorts

Two large GWAS of the human QT interval, a quantitative measure of cardiac repolarization,
have been completed in 13,685 subjects in the QTGEN consortium3! and in 15,854 individuals
in the QTSCD consortium.32 We identified human orthologs of the 15 zebrafish repolarization
genes and searched for association signals with single nucleotide polymorphisms (SNPs)
within 150kb of each gene (Figure 3a). In both GWAS, highly significant association was
found in an interval including the GINS3 gene (p = 310715 (QTGEN), p = 2x10712 (QTSCD),
meta-analysis p = 3x102%). To aid determination of the significance of these associations, we
generated a quantile-quantile plot (Figure 3b) that demonstrates deviation of the observed p-
values from those expected by chance alone. No other significant associations were detected
(Figure 3a), as demonstrated by a quantile-quantile plot excluding SNPs from the 16g21 locus
(Supplemental Figure 3).

Given the finding that GINS3 lies within a human locus associated with variation in the QT
interval, we tested GINS3 mutants for differences in action potential duration. Optical mapping
in GINS3 —/—embryos revealed shorter ventricular action potential durations compared to wild
type controls (193 +/— 2 msec vs. 238 +/— 8 msec, respectively, p=3.5 x 1072, N = 5 embryos).
In the presence of 20nM dofetilide, both GINS3 —/— and wild type embryos showed
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prolongation of APD90 (264 +/— 12 vs. 389 +/— 20 msec, p = 0.016, Figure 2d). Morpholino
knockdown of GINS3 phenocopied the failure to develop 2:1 AV block upon dofetilide
challenge (12uM) in three separate trials with 38 of 38 wild type controls exhibiting 2:1 AV
block while 33 of 43 GINS3 knockdown embryos did not (p< 1074, Fisher's exact test)
(Supplemental Figure 4a). RT-PCR confirmed exclusion of exon 2 in morpholino injected
embryos (Supplemental Figure 4b and c). GINS3 mutants and morphants display no other
cardiac phenotype.

Discussion

Voltage mapping enabled high-resolution measurement of zebrafish cardiac repolarization and
demonstrated the accurate modeling of drug-induced QT prolongation, as well as two genetic
LQT syndromes. These results suggest that the zebrafish, in contrast to other genetically
tractable organisms, may prove to be a faithful model of human cardiac repolarization.

A fundamental limitation of genetic association studies is that they can neither conclusively
identify the causative gene, nor can they assess the relationship between levels of gene
expression and the observed phenotype. In the zebrafish, loss of NOS1AP expression leads to
APD shortening. Interestingly, APD shortening was the observed phenotype of NOS1AP
overexpression in guinea pig myocytes33, These differing results may reflect the fact that both
loss and overexpression of adaptor proteins can cause misregulation of functional complexes,
or may simply be due to differences in the model systems.

Our phenotype-driven screen identified 15 genes that regulate cardiac repolarization. The high
percentage of positive results, fifteen of 294 mutants tested, may reflect a large proportion of
cardiac phenotypes collected in the original insertional mutant screen. Cardiac phenotypes have
historically had a high prevalence in morphologic screens'1:34 and repolarization
abnormalities are known to accompany many disorders of cardiac form and function’+3%,
However, only half of the repolarization mutants we identified displayed structural cardiac
defects, and in particular, GINS3 mutants exhibited no other morphologic or other functional
defects. In addition, many mutants with severe functional cardiac defects failed to display any
altered response to dofetilide. One hundred and twenty eight mutants with morphologic cardiac
defects were included in this screen, of which 8 (6.25%) had repolarization phenotypes.

Interestingly, the majority of mutants identified were resistant to dofetilide. There are a number
of biases in our screen, chief among them that we studied only recessive alleles. The use of an
Ikr inhibitor in this screen may have resulted in an inherent bias toward the identification of
dofetilide resistant mutations that could result from defects which increase repolarizing
currents or decrease depolarizing currents. Additionally, the zebrafish appear to undergo a
developmental transition at approximately 40 hours to an Ik, sensitive state35. Prior to this
point, the heart rhythm is insensitive to Iy, block!®:18:20 |t is possible that some of the genes
identified in this screen play a role in the transition to a dofetilide-sensitive state perhaps
through the coordinate regulation of ion channel expression including Ik, channel subunits.

The statistical evidence of association of the human 1621 locus with QT interval in two
independent GWAS is highly compelling. The causal gene, or genes, at this locus is not known,
but several candidates exist including CNOT1, SETD6, NDRG4, and GINS3. Our data suggest
that, despite the 127Kb between GINS3 and the most strongly associated polymorphism,
GINS3 is likely the responsible gene. Such remote cis effects have been established for loci
identified in GWAS of other human traits3’. Alternatively, multiple genes may play a role at
a given locus. The conserved synteny between GINS3 and NDRG4 in humans and zebrafish
raises the possibility of more complex mechanisms. Indeed, NDRG4 knockdown in the
zebrafish has been reported to cause a cardiac phenotype, although repolarization has not yet
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been studied38. The zebrafish may prove a useful model to explore potential gene-gene
interactions as well as the underlying biologic mechanisms.

There are several limitations to note in this study. For instance, only one human ortholog of a
zebrafish repolarization gene was found to be associated with QT interval. There are several
potential explanations for this. First, there simply may not be common functional
polymorphism present in the human genes to allow their identification — this is especially true
of the genes that caused morphologic cardiac defects, for which there may be selective
pressures against functional variants. In addition, effect sizes from variation in these genes may
simply be too small to detect by GWAS. Of note, our study tested myocardial repolarization
in the setting of pharmacologic Ik, blockade, an approach that may identify genes with little
or no effect on human resting QT interval. It will be interesting to see if the remaining zebrafish
genes show association with QT interval in larger GWAS meta-analyses or from collections
of patients taking Ik, blocking drugs. Additionally, the possibility exists that some of the genes
we have identified may be important in a developmental context but not in adult human
repolarization. There is still a considerable amount of work to be done in order to understand
the mechanisms by which each of the genes we have identified affect cardiac repolarization.

The explosion of GWAS results in the last few years has led to speculation about efficient
methods to study the biology underlying novel associations. We believe that models such as
the zebrafish, where faithful phenotypes can be demonstrated, may afford an opportunity not
only for “functional fine mapping' but also for the systematic exploration of gene-gene, gene-
environment and gene-drug interactions necessary for personalized medicine to become a
reality.

The electrocardiographic QT interval duration is a predictor of mortality in rare familial
long QT syndromes, but also in a wide range of acquired heart diseases. QT prolongation
can also occur as an unintended drug side effect where it can lead to fatal arrhythmias. This
drug side effect has been a major cause of the withdrawal of medications from the market
in the last decade. Recent studies in large human cohorts have suggested that there are many
genes that regulate the human QT interval, or cardiac repolarization. We and others have
shown that cardiac repolarization in the zebrafish bears remarkable similarities to human
physiology. We have developed techniques to study cardiac electrophysiology in the
zebrafish and performed a genetic screen to aid in the discovery of new genes for
repolarization. Using this approach we confirmed that the recently identified NOS1AP gene
regulates cardiac electrophysiologic function and went on to perform a drug-sensitized
screen for genes affecting repolarization. The results have revealed a network of 15 genes
which modulate the response to the QT prolonging drug dofetilide. One of the genes in this
network, GINS3, was also recently found in independent human studies to be associated
with QT variation. The identification of these genes may lead to a better understanding of
the underlying biology, aid in identification of patients at risk for sudden death, and
potentially enable new treatments for susceptible individuals.”

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Parallels between zebrafish and human cardiac repolarization

(1a) Ventricular action potential durations (APD) in wildtype (wt) and breakdance
heterozygotes (+/—) and homozygotes (—/—) at 6 days post fertilization. * denotes p<0.05.
(Inset) Typical ventricular action potentials are displayed for wildtype (wt), breakdance
heterozygote (+/-) and homozygote (—/—) embryos. The heterozygote action potential is subtly
prolonged, while the homozygote recording shows marked action potential prolongation.
Vertical calibration bar denotes 20% AF/Fg, horizontal bar denotes 100ms. (1b) Upper panel:
simultaneous atrial and ventricular voltage recordings from a breakdance (—/-) heart showing
the mechanism of 2:1 atrioventricular block: action potentials are so prolonged in the ventricle
that alternate atrial impulses encroach on the refractory plateau of the previous ventricular
repolarization. Lower panel: Early afterdepolarizations (EADs) (arrows) observed in
breakdance (—/—) embryos during ventricular pacing; the pacing train is shown below the action
potential recording. EADSs appear as spontaneous depolarizations occurring before
repolarization is complete and prior to the subsequent paced beat. (1c) Heterozygote
breakdance embryos display increased sensitivity to Ik, block (10nM dofetilide). (1d)
Ventricular action potentials prolong in a dose-dependent fashion with ATX-11. Hearts were
paced at 120bpm in ATX-II experiments. All values are expressed as mean +/— S.D.
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(2a) Representative voltage recordings from wild type and NOS1AP morphant hearts are
shown. (2b) Action potentials are shortened in NOS1AP morphant hearts compared to
mismatch morpholino injected controls. (2c) NOS1AP morpholino injection results in specific
knockdown of processed NOS1AP mRNA. gPCR results are displayed in arbitrary units
normalized to beta-actin levels. (2d) Ventricular action potentials are shortened in GINS3
homozygous mutants, both at baseline and after treatment with 20nM dofetilide, hearts are
paced at 90ppm. All values are expressed as mean +/— S.D (* denotes p<0.05).
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Gene Name ZF Gene ID Human Gene ID HGNC SNP p value
cell division cycle associated 8 NM_001007456 NM_018101 CDCA8 rs535394 2.28E-03
NUF2 BC050131 NM_031423 NUF2 rs3010372 1.70E-02
protein kinase C, iota AF380109 NM_002740 PRKCI 1s17826537 4 18E-02
casein kinase 1, alpha 1 AY099516 NM_001892 CSNK1A1 rs713147 3.43E-02
cerebral cavernous malformation 2 AYB48715 NM_031443 CCMm2 rs2304689 1.63E-03
establishment of cohesion 1 homolog 2 AYB48804 NM_001017420 ESCO2 1s2726949 2.84E-03
poly(A) binding protein, cytoplasmic 1 BC047811 NM_002568 PABPC1 rs7823790 3.60E-03
surfeit 6 AY648750 NM_006753 SURF6 rs9411475 4.01E-03
GINS complex subunit 3 AY648732 NM_022770 GINS3 rs1549607 3.36E-12
replication protein A1 AY648787 NM_002945 RPA1 rs4405588 1.34E-03
suppressor of Ty 6 homolog NM_145118 NM_003170 SUPTEH rs4795461 4 42E-03
survivin AY057057 NM_001012270 BIRC5 rs4969170 1.47E-04
small nuclear ribonucleoprotein D1 AF506225 NM_006938 SNRPD1 rs17720074 8.92E-02
nucleolar protein 5A AY648814 NM_006392 NOLS5A rs2207152 1.52E-02
WRB AYB48739 NM_004627 WRB rs760166 3.12E-02
a.
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Figure 3. Tests of 15 genes discovered in zebrafish reveals role in human QT interval duration
(3a) Table of human orthologs of zebrafish repolarization genes with gene ID number and
HGNC name. The SNPs column lists the SNP with strongest evidence for QT interval
association in the QTSCD GWAS along with the resulting unadjusted p values. (3b) Quantile-
quantile plot of observed versus expected p values. Observed p-values from the QTSCD
GWAS, in blue, from tests of all SNPs lying within 150kb of the human orthologs of zebrafish
repolarization genes are plotted against p values that would be anticipated by chance alone.
Departures from the linear, expected p values (black line) are due to markers with a signal for
genetic association. (3c) Interactions between known repolarization genes (blue symbols) and
the genes identified in the current study are depicted. Single lines indicate genetic interactions
supported by data from multiple model organisms. Bold lines show direct physical interactions.
A dashed line represents a physical interaction that may not be direct. The arrow represents a
downstream regulatory effect, the mechanism of which is unknown. Supporting data are

summarized in Supplemental Table 2.
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Table 1

Insertional mutants demonstrating abnormal dofetilide responses

Gene Allele Genome ID Response Cardiac Phenotype
Cdca8l hi1780a NM_1007456 Resistant None
NUF2 hi2769 BC050181 Resistant Mild bradycardia
Protein kinase C, iota hi3208 AF390109 Resistant A and V dilatation
Casein kinase I, alpha 1 hi1002 AY099516 Resistant Mild A and V dilatation
hi2069 Resistant Minimal bradycardia
Cerebral cavernous malformation 2 hi296a AY648715 Resistant A and V dilatation
(\Valentine)
Establishment of cohesion 1 hi2865 AY648804 Resistant Small ventricle
Poly(A) binding protein, hi3202b BC047811 Resistant A dilatation
cytoplasmic 1
Surfeit 6 hi1769 AY648750 Sensitized Pericardial edema
Small ventricle
GINS complex subunit 3 hi1241 AY 648732 Resistant None
Replication protein Al hi2618 AY648787 Resistant Generalized necrosis
Suppressor of Ty 6 homolog hil621 NM_145118 Resistant Mild A and V dilatation
hi2505b Resistant
Survivin hil326 AY057057 Resistant Slowly progressive
hi2111 Resistant necrosis
hi3018 Resistant
Small nuclear ribonucleoprotein D1hi601 AF506225 Resistant Slowly progressive necrosis
Nucleolar protein 5A hi3101 AY648814 Resistant Mild contractile failure
Tryptophan rich basic protein Hil1482 AY648739 Sensitized Baseline bradycardia
\Wild-type NA N/A N/A

All fish were exposed to a dose of dofetilide (12uM) which results in uniform AV block in wild-type embryos. Resistance was defined as failure to develop
2:1 AV block, while sensitized embryos displayed higher grade AV block or ventricular standstill (complete AV block). All findings were significant at
p<0.001 when compared with wild type siblings. A = atrial, V' = ventricular.
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