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Sudden cardiac death due to abnormal heart rhythm kills 400,000-
460,000 Americans each year. To identify genes that regulate heart
rhythm, we are developing a screen that uses mouse embryonic
stem cells (mESCs) with gene disruptions that can be differentiated
into cardiac cells for phenotyping. Here, we show that the het-
erozygous disruption of the Akap10 (D-AKAP2) gene that disrupts
the final 51 aa increases the contractile response of cultured cardiac
cells to cholinergic signals. In both heterozygous and homozygous
mutant mice derived from these mESCs, the same Akap10 disrup-
tion increases the cardiac response to cholinergic signals, suggest-
ing a dominant interfering effect of the Akap10 mutant allele. The
mutant mice have cardiac arrhythmias and die prematurely. We
also found that a common variant of AKAP70 in humans (646V,
40% of alleles) was associated with increased basal heart rate and
decreased heart rate variability (markers of low cholinergic/vagus
nerve sensitivity). These markers predict an increased risk of
sudden cardiac death. Although the molecular mechanism remains
unknown, our findings in mutant mESCs, mice, and a common
human AKAP10 SNP all suggest a role for AKAP10 in heart rhythm
control. Our stem cell-based screen may provide a means of
identifying other genes that control heart rhythm.

G protein | receptor | signaling

In mammalian species, basal heart rate (HR) correlates inversely
with lifespan. Among healthy humans, basal HR correlates
inversely with overall survival and correlates directly with the risk
of sudden cardiac death (1). HR is regulated by neural and
hormonal signals that compete to stimulate or inhibit the cardiac
pacemaker. Adrenergic signals activate B-adrenergic receptors
(BARs) in pacemaker cells to increase cAMP concentration, acti-
vate protein kinase A (PKA), and increase pacemaker rate. In
contrast, cholinergic signals activate M2 cholinergic receptors
(mAChRs) to decrease cAMP levels and slow pacemaker rate.
People with lower vagus nerve/cholinergic sensitivity have faster
basal HR, less variability of HR (HRV), and higher risk for sudden
cardiac death (2). Inhibition of adrenergic signals with BAR
antagonists improves survival in patients suffering common cardiac
diseases.

cAMP and PKA regulate numerous proteins throughout
cardiac cells to control many cardiac functions in addition to
heart rate. The subcellular distribution, timing, and downstream
effects of CAMP and PKA activity are coordinated in large part
by a family of intracellular scaffolding proteins called A-kinase-
anchoring proteins (Akaps). Akaps bind and localize PKA within
protein complexes that can include receptors (3-5), enzymes that
produce and degrade cAMP, other cell-signaling proteins, and
downstream PKA substrates and effector proteins (3, 6, 7).
Variations in the genes that regulate cAMP and PKA signaling
may determine individual susceptibility to abnormal heart
rhythms and responses to cardiac medications (8).
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To attempt to determine which proteins coordinate the effects
of cAMP and PKA on cardiac rhythm, we combined a cell-
culture model of the cardiac pacemaker with an efficient method
for gene inactivation. Mouse embryonic stem cells (mESCs) in
culture readily differentiate into cardiac myocytes that contract
spontaneously and closely resemble cardiac pacemaker cells (9,
10). mESCs are amenable to a variety of gene inactivation
approaches, including high-throughput gene trapping. Gene-
trapping efforts have disrupted >40% of mouse genes in mESCs
(www.GeneTrap.org), providing a large and growing resource to
test gene function. Here, we describe the cardiac rhythm distur-
bances caused by gene-trap disruption of AkapI0.

Evolutionary conservation of AKAPI10, including the PKA bind-
ing domain [Fig. 1 and supporting information (SI) Fig. 4], suggests
that AKAPI0 serves a critical function in diverse species (11). The
human gene is polymorphic in the PKA-binding domain at position
646, resulting in protein isoforms with different affinities for PKA
that correlate with different cellular localizations (11-13). The
predominant isoform, 6461, has a lower affinity for PKA than the
minor isoform 646V. Interestingly, the 15 available nonhuman
vertebrate AKAPI0 gene sequences, including chimp, all encode
valine at position 646, suggesting that 646l is unique to humans.
6461 constitutes ~60% of Caucasian and Hispanic human alleles
and is more common in Asian Americans (=80%), but is the minor
allele in African Americans (~40%) (refs. 11 and 15 and W.
Tingley, J. Zaroff, and M. Whooley, unpublished data from the
Heart and Soul Study).

Results

Akap10 Mutation Alters Cardiac Response to Cholinergic Agonists in
Cell Culture. A recent, large-scale SNP association study suggested
that the 1646V SNP might affect cardiac electrical function and
human health (11). To determine whether Akap10 regulates heart
rhythm in mice, we examined the effects of a mutation in mouse
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Fig. 1.

Mutation of mouse Akap10. (A) Location of the gene-trap insertional mutation between exons 12 and 13 in Ak70. The inserted sequence (gray box)

includes a splice acceptor (SA), selectable marker ("gGeo,” a fusion of 8 galactosidase and neomycin phosphotransferase Il), followed by a stop codon and a
polyadenylation signal (pA). The insertion disrupts mRNA splicing and eliminates exons 13-15. (B) PCR products obtained by using primers (a, b, and c as indicated
in A) and genomic DNA from WT, heterozygous (Het), and homozygous (Hom) Akap10-mutant mice. (C) Expected domain structures of WT and Akap10-mutant
proteins. RGS, domains with homology to regulators of G protein signaling; AKB, PKA-binding domain; PDZ, PDZ-binding motif. (D) Immunoblots of cardiac
Akap10 protein using an antibody generated against the 27-residue AKB domain. (E) Species alignment of the final 51 aa that are absent from Akap10-mutant
protein. Asterisk indicates the human polymorphic 1646V position. A full alignment for 16 species is shown in Sl Fig. 4.

Akap10 on cardiac cells in culture. The Akap10 mutation, which was
generated in mESCs as part of our gene-trapping effort (16),
truncates the protein C terminus and eliminates the last 51 aa that
include its PKA-binding domain (Fig. 1). To derive Akap10-mutant
cardiac cells, we induced the differentiation of Akapl0-mutant
mESCs in culture (10). The mutant mESCs differentiated into
spontaneously contracting cardiac myocytes that were morpholog-
ically indistinguishable from cardiac myocytes derived from WT
mESCs (SI Movie 1). However, the mutant myocytes contracted at
a slightly slower rate than WT cells (25.3 £ 1.0 vs. 29.9 * 1.2
contractions per minute, P < 0.006, n = 114 and 115), potentially
indicating altered pacemaker function.

The slower contraction rate of the mutant cells suggested to us
that Akap10 might contribute to the cholinergic/vagus nerve sig-
naling pathway, which slows HR and increases HR variability. To

determine whether the Akap0-mutant cells were more sensitive to
cholinergic signals, we treated the cells with the cholinergic agonist
carbachol. Akapl0-mutant cells responded more to cholinergic
agonist than WT cells (Table 1 and Fig. 2 4 and B). The effect of
the Akap10 mutation was specific to cholinergic signaling, because
an adrenergic agonist increased the contraction rate of WT and
mutant myocytes to a similar degree (Table 1). We also noted that
Akapl0-mutant cells tended to have more variability in beat-to-beat
intervals (analogous to HRV) and had significantly more variability
after addition of cholinergic agonist (Table 2 and Fig. 24). These
findings indicate that the Akapl0 mutation facilitates cholinergic
signaling in cultured cardiac cells, resulting in more HR slowing and
more beat-to-beat variability.

Akap10 Regulates Cholinergic and Vagus Nerve Sensitivity in Mice. To
determine whether Akap10 plays a similar role in vivo, we gener-

Table 1. Effects of the AKAP70 mutation on HR regulation

Rate, beats per min = SE

Agonist drug type, n Baseline Treated Fold change
Myocytes mAChR cholinergic
WT 66 28 =1 24 =1 0.84 = 0.04
Akap10-mutant 66 26 £ 1 15 * 2% 0.53 + 0.05*
B-adrenergic
WT 31 30 =3 54+ 4 1.91 £ 0.14
Akap10-mutant 32 22 =21 40 + 31 2.05 = 0.17
Mice mAChR cholinergic
Saline 9 630 = 25 710 = 20" 1.14 = 0.047
WT 15 610 = 20 600 + 15 1.00 = 0.04
Akap10-mutant 30 600 = 15 490 + 20* 0.83 = 0.04*
a-adrengeric
WT 12 620 = 23 530 + 22 0.87 = 0.03
Akap10-mutant 24 590 + 18 450 = 197 0.77 = 0.04

*, P < 0.0001; t, P < 0.0005; #, P < 0.001; § P <0.01; 1, P < 0.05 (all vs. WT).
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