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Abstract

 

Idiopathic ventricular tachycardia is a generic term that de-
scribes the various forms of ventricular arrhythmias that oc-
cur in patients without structural heart disease and in the
absence of the long QT syndrome. Many of these tachycar-
dias are focal in origin, localize to the right ventricular out-
flow tract (RVOT), terminate in response to 

 

b

 

 blockers, ve-
rapamil, vagal maneuvers, and adenosine, and are thought
to result from cAMP-mediated triggered activity. DNA was
prepared from biopsy samples obtained from myocardial
tissue from a patient with adenosine-insensitive idiopathic
ventricular tachycardia arising from the RVOT. Genomic

 

sequences of the inhibitory G protein G

 

a

 

i2

 

 were determined
after amplification by PCR and subcloning. A point muta-
tion (F200L) in the GTP binding domain of the inhibitory G
protein G

 

a

 

i2

 

 was identified in a biopsy sample from the ar-
rhythmogenic focus. This mutation was shown to increase
intracellular cAMP concentration and inhibit suppression
of cAMP by adenosine. No mutations were detected in G

 

a

 

i2

 

sequences from myocardial tissue sampled from regions re-
mote from the origin of tachycardia, or from peripheral
lymphocytes. These findings suggest that somatic cell muta-
tions in the cAMP-dependent signal transduction pathway
occurring during myocardial development may be responsi-
ble for some forms of idiopathic ventricular tachycardia. (

 

J.
Clin. Invest.

 

 1998. 101:2862–2868.) Key words: G protein
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signal transduction 
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Introduction

 

Idiopathic ventricular tachycardia (VT)

 

1

 

 is a generic term that
describes various forms of VT that occur in patients without

structural heart disease (1). The most common form of idio-
pathic VT originates from the right ventricular outflow tract
(RVOT), is adrenergically mediated, and has characteristics
that are consistent with cAMP-mediated triggered activity due
to delayed afterdepolarizations. This form of tachycardia typi-
cally terminates in response to perturbations that lower stimu-
lated levels of intracellular calcium, i. e., adenosine, verapamil,
and enhanced vagal tone (2–4). Termination of idiopathic VT
in response to adenosine is thought to be diagnostic of a
cAMP-dependent mechanism since the ventricular electro-
physiologic effects of adenosine are mediated through the in-
hibitory G protein G

 

i

 

, which inhibits adenylyl cyclase and de-
creases intracellular cAMP (5–7).

A patient with adrenergically mediated idiopathic RVOT
VT that was unresponsive to adenosine and vagal maneuvers
was identified. Because of insensitivity of the tachycardia to
adenosine, we investigated the possibility that a mutation in
the inhibitory branch of the cAMP signal transduction path-
way could have elevated intracellular cAMP and facilitated
the spontaneous initiation of VT. In the present study, we
identified a point mutation in the G

 

a

 

i2

 

 gene from the arrhyth-
mogenic focus of this patient. Both stable and transient trans-
fection of CHO-K1 cells with the mutant G

 

a

 

i2

 

 showed that this
mutation increases stimulated levels of cAMP and prevents
adenosine suppression of cAMP.

 

Methods

 

Clinical data.

 

The subject is a 58-yr-old man who developed sus-
tained monomorphic VT during an intense argument. The tachycar-
dia was associated with chest pain, dyspnea, diaphoresis, and a sys-
tolic blood pressure of 60 mmHg. The cycle length of tachycardia was
240 ms. Emergency medical services restored sinus rhythm with a 200
J shock. The resting ECG was normal, as was an echocardiogram.
Cardiac catheterization demonstrated normal coronary anatomy and
normal left ventricular function. There was no family history of ven-
tricular tachycardia or sudden cardiac death.

 

Electrophysiologic study.

 

An electrophysiologic study was per-
formed with the patient in the unsedated postabsorptive state after
informed consent was obtained. Percutaneous endocardial biopsies
were obtained with a bioptome from the right ventricle after in-
formed consent was obtained for a protocol approved by the Human
Investigations Committee. Three quadripolar electrode catheters
were inserted percutaneously and advanced under fluoroscopic guid-
ance to the high right atrium, right ventricular apex, and atrioventric-
ular (AV) junction for recording of the His-bundle electrogram. Bi-
polar intracardiac recordings were filtered at 40–400 Hz and were
displayed simultaneously with three surface ECG leads on a multi-
channel oscilloscope. Stimulation was performed with a programma-
ble stimulator and an isolated constant current source (Bloom Asso-
ciates, Reading, PA). Stimuli were delivered as rectangular pulses of
2-ms duration at four times the diastolic threshold.

The stimulation protocol included the introduction of single, dou-
ble, and triple extrastimuli during several paced cycle lengths from
the high right atrium, right ventricular apex, and RVOT. In addition,
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G

 

a

 

i2

 

 Somatic Mutation

 

2863

 

sequential atrial and ventricular burst pacing for 15–30 beats was per-
formed, beginning at a cycle length of 500 ms and decreasing in 10-ms
steps to 250 ms (or to pacing-induced AV nodal Wenckebach in the
case of atrial pacing). The ability of isoproterenol (4 

 

m

 

g/min) to ini-
tiate VT alone, during its washout phase, and during concurrent pac-
ing was also evaluated (Fig. 1).

 

DNA preparation, PCR amplification, and sequencing.

 

Three bi-
opsy samples were obtained from the site of origin of ventricular
tachycardia (RVOT) and two from the inferior region of the right
ventricular septum. After excision, one sample from the RVOT was
processed for routine histological examination, and the remaining bi-
opsy specimens were frozen rapidly and stored for molecular analysis.
To prepare genomic DNA, biopsies were thawed in 100 

 

m

 

l lysis
buffer (150 mmol/liter NaCl, 10 mmol/liter Tris

 

?

 

Cl [pH 8.3]), 10
mmol/liter EDTA, and 0.4% sodium dodecyl sulfate) containing 0.1
mg/ml proteinase K and incubated for 12 to 24 h at 50

 

8

 

C. Proteinase
K was heat-inactivated at 98

 

8

 

C for 3 min. DNA was extracted with
phenol and chloroform, ethanol precipitated, and then dissolved in
50 

 

m

 

l of 10 mmol/liter Tris Cl (pH 8.0), 1 mmol/liter EDTA. Samples
were diluted 1:10 in PCR buffer (Perkin-Elmer Cetus, Emeryville,
CA). The strategy for PCR amplification is shown in Fig. 2 

 

A.

 

 Prim-
ers A–D were originally described by Lyons et al. (8). Primer E corre-
sponds to part of the sequence in exon 7. The sequence of each
primer was as follows: (

 

A

 

) 5

 

9

 

–CCCCCCATCCCCAGCTACCT–3

 

9

 

;
(

 

B

 

) 5

 

9

 

–TCTCACCATCTCCTCGTCCTC–3

 

9

 

; (

 

C

 

) 5

 

9

 

–ATTGCACA-
GAGTGACTACATCCCC–3

 

9

 

; (

 

D

 

) 5

 

9

 

–GGCGCTCAAGGCTACG-
CAGAA–3

 

9

 

; (

 

E

 

) 5

 

9

 

–GAA TAG CTT CAT GCT CTC ATG C–3

 

9

 

.
PCR products were cloned into the pCRII vector (Invitrogen Corp.,
San Diego, CA) and sequenced as described previously (4).

 

Functional analysis of the mutation.

 

The F200L mutation of G

 

a

 

i2

 

identified in genomic samples was introduced into the full-length G

 

a

 

i2

 

cDNA using the PCR overlap method (9). Both the mutated cDNA,
and its counterpart containing the native sequence, were separately
inserted into the expression vector pCEP4. These constructions were
individually transfected into CHO-K1 cells, either native cells, or
cells that had been stably transfected with the myocardial human A

 

1

 

adenosine receptor (hA

 

1

 

R) (10). Cells were grown in Ham’s F12 me-
dium containing 10% fetal bovine serum at 37

 

8

 

C in a humidified at-
mosphere containing 5% CO

 

2

 

. Cells containing the stably transfected
pCEP4 constructs were selected on the basis of hygromycin resis-

tance. Cells were isolated using cloning cylinders and clones were
then established by plating at limiting dilution.

Transient transfection experiments were also carried out using
the same G

 

a

 

i2

 

 constructs and cells described above. In these experi-
ments 

 

z

 

 10

 

6

 

 cells were transfected with a calcium phosphate precipi-
tate containing 20 

 

m

 

g DNA (11). After 48 h cells were treated with
forskolin and cyclopentyladenosine (CPA) as described below.

To assess the effects of forskolin and CPA, cells were placed in
serum-free medium for 2 h at 37

 

8

 

C. The medium was then replaced
with serum-free medium containing either vehicle, forskolin, or for-
skolin 

 

1

 

 CPA, and the incubation continued at 37

 

8

 

C for 10 min.
cAMP levels were determined by radioimmunoassay (12).

 

Statistical methods.

 

Results are presented as mean

 

6

 

SEM. Data
for transfection experiments were analyzed by a factorial ANOVA.
Multiple comparisons between treatments and between groups were
assessed for significance by the Sheffe 

 

F

 

 test. For all comparisons, a
probability value 

 

P

 

 

 

,

 

 0.05 was required to reject the null hypothesis.

 

Results

 

Electrophysiologic findings.

 

Sinus node, atrial, and His-Pur-
kinje system function were all normal. Dual AV nodal path-
ways were present, but AV nodal reentrant tachycardia was
not inducible with up to double atrial extrastimuli. In the rest-
ing state, VT was not inducible with up to triple ventricular ex-
trastimuli introduced from two right ventricular sites (4). How-
ever, sustained VT was induced reproducibly with a single
ventricular extrastimulus coupled to an 8-beat drive during
concurrent infusion of isoproterenol (4 

 

m

 

g/min i.v.). The mor-
phology of tachycardia was left bundle branch block with a left
inferior axis and the cycle length of tachycardia was 210–220
ms (Fig. 1). The site of origin of tachycardia was localized to
the RVOT by activation and pace mapping (3). The tachycar-
dia was reproducibly terminated with rapid ventricular pacing.
Adenosine (150–1,000 

 

m

 

g/kg i.v. bolus), Valsalva, carotid sinus
massage, and lidocaine (100 mg i.v.) had no effect on tachycar-
dia. Histology of the RVOT biopsy sample did not demon-
strate fibrous tissue or fat deposition.

Figure 1. Twelve-lead ECG 
of inducible ventricular tachy-
cardia.
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The patient was subsequently treated with radiofrequency
catheter ablation of the arrhythmogenic focus (13). Due to the
fact that this form of RVOT VT represented a unique type
of tachycardia and because of its associated hemodynamic
compromise, we also elected to implant an internal de-
fibrillator. During the 4-yr follow-up period, there has been no
recurrence of VT or device discharge, suggesting that the ar-
rhythmogenic focus was successfully ablated.

 

Genetic analysis.

 

The myocardial adenosine A

 

1

 

 receptor is
coupled to adenylyl cyclase through G

 

a

 

i2

 

. Since mutations in
the GTP-binding domain of various G proteins have been

shown to result in both constitutive activation and inactivation
(14), we sequenced this region of G

 

a

 

i2

 

 (encoded in exons 5 and
6). DNA from biopsy samples was amplified by PCR (Fig. 2 

 

A

 

)
and either sequenced directly or cloned into the pCRII vector.
Direct sequencing of this region in DNA from samples ob-
tained from the site of origin of ventricular tachycardia in the
RVOT revealed a sequence that agreed with the published se-
quence (15) except for one region in which a faint additional
band was observed corresponding to an additional A base at
the third codon position of residue 200 (not shown). Sequence
analysis of two separately cloned pools revealed that 2/9 and

Figure 2. PCR amplification strategy em-
ployed for the detection and verification of 
the F200L mutation. (A) Regions of Gai2 
amplified and location of primers used (9). 
Numbered boxes indicate exons and hori-
zontal lines indicate intervening sequences. 
Shown are the strategies for two separate 
PCRs indicated in the left-hand column. 
For each strategy the primer pairs used for 
the primary and secondary amplification 
are indicated. Arrows indicate PCR prim-
ers. (B) Representative sequencing of na-
tive and F200L mutant clones.
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6/14 clones contained this mutation (TTT

 

→

 

TTA), which con-
verted the residue encoded at this position from phenylalanine
to leucine (F200L) (Fig. 2 

 

B

 

).
In the original PCR, primer pair A 

 

1

 

 B was used for the
primary amplification that was then reamplified with primer
pair C 

 

1

 

 D. In subsequent analyses, primer pairs A 

 

1

 

 E and
C 

 

1

 

 E were used in a nested PCR. The F200L mutation was
detected in 2/12 clones that were isolated and sequenced. Us-
ing this latter strategy, it is highly unlikely that a contaminant
arising from any combination of the original primers A, B, C,
and D would have been reamplified. No mutations were found
upon reamplification of DNA from right ventricular septal bi-
opsy samples obtained at sites remote from the origin of VT
(0/7, 0/7), or from peripheral lymphocyte DNA (0/12). Fur-
thermore, no mutations were detected in any other coding re-
gion of G

 

a

 

i2

 

 in DNA from the RVOT biopsy in at least ten sep-
arate clones analyzed for each exon of G

 

a

 

i2

 

 (data not shown).

 

Functional studies of the F200L mutation G

 

a

 

i2

 

.

 

To evaluate
the functional effect of F200L, this mutation was introduced
into the sequence of the full-length G

 

a

 

i2

 

 contained in the ex-
pression vector pCEP4. This construct, or its counterpart con-
taining the native sequence, was stably transfected into CHO-
K1 cells, either the native cells, or ones that had previously
been stably transfected to express the myocardial hA

 

1

 

R (10).
We isolated five separate clones of the native and F200L mu-
tant constructs in the CHO-K1 cells. Densitometry of Western
blots probed with antibodies specific for G

 

a

 

i

 

 revealed that the
levels of G

 

a

 

i

 

 in the transfected clones were approximately two-
fold greater than the untransfected cells, and differed by 

 

,

 

 25%
between clones. Responses of cAMP levels to forskolin and
CPA were tested in three separate clones for each construct.
Each experiment was carried out three times and the results of
one experiment are shown in Fig. 3. In cells transfected with
the native construct, forskolin significantly increased cAMP
levels 16

 

6

 

3-fold, an effect that was suppressed to near basal
levels by the addition of CPA. In cells transfected with the
F200L construct, forskolin also increased cAMP levels (21

 

6

 

1-
fold, 

 

P

 

 

 

5

 

 0.0002), but under these conditions CPA no longer
suppressed cAMP (Fig. 3). The increase in cAMP levels in-
duced by forskolin were also significantly higher in cells trans-
fected with the mutant construct than in cells transfected with
its native counterpart (

 

P

 

 

 

5

 

 0.003), suggesting that the muta-
tion may also increase the stimulated levels of cAMP.

To further explore the effects of the F200L mutation, tran-
sient transfection experiments were performed to determine
the dose–response relationship between the amount of mutant
G protein expressed and the response of cAMP to forskolin
stimulation (Fig. 4). In these experiments CHO cells, stably
transfected with hA

 

1

 

R, were transiently transfected with pro-
gressively increasing amounts of the F200L construct. Since
changing the intracellular concentration of the G protein
might affect the cellular response to forskolin and/or adeno-
sine, the proportion of native:mutant G protein construct was
varied while maintaining a constant amount of the transfected
G protein construct. In the absence of hA

 

1

 

R, there was no sup-
pression by CPA and no effect of the F200L mutation (not
shown). In hA

 

1

 

R cells untransfected with G

 

a

 

i2

 

, cAMP levels
were slightly lower (32%) than in cells transfected with native
G

 

a

 

i2

 

 alone (

 

P

 

 

 

5

 

 NS). This could be due to constitutive activity
of the recombinant receptors or partial receptor activation by
endogenous adenosine. Activation of receptors coupled to the
inhibition of adenylyl cyclase is known to trigger a compensa-

tory increase in adenylyl cyclase activity (16–18), resulting in
an augmented production of cAMP in response to forskolin.
Similarly, overexpression of the native inhibitory G protein
and hA

 

1

 

R could increase forskolin-stimulated adenylyl cyclase
activity.

In cells transfected with the G

 

a

 

i2

 

 constructs, differences in
cAMP levels between varying ratios of native/F200L were not
significant for the control treament, but highly significant for
both the forskolin

 

2

 

 and forskolin 

 

1

 

 CPA treatments (

 

P

 

 

 

,

 

0.0001, Fig. 4). In particular, the increment in cAMP in re-
sponse to forskolin was linearly related to the amount of mu-
tant G

 

a

 

i2

 

 transfected (

 

r

 

2

 

 

 

5

 

 0.898, 

 

P

 

 

 

,

 

 0.0001). These results are
consistent with our findings using stably transfected cells (Fig.
3) and confirm that the mutant G protein has the ability to in-
crease the stimulated levels of intracellular cAMP. Suppres-
sion of forskolin-mediated stimulation of cAMP by CPA re-
mained relatively constant until excess mutant G

 

a

 

i2

 

 was
cotransfected, at which point the effect of CPA was abolished.
When equal amounts of native and F200L G

 

a

 

i2

 

 were cotrans-
fected, the relative fall in cAMP concentration secondary to
CPA was the same as in cells transfected with native G

 

a

 

i2

 

alone; however, the absolute cAMP concentration was greater
in cells cotransfected with the mutant Gai2 (Fig. 4).

In separate transfection experiments using an RSVb-gal
expression plasmid we estimated the CHO cells to be trans-
fected at a frequency of 15–27% (not shown). Because only
this subset of cells can express the transfected constructs, the
elevation of forskolin stimulated cAMP levels by mutant Gai2

Figure 3. Effects of forskolin and cyclopentyladenosine (CPA) on 
cAMP levels in CHO cells stably transfected with human adenosine 
A1 (hA1R) receptor (10) and either native (WT) and mutant (F200L) 
Gai2. Differences in cAMP levels between control and forskolin were 
significant at P , 0.0001 for both WT- and F200L-transfected cells 
(*). Differences in cAMP levels between forskolin and forskolin 1 
CPA were significant at P , 0.0001 (†) for WT-transfected cells, but 
not significant (NS) for F200L-transfected cells.
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would mask adenosine suppression mediated by the endoge-
nous native Gai2. This would suggest that most of the forskolin-
stimulated cAMP is derived from transfected cells.

Taken together, these observations suggest that the F200L
mutation results in inactivation of Gai2 leading to the loss of
the inhibitory effect of adenosine. In the heart, the mutation
may also increase basal and catecholamine-stimulated cAMP
accumulation. These changes are analogous to the effects of
pertussis toxin on Gai, which also results in both the loss of in-
hibitory modulatory effects and an increase in forskolin-stimu-
lated cAMP (19, 20).

Discussion

The principal finding of this study is the identification of a fo-
cal somatic myocardial mutation in Gai2 whose phenotypic ex-

pression is consistent with the patient’s idiopathic ventricular
tachycardia. The spontaneous initiation of adrenergically me-
diated VT in this patient could have been potentiated by the
mutation in several ways. The F200L mutation in human Gai2

may disrupt adenosine signaling and thereby abolish the anti-
adrenergic (and thus antiarrhythmic) effects of endogenous
adenosine, leading to increased intracellular cAMP (21, 22). In
addition, the mutation may increase the concentration of intra-
cellular cAMP in response to b-adrenergic stimulation inde-
pendently of its effects on adenosine.

The tachycardia in this patient had features in common
with the usual form of idiopathic VT. The absence of structural
heart disease in this patient was confirmed by a normal ECG
and results from echocardiography, cardiac catheterization,
and myocardial biopsy. The tachycardia was dependent on cat-
echolamine stimulation and had a focal site of origin in the
RVOT. However, the tachycardia also had several unique
characteristics. Although adrenergically mediated, it was unre-
sponsive to adenosine, a finding that led us to examine adeno-
sine signaling and G protein function. The tachycardia also
failed to respond to vagal maneuvers, a finding consistent with
the G protein mutation we identified. An automatic mecha-
nism was excluded since programmed stimulation reproduc-
ibly initiated and terminated tachycardia. These data are
therefore most consistent with adrenergically mediated RVOT
tachycardia due to triggered activity or reentry.

In transient transfection experiments, the stimulated levels
of cAMP increased in proportion to amount of mutant G pro-
tein transfected. Therefore, although CPA suppressed cAMP
levels at transfection ratios 3:1 and 2:2 (native/mutant), the ab-
solute level of cAMP in cells transfected at the 2:2 ratio in re-
sponse to forskolin plus CPA was the same, if not slightly
higher, than in cells transfected with only native G protein and
treated with forskolin alone. While it is difficult to infer a
mechanism for the arrhythmia from the artificial setting of this
experiment in which both G proteins and receptors are over-
expressed, the results of the 2:2 ratio transfection suggest that
the effects of disinhibition of cAMP, mediated through the
mutant G protein, override the suppressive effect of the native
G protein on cAMP levels.

Residue F200 is highly conserved in a region of G proteins
involved in GTP binding and hydrolysis (21) (Fig. 5). A num-
ber of mutations that have been identified in this region affect
GTPase and G protein function. For example, in both Gas and
Gai, mutation Q→L (position 205 in Gai2) inhibits GTPase activ-
ity and causes constitutive activation of the G protein (8, 14,
23, 24), whereas mutation of the adjacent G204→A blocks
activation by GTP and results in loss of activity (25). X-ray
crystallographic studies of Gai1 (26) and Gat (27) indicate that
GTP-binding alters the conformation of three switch regions,
among which switch II contains residue F200 (Fig. 5). This
conserved residue in Gat makes contact with Gbg (27). These
data, together with our present findings, indicate the impor-
tance of residue F200 in the function of Gai2.

Somatic cell mutations that affect normal G protein func-
tion have been identified in a variety of endocrine tumors (8,
23). Our findings suggest that somatic cell mutations in genes
of the cAMP-dependent signal transduction pathway may oc-
cur at specific sites in the developing myocardium and give rise
to a focus with arrhythmogenic potential. In tissues where cells
rapidly turn over, somatic cell mutations would be lost unless
they occurred in a stem cell or were in some way mitogenic.

Figure 4. Effects of forskolin and cyclopentyladenosine (CPA) on 
cAMP levels in CHO cells transiently transfected with varying ratios 
of native (WT) and mutant (F200L) Gai2 in the presence of stably 
transfected human adenosine A1 receptor (hA1R). Differences in 
cAMP levels between control and forskolin were significant at P , 
0.005 (*) for all transfection conditions. Differences in cAMP levels 
between and forskolin and forskolin 1 CPA were significant at P , 
0.05 for transfection conditions marked †, or not significant (NS).
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However, in a nondividing cell type a mutation would be fixed
in the tissue. Since most data suggest that myocardial cells do
not divide (28), a somatic cell mutation would have to occur
during embryological development. Myocardial lineage stud-
ies in avian embryos using retroviral tagging procedures (29–
31) have shown that the myocardium is built from cone-shaped
growth units that traverse the myocardial wall from epicardial
to endocardial surfaces. Each of these growth units is com-
posed of a limited number of clones that arise from relatively
few myocardial progenitors in the precardiac mesoderm. Since
there is very limited migration of the differentiating cardio-
myocytes in the tubular stage heart, the members of each clone
do not disperse widely in the myocardium. Thus, a mutation
occurring during cardiogenesis would be expected to form a
discrete focus, the size of which would represent the embry-
onic stage at which the mutation occurred. Although the caus-
ative mutations occur in utero, their physiological effects
might not be manifested until stimulated by some aspect of the
hypertrophic mechanisms that mediate postnatal cardiac de-
velopment, or until degradation of compensatory mechanisms
that otherwise suppress the activity of such mutant genes
occurs.

It is possible that other somatic mutations in the heart will
be subsequently identified, some of which may result in ar-
rhythmogenesis of the conduction system or myocytes. We
surmise that somatic mutations of the b-adrenergic receptor–
adenylyl cyclase cascade may possibly account for other forms
of idiopathic cAMP-mediated ventricular tachycardia.
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