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HIGHLIGHTS

� Cardiac-targeted expression of C1C2

reduces cAMP production yet mice

maintain normal cardiac function through

increased Ca2D handling.

� Sustained isoproterenol infusion reduces

heart function in normal mice, but

improves heart function in mice with

increased cardiac C1C2 expression.

� Reduced cardiac cAMP generation and

resistance to catecholamine

cardiomyopathy are attractive features of

this potential heart failure therapeutic.

� Removing the large transmembrane

domains of AC6 and fusing the two

intracellular domains provides a small

molecule, C1C2, that replicates many of

the beneficial effects of AC6, but is

sufficiently small to be expressed in an

AAV vector for gene transfer.
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SUMMARY

Transgenic mice with cardiac-directed C1C2, a fusion protein of the intracellular C1 and C2 segments of

adenylyl cyclase type 6, had normal left ventricular (LV) function, but diminished cAMP generation. Cardiac

myocytes from C1C2 mice showed increased Ca2þ release. Mice underwent continuous isoproterenol infusion

to stress the heart. In C1C2 mice, sustained isoproterenol infusion increased rather than decreased LV

function. LV SERCA2a and Ca2þ release were increased. Reduced cAMP generation and resistance to cate-

cholamine cardiomyopathy are attractive features of this potential heart failure therapeutic. (J Am Coll

Cardiol Basic Trans Science 2016;1:617–29) © 2016 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

A denylyl cyclase (AC) is a trans-
membrane protein in cardiac myo-
cytes and other cells, the effector

molecule for b-adrenergic receptor (bAR)
and other G protein-coupled receptors,
which regulates the conversion of adeno-
sine triphosphate (ATP) to 30,50-cyclic aden-
osine monophosphate (cAMP) and thereby
initiates a variety of intracellular signaling
cascades that influence heart function and
additional physiological events.

There are 9 membrane-bound isoforms
of mammalian ACs, each consisting of 2
transmembrane domains and 2 cyto-
plasmic domains (C1 and C2). The C1 and
C2 domains form the catalytic core of AC
(Figure 1A). When expressed as a fusion
protein, C1C2 is soluble and retains
forskolin-stimulated catalytic activity (1).

C1C2 contains binding sites for Gas, Gai, forskolin,
ATP, Mg2þ, the regulator of G protein signaling
(RGAS2), protein associated with Myc (PAM), Snapin,
Ric8a, A-kinase-anchoring protein (AKAP79), protein
kinase C, PH domain leucine-rich protein phospha-
tase 2 (PHLPP2) and phosphorylation and dephos-
phorylation sites for protein kinase A. Interactions of
these factors alters the conformation of C1C2 and
regulates AC activity (2).

We have published a series of papers indicating
that increased cardiac expression of AC type 6 (AC6),
a dominant AC isoform expressed in mammalian
cardiac myocytes (3), has protean beneficial effects on
the failing left ventricle (LV). These effects include: 1)
increased survival in genetically-induced cardiomy-
opathy (4) and in acute myocardial infarction (5); 2)
reduced action potential duration (6), facilitated
atrioventricular (AV) conduction (7), and reduced AV
block (5); 3) reductions in both LV dilation and

pathological hypertrophy (4,8); 4) beneficial effects
on Ca2þ handling via altered activity of SERCA2a and
phospholamban (PLB) (9,10); and 5) increased cardiac
troponin I phosphorylation (11).

These beneficial effects, consistent in several
species and models, appear in large part to not
depend upon increased cAMP generation. A phase 2
randomized clinical trial in patients with symptom-
atic heart failure (HF) and reduced ejection fractions
showed that intracoronary AC6 gene transfer ap-
pears to be safe and potentially effective, and not
associated with increased cardiac arrhythmias (12).
Even so, there may be advantages in selecting a
transgene that attenuates bAR responsiveness when
treating HF.

We subsequently generated a catalytically inactive
AC6 mutant (AC6mut) molecule by replacing Ala with
Asp at position 426 in AC6’s catalytic core. This
AC6mut is catalytically inactive (does not generate
cAMP) but retains the cellular distribution pattern
and favorable signaling effects associated with
normal AC6, thereby providing compelling evidence
that the beneficial effects of AC6 do not require
increased cAMP generation (13). AC6mut seemed an
ideal candidate for the treatment of HF, retaining the
beneficial effects of the parent AC6 while circum-
venting the potential deleterious effects of sustained
cAMP generation. However, a shortcoming of both
AC6mut and AC6 is that the molecules are too large to
insert into an adeno-associated virus (AAV) with
regulated expression, therefore only constitutive
expression would be possible, a potential limitation.

Eliminating the amino terminus and the 2 trans-
membrane domains of AC6 and subsequently fusing
the 2 cytoplasmic domains (C1 and C2) with a 12-
amino acid linker yields a C1C2 protein (Figure 1A).
C1C2 has an intact catalytic domain but is disengaged
from membrane-associated bARs and is therefore less
responsive to bAR stimulation in intact cells. C1C2 is
sufficiently small to be inserted in an AAV vector with
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ABBR EV I A T I ON S

AND ACRONYMS

AAV = adeno-associated virus

AC = adenylyl cyclase

AC6mut = AC6 mutant, contains

an amino acid substitution that

reduces its catalytic activity

Ad5 = adenovirus-5

AKAP = A-kinase-anchoring

protein

ATP = adenosine triphosphate

AV = atrioventricular

bAR = b-adrenergic receptor

C1C2 = a fusion of the C1 and C2

cytoplasmic domains of AC

cAMP = 30 ,50-cyclic adenosine

monophosphate

CREB = cAMP response element

binding protein

CryAB = aB-crystallin

HF = heart failure

Iso = isoproterenol

LV = left ventricle, left ventricular

MDM2 = murine double mutant 2

PHLPP2 = PH domain leucine-rich

protein phosphatase 2

PI3K = phosphatidylinositide 3-kinase

PLB = phospholamban

P-Rex2 = phosphatidylinositol-

3,4,5-trisphosphate-dependent

Rac exchange factor 2

RGAS = regulator of G protein

signaling

SERCA2a = sarcoplasmic/

endoplasmic reticulum Ca2D-ATPase
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