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Abstract

Background—~Pediatric heart failure (HF) patients have a suboptimal response to traditional HF
medications, although phosphodiesterase-3 inhibition (PDE3i) has been used with greater success
than in the adult HF population. We hypothesized that molecular alterations specific to children
with HF and HF etiology may affect response to treatment.

Methods and Results—Adenylyl cyclase (AC) and phosphodiesterase (PDE) isoforms were
quantified by means of quantitative real-time polymerase chain reaction in explanted myocardium
from adults with dilated cardiomyopathy (DCM), children with DCM, and children with single-
ventricle congenital heart disease of right ventricular morphology (SRV). AC and PDE expression
profiles were uniquely regulated in each subject group and demonstratde distinct changes in
response to chronic PDE3i. There was unique up-regulation of AC5 in adult DCM with PDE3i
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(fold change 2.415; P=.043), AC2 in pediatric DCM (fold change 2.396; £=.0067), and PDE1C
in pediatric SRV (fold change 1.836; £=.032). Remarkably, PDE5A expression was consistently
increased across all age and disease groups.

Conclusions—Unique regulation of AC and PDE isoforms supports a differential molecular
adaptation to HF in children compared with adults, and may help identify mechanisms specific to
the pathogenesis of pediatric HF. Greater understanding of these differences will help optimize
medical therapies based on age and disease process.

Keywords
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cardiomyopathy

Despite clear improvement in adult heart failure (HF) outcomes over the past several
decades, pediatric HF outcomes remain comparatively poor. Treatments for children with
HF, largely regardless of etiology, are based on clinical trials performed in adults with
systolic HF, but a growing body of clinical evidence suggests that established adult HF
medications, such as p-adrenergic receptor blockers and angiotensin-converting enzyme
inhibitors, may not provide the same benefit to children with HF.1~# Additionally, there is
differential adaptation of p-adrenergic receptors and adrenergic signaling pathways in
children with HF secondary to dilated cardiomyopathy (DCM) as well as single right
ventricle heart disease (SRV), suggesting that both age and disease etiology may influence
response to therapy.>® Certainly, the treatment of pediatric HF patients comprises unique
challenges, including (1) diverse etiologies of HF, (2) age-related changes, (3) treatment of a
vulnerable population, and (4) a relatively low incidence of HF. Therefore, investigations
into the differences between a spectrum of pediatric and adult HF populations may further
our understanding of disparate mechanisms of disease as well as the variable therapeutic
potential of certain medications.

The second messenger cyclic adenosine monophosphate (CAMP) is highly regulated, in
terms of both concentration and location. A decrease in global myocardial CAMP level is a
common feature across multiple HF populations and phenotypes, specifically adults and
children with DCM? and children with SRV, suggesting that alterations in CAMP generation
via adenylyl cyclases (ACs) or cAMP hydrolysis via phosphodiesterases (PDES) may be
involved in HF. Both ACs and PDEs have numerous isoforms with differing degrees of
expression and activity in the myocardium. Activation of ACs via B-adrenergic receptor
stimulation leads to increased production of cAMP, which provides short-term improvement
in cardiac contractility. Nevertheless, prolonged and excessive adrenergic stimulation, as in
the setting of HF, leads to adverse cardiac remodeling as well as induction of cardiac
myocyte apoptosis.®10 Inhibition of PDEs can also contribute to improved inotropy and
lusitropy through decreasing cAMP and/or cyclic guanosine monophosphate (cGMP)
hydrolysis in the appropriate subcellular compartments. Therefore, stimulation or inhibition
of AC isoforms and inhibition of select PDEs have been investigated as potential HF
therapies, with varying success and utility. Most notably, PDE3 inhibition (PDE3i) is
commonly used on a chronic basis as a bridge to transplant or recovery in children with
HF,11.12 with a low incidence of sudden death, whereas a clinical trial of PDE3i in adults
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with severe HF demonstrated a 34% increase in cardiovascular mortality,13 tempering its
long-term use in adult HF. Specifically, our previous work demonstrated that only pediatric
DCM patients treated with PDE3i benefit from augmentation of myocardial cAMP and
phospholamban phosphorylation, which may contribute to sustained hemodynamic benefits;
these changes were not demonstrated in myocardium from adults with DCM? or children
with SRV.8 The differential response to PDE3i, both clinically and molecularly, is suggestive
of fundamental differences in molecular adaptation to HF secondary to age and disease
etiology. AC and PDE isoforms can uniquely target cCAMP or cGMP and be present in
different compartments. The physiologic consequences of activation of these isoforms varies
from increased contractility to relaxation (which is addressed in the Discussion section).
Although multiple AC and PDE isoforms are expressed in human heart tissue, little is known
about the isoform levels in response to HF or PDE3i. Therefore, our objective was to
identify changes in isoform expression of myocardial AC and PDE to provide insight into
which subcellular compartments may be altered by disease, age, and PDE3i treatment. These
expression profiles can be used in conjunction with additional studies to ultimately (1)
characterize molecular alterations that may contribute to HF pathogenesis, particularly in the
pediatric population, (2) identify targets unique to pediatric DCM or SRV that have
therapeutic potential, and (3) further elucidate the mechanism of the beneficial effects of
PDES3i in the pediatric population and, conversely, the mechanism underlying adverse
outcomes with PDE3i in adults.

Human Samples

All subjects gave informed consents and donated their hearts to the Institutional Review
Board-approved Pediatric or Adult Cardiac Transplant Tissue Bank at the University of
Colorado, Denver. Nonfailing tissues were from adult or pediatric organ donors without
previous heart disease; nonfailing hearts were deemed to be suitable for transplantation but
could not be placed owing to technical reasons (size or blood type mismatch). All adult
patients with DCM had nonischemic cardiomyopathy without any definitive contributing
comorbidity. Pediatric hearts from patients transplanted for SRV morphology were included
in this study; patients with single left ventricle heart disease or indeterminate morphology
were excluded. Subjects with HF (DCM or SRV) were divided into 2 groups based on
whether they were on PDE3i at the time of explantation. At the time of cardiac
transplantation or donation, the heart tissue is rapidly dissected, flash frozen and stored at
—80°C until further use.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from homogenized cardiac myocardium with the use of the
mirVana kit (Ambion, Austin, Texas) and reverse transcribed into complementary DNA with
the use of the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, California). Quantitative real-
time polymerase chain reaction (qQRT-PCR) was then performed with Power Sybr Green
PCR Master Mix (Applied Biosystems/Life Technologies, Carlsbad, California) with the use
of the ABI Step-One Plus system. Primer sequences are listed in Supplemental Table 1. Melt
curve analysis was performed on each primer pair to confirm target specificity.
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Data Analysis and Statistics

Results

Statistical analyses were performed with the use of Graphpad Prism version 6.0c. Statistical
significance was set a priori at £<.05. Normality of the data was not assumed, and Mann-
Whitney tests were performed. Comparisons were made between nonfailing control and
disease (treated and untreated combined) and between untreated disease and treated disease.

Subject Characteristics

Adult and pediatric subject characteristics are listed in aggregate form in Table 1; individual
subject characteristics are detailed in Supplemental Tables 2—4.

ACs Are Differentially Regulated by Age and Disease

Table 2 presents variable expression of the different AC types among adult and pediatric
subjects with DCM and pediatric subjects with SRV; AC expression levels were also
variably affected by PDE3i treatment (Table 3). In adult DCM myocardium, AC7 (fold
change —2.250; P=.0004) was down-regulated compared with nonfailing adult LV
myocardium and AC6 was up-regulated (fold change 2.857; £=.045). The adult DCM
group that was chronically treated with PDE3i demonstrated AC levels similar to DCM
patients not treated with PDE3I, except for an increase in AC5 (fold change 2.415; P=.043)
and AC6 (fold change 1.981; P=.035) expression and lower AC7 levels (fold change 1.468;
P=.029). In contrast, AC5 and AC6 were unchanged in pediatric DCM and there was a
significant unique up-regulation of AC2 (fold change 2.396; P=.0067). AC levels between
the PDE3i-treated and untreated pediatric DCM subjects were equivalent except for higher
ACT expression (fold change 1.764; P=.013). Conversely, the pediatric SRV group
demonstrated higher AC5 levels (fold change 2.399; £=.0018) and lower AC7 levels (fold
change —-1.606; 2= .020) compared with nonfailing pediatric right ventricular myocardium;
all tested AC isoforms had similar levels of expression between the PDE3i-treated and
untreated SRV groups.

Variable Changes in PDE Isoform Expression Based on Age, Disease, and PDE3i

Treatment

Table 4 presents differential expression of various cardiac-relevant PDE isoforms between
adult and pediatric DCM subjects and pediatric SRV subjects. In adult LV myocardium with
DCM, there was decreased expression of select PDE4 isoforms, specifically PDE4A3 (fold
change —2.240; P=.038) and PDE4DS (fold change —2.064; P=.0023) compared with
nonfailing adult LV myocardium. The down-regulation of PDE4 isoforms was not
influenced by PDE3i treatment in adult DCM; all PDE4 isoforms expression levels were
equivalent between adult DCM with and without PDE3i (Table 5). Pediatric LV myocardium
with DCM also demonstrated decreased expression of select PDE4 isoforms, but this was
limited specifically to PDE4DS8 (fold change —2.880; 2= .0071) and PDE4D9 (fold change
-2.828; P<.0001) compared with nonfailing pediatric LV myocardium (Table 4). PDE3i
treatment in pediatric DCM had no effect on PDE4D8 expression, although both PDE4D5
(fold change 1.594; P=.046) and PDE4D9 (fold change 1.773; P=.042) showed trends
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toward being higher compared with pediatric DCM not treated with PDE3i (Table 5). There
was unique up-regulation of PDE1C1 (fold change 1.836; P=.032), PDE3A1-1 (fold
change 2.295; P=.0042), PDE3B (fold change 2.464; P=.0014), and PDE4DS5 (fold
change 2.296; £=.0031) in pediatric SRV myocardium compared with nonfailing right
ventricular myocardium. Levels of all tested PDE isoforms were not influenced by PDE3i
treatment in SV myocardium (Table 5).

Common Up-Regulation of PDE5SA

As presented in Table 4, expression of the PDE5SA isoform was universally higher in adult
and pediatric LV myocardium with DCM (fold changes 4.131 [P=.0007] and 2.573 [P=.
0002], respectively, above nonfailing levels), as well as in pediatric SRV (fold change of
2.797 [P < .0001] above nonfailing right ventricular levels). In all 3 groups, PDE5A
expression was equivalent between failing patients who received PDE3i treatment and those
who did not.

Discussion

The molecular bases of clinical disparities between pediatric and adult HF have, to this
point, gone largely unresolved. Adaptation of p-adrenergic receptors is a hallmark of HF, but
[B-adrenergic receptor adaptation in children with DCM is distinct from that of adults with
DCM. In children, both ;- and Bo-adrenergic receptor subtypes are down-regulated,
whereas only B1-adrenergic receptors are down-regulated in adults.® Nevertheless, children
with HF from SRV demonstrate selective down-regulation of 31-adrenergic receptors with
preserved B,-adrenergic receptor expression.6 We hypothesized that the pathogenesis and
regulation of cAMP and cGMP in pediatric HF are dissimilar from those of adult HF and,
furthermore, that the expression profile of pediatric HF is likely distinct based on disease
etiology. The molecular alterations specific to each patient population would have important
implications regarding putative responses to PDE3i and other medical therapies. Our
findings were supportive of these hypotheses and provide stimulus for further pediatric-
specific investigation.

Differential Regulation of AC5 and AC6

The unique composition of AC isoforms likely confers distinct p-adrenergic receptor
signaling attributes to each tissue, with the dominant AC isoform playing the largest role.14
ACS5 and AC6 are the 2 predominant AC isoforms in cardiac myocytes and are responsible
for the generation of cCAMP in response to B-adrenergic receptor stimulation.1®

ACS, in particular, has been shown to be the dominant isoform in the heart and possesses the
highest enzyme catalytic activity among the AC isoforms.16 Increased AC5 is associated
with adverse myocardial remodeling, and transgenic mice overexpressing AC5 have elevated
reactive oxygen species generation, oxidation of calcium/calmodulin—dependent protein
kinase 11, and phosphorylation of ryanodine receptor 2 which contribute to higher
arrhythmic susceptibility.1®> Furthermore, selective inhibition of AC5 or AC5 knockout in
mice significantly suppresses CAMP accumulation and cardiac apoptosis induced by B:-
adrenergic receptor stimulation, suggesting that the B1-adrenergic receptor selectively
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couples with AC5.17 Therefore, increased AC5 in adult DCM subjects treated with PDE3i
may counter the effects of p;-adrenergic receptor desensitization and contribute to the
adverse clinical outcomes with the use of PDE3i documented in this population,3 namely,
progression of underlying disease or development of life-threatening ventricular
arrhythmias. Interestingly, this finding is isolated to the adult myocardium. Pediatric DCM
patients chronically treated with PDE3i do not succumb to the same increase in
cardiovascular mortality,11:12 and no increase in AC5 expression in PDE3i-treated pediatric
myocardium was demonstrated in the present study. Nevertheless, AC5 is higher in the
pediatric SRV group when compared to nonfailing right ventricular control subjects. Of
particular relevance to SRV disease, AC5 has been shown to increase in response to pressure
overload hypertrophy, paralleling the fetal gene program.18 The myocardium in SRV disease
is under an abnormally high (systemic) pressure load, which may contribute to elevated AC5
in this population. Nevertheless, although increased AC5 may contribute to disease
pathogenesis in pediatric SRV, it may also reflect a normal developmental phenomenon. In
mice, rats, and pigs, AC5 was shown to be highest at birth and then gradually decline with
maturation,18 and in the present study, the SRV group was significantly younger (median
age 2.6 years) than our nonfailing right ventricular control group (median age 7.5 years). In
contrast to adult DCM and consistently with a low incidence of arrhythmogenic death,
PDESi treatment in the SRV group did not yield any additional alterations in AC5
expression.

In adult DCM, ACE6 is uniquely up-regulated and is not significantly altered by PDE3i
therapy. AC6 is known to complex with A-kinase anchoring protein 5 and caveolin-3 to
mediate B-adrenergic stimulation of calcium transients in adult murine cardiac myocytes,?
and disruption of AC6 promotes development of myocyte apoptosis and HF in response to
chronic catecholamine or pressure-overload stress.20-22 It has been suggested that B,-
adrenergic receptors may preferentially couple with AC6 at surface sarcolemma to activate
cell survival pathways through activation of phosphatidylinositol 3-kinase/Akt signaling in
the heart.17:23-26 Therefore, the increase in AC6 may be a compensatory and possibly
protective mechanism in adult DCM induced by chronic PDE3i treatment, or it could reflect
a clinical bias toward PDE3i treatment being initiated in patients with more severe HF
(despite DCM subjects treated or not treated with PDE3i having equivalent ejection fractions
and all DCM subjects having end-stage HF). Compared with AC5, AC6 is more highly
expressed in the neonatal rat,27-28 and an increase in AC6 in adult DCM + PDE3i may
simply represent a reversion to a more immature gene expression profile associated with HF,
similar to the reexpression of the fetal gene program. Additionally, AC6 is highly expressed
in adult cardiac fibroblasts,2° so the elevated AC6 expression in adult DCM + PDE3i may be
indicative of an overall increase in fibrosis burden in adult DCM, which is not seen in
pediatric DCM (manuscript submitted to Journal of Cardiac Failure) or SRV (manuscript in
preparation). The up-regulation of AC6 is not observed in pediatric DCM, however, which
may be secondary to the distinctive down-regulation of B,-adrenergic receptors in this
population.® In pediatric SRV, B,-adrenergic receptor expression is preserved and AC6
expression remains unchanged.
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Contribution of Other ACs

The cardiac contribution of AC7 is largely unknown, but it appears to be differentially
regulated by age, disease, and PDE3i treatment. The direction of AC7 expression changes
suggests that a decrease in AC7 is detrimental, and PDES3i treatment has variable effects on
ACT expression based on age and disease. AC2 expression has been reported in cardiac
myocytes and can associate with KCNQ1 and Yotiao (important in modulating the slow
delayed rectifier current contributing to the late-phase repolarization of the cardiac action
potential),30 but its specific physiologic role has yet to be determined. Interestingly, AC2
expression is elevated exclusively in pediatric DCM myocardium, which may imply a
specific role for AC2 in disease pathogenesis in this population.

Unique Up-Regulation of PDEL1C in SRV

Although PDEZ1 isoforms are highly expressed3! and have high activity levels32 in human
cardiac myocytes, the physiologic and pathologic roles of PDEL in the heart have yet to be
elucidated. PDE1C is localized to the Z- and M-lines within the cardiac myocyte,3! implying
that it is associated with the sarcomere and may be involved in contractile responses. Cell
culture studies suggest that PDE1C may not be active under basal conditions but becomes
active in regulating cAMP signaling in conditions of enhanced intracellular Ca2*
concentration.33 Because PDE1C hydrolyzes both cAMP and cGMP with equally high
affinity34 and is modulated by Ca?*/calmodulin, it is likely that PDELC is important in the
integration of these signaling pathways.3! Therefore, the increase in PDE1C expression in
pediatric SRV may represent unique adaptation of the right ventricular myocardium to
pressure and/or volume overload.

PDESA Up-Regulation Is a Common Hallmark of HF

Of the AC and PDE isoforms evaluated in our study, PDE5SA is the only gene consistently
up-regulated with disease across adult and pediatric DCM as well as pediatric SRV. PDE5
selectively hydrolyzes cGMP, which is a second messenger in nitric oxide signaling and
regulates a wide variety of cellular functions, including hypertrophy and remodeling of the
ventricular myocardium. The physiologic effects of cGMP are primarily mediated through
activation of protein kinase G (PKG, principally PKG1a in cardiac myocytes), resulting in
increased phosphorylation of intracellular targets.3> cGMP levels are enhanced by nitric
oxide and natriuretic peptides or by inhibition of cGMP-hydrolyzing PDEs, such as PDES.
Although PDES5 is minimally expressed in normal adult myocardium,38 PDE5 expression is
increased in pressure-overload hypertrophy in mice3” and in hypertrophied and failing adult
human myocardium.38-40 This up-regulation of myocyte PDES has been associated with
decreased cGMP and subsequent decreased PKG activity, supporting the critical role of
PKG in modulating pathologic remodeling during the development of HF.#1-43 Given the
numerous differences between pediatric and adult HF, it is noteworthy that this increase in
myocardial PDE5 is common to adult and pediatric left ventricular myocardium with DCM
as well as pediatric right ventricular myocardium with SRV. Furthermore, all subjects treated
with PDES3i did not have any significant change in PDE5A expression compared with failing
subjects not treated with PDE3i. Therefore, it is likely that any beneficial effects of PDE3i
therapy are mediated via PDE5-independent pathways. Overall, enhancement of the
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myocardial cGMP signaling cascade through decreasing PDE5 expression or PDE5
inhibition could exert antihypertrophic effects** that may be useful in the treatment of HF
regardless of age or disease etiology.

Clinical trials of PDES inhibition in adult systolic HF have demonstrated improvements in
exercise capacity and echocardiographic measures of function,>46 although this is in
contrast to the lack of improvement demonstrated in adults with HF with preserved ejection
fraction.#” In pediatric and young adult patients status after Fontan palliation for single-
ventricle heart disease, PDES5 inhibition has also been shown to improve exercise capacity
and echocardiographic indices of myocardial performance,*849 and larger clinical trials with
PDES inhibition in this population are underway. Nevertheless, the ability to isolate the
myocardial effects of PDES5 inhibition in vivo is complicated by the accompanying
pulmonary vasodilatory effects (of particular importance in patients with a univentricular
circulation and passive pulmonary blood flow), emphasizing the importance of such in vitro
and ex vivo studies.

Down-Regulation of PDE4 in DCM

Isoforms of the PDE4 family are decreased in DCM, although there are differences in
specific PDE4 isoform down-regulation based on age. Notably, PDE3i treatment does not
significantly alter PDE4 expression in adult DCM but can increase expression of select
PDE4 isoforms in pediatric DCM. Both PDE4D9 and PDE4D8 bind to the B,-adrenergic
receptor under resting conditions; however, agonist stimulation induces dissociation of
PDE4D9 from the receptor but recruitment of PDE4D8 to the receptor. Agonist stimulation
also induces recruitment of PDE4D5 to B,-adrenergic receptor.°0 Moreover, the receptor-
associated PDE4D isoforms play distinct roles in controlling cAMP activities, regulating the
protein kinase A (PKA) phosphorylation of the receptor, and modulating myocyte
contraction rate responses.>® Knockdown of PDE4D9 enhances B,-adrenergic receptor-
induced cAMP signaling, whereas knockdown of PDE4D8 only slightly prolongs the
receptor-induced CAMP signaling in myocytes. Inhibition of PDE4D9 and PDE4D5
enhances the baseline levels of contraction rates, whereas inhibition of PDE4D9 and
PDE4D8 enhances the maximal contraction rate increases on activation of fo-adrenergic
receptor.>0 The decrease in PDE4DS8 and PDE4D9 seen in the pediatric DCM myocardium
could be associated with the unique down-regulation of B,-adrenergic receptor in this
population. Additionally, PDE4D3 localizes within several multimolecular signaling
complexes implicated in cardiac contractility, arrhythmias, and hypertrophy,>1:52 yet no
change in PDE4D3 expression was detected in any of the groups examined.

Study Limitations

Because this was a tissue bank—based study, we were not able to determine whether these
changes in AC and PDE expression were pathologic or compensatory. Furthermore,
expression at the mRNA level may not always reflect a physiologically significant change in
either AC or PDE enzyme activity. However, previous studies showed similar increases in
PDE RNA and protein levels®3 and have correlated expression of PDE protein isoforms with
PDE activity.>* AC isoforms are regularly investigated at the RNA level owing to the lack of
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specific antibodies and inhibitors.>® Conversely, RNA levels do not always correlate with
enzymatic activity. For example, despite up-regulation of PDE3A1-1 and PDE3B in SRV
disease, PDES3 activity is not significantly changed in either the microsomal or the cytosolic
compartments in SRV myocardium.8 Additionally, the trend toward decreased PDE3A1-1 in
SRV myocardium with PDE3i treatment is not reflected in decreased PDE3 activity in this
group.8 In this case, there is some disparity between mMRNA expression and enzyme activity,
with enzyme activity being the more physiologically relevant measurement. However,
assessment of PDE activity is based on specificity of inhibitors that cannot distinguish
between different isoforms of the same family. Furthermore, although enzyme activity can
be assessed in large subcellular compartments (ie, microsomal, cytoplasmic, and nuclear),
this method may not be sensitive enough to detect changes in enzyme activity in a particular
microdomain; therefore, expression changes found with the use of qRT-PCR may still be
physiologically important. In addition, because our results were obtained from explanted
human tissue, we acknowledge that the expression data are not solely representative of
cardiac myocytes; included in our assessment are other cell types, including fibroblasts,
vascular smooth muscle cells, endothelial cells, and immune cells which have differing AC
and PDE isoform profiles. Finally, owing to the relative rarity of pediatric disease and the
current widespread use of PDE3i, some sample sizes were not robust and we acknowledge
the possibility of being underpowered to detect differences. Despite these limitations, this
study describes significant differences in AC and PDE isoform profiles based on age and
disease etiology, which provide the basis for further investigation.

Conclusion

The pediatric HF population continues to pose a unique therapeutic challenge, which is
further complicated by differential molecular adaptation based on both age and disease
phenotype, as highlighted in our study. Alterations in AC and PDE isoforms that are specific
to a disease process and/or age group may assist in devising future studies to elucidate
pathogenic mechanisms as well as predict response to PDE3i and possibly other medical
therapies, which are particularly needed in the pediatric HF population.
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