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Loss of type 9 adenylyl cyclase 
triggers reduced phosphorylation 
of Hsp20 and diastolic dysfunction
Yong Li1, Tanya A. Baldwin1, Yan Wang1, Janani Subramaniam1, Anibal Garza Carbajal1, 
Cameron S. Brand1,2, Shane R. Cunha1 & Carmen W. Dessauer  1

Adenylyl cyclase type 9 (AC9) is found tightly associated with the scaffolding protein Yotiao and the IKs 
ion channel in heart. But apart from potential IKs regulation, physiological roles for AC9 are unknown. 
We show that loss of AC9 in mice reduces less than 3% of total AC activity in heart but eliminates 
Yotiao-associated AC activity. AC9−/− mice exhibit no structural abnormalities but show a significant 
bradycardia, consistent with AC9 expression in sinoatrial node. Global changes in PKA phosphorylation 
patterns are not altered in AC9−/− heart, however, basal phosphorylation of heat shock protein 20 
(Hsp20) is significantly decreased. Hsp20 binds AC9 in a Yotiao-independent manner and deletion of AC9 
decreases Hsp20-associated AC activity in heart. In addition, expression of catalytically inactive AC9 
in neonatal cardiomyocytes decreases isoproterenol-stimulated Hsp20 phosphorylation, consistent 
with an AC9-Hsp20 complex. Phosphorylation of Hsp20 occurs largely in ventricles and is vital for the 
cardioprotective effects of Hsp20. Decreased Hsp20 phosphorylation suggests a potential baseline 
ventricular defect for AC9−/−. Doppler echocardiography of AC9−/− displays a decrease in the early 
ventricular filling velocity and ventricular filling ratio (E/A), indicative of grade 1 diastolic dysfunction 
and emphasizing the importance of local cAMP production in the context of macromolecular complexes.

The second messenger cAMP and its effector proteins regulate numerous physiological processes in heart, includ-
ing pacemaker activity, stress responses and cardiac contractility1. The majority of cAMP synthesis in heart, par-
ticularly in cardiac myocytes, is ascribed to two major adenylyl cyclase isoforms, AC5 and AC6. In mice, AC5 is 
important for parasympathetic regulation of cAMP production and cardiac stress responses, while AC6 appears 
to regulate aspects of calcium handling and cardiac contractility1. Deletion of both AC5/6 suggests these two 
enzymes control all beta-adrenergic enhancements of L-type calcium currents2. However, physiological roles for 
additional AC isoforms expressed at lower levels in heart are unknown.

We previously showed that AC9, an understudied largely forskolin-insensitive AC isoform, is expressed in 
adult mouse cardiomyocytes and forms complexes in heart with Yotiao, an A-kinase anchoring protein (AKAP)3, 4.  
AKAPs are important scaffolds that direct the localization, regulation, and integration of cAMP-dependent PKA 
signaling with downstream targets. Dysregulation of AKAP organized complexes can lead to cardiac remodeling 
and development of heart failure5, 6. For example, mAKAP (AKAP6) scaffolds AC5 to regulate cardiac stress 
responses while AKAP79 (AKAP5) scaffolds AC5/6 and L-type calcium channels5, 7. Association of AC with 
AKAP complexes serves to sensitize bound PKA substrates to the effects of cAMP, by up to two orders of mag-
nitude4, 8.

In heart, AC9 is the only AC isoform to associate with Yotiao and the Yotiao-IKs channel complex4. The IKs 
channel results from the co-assembly of two subunits KCNQ1 and KCNE1. PKA phosphorylation of the anchored 
KCNQ1 channel subunit increases IKs current and shortens the action potential duration to allow sufficient dias-
tolic intervals upon increased heart rate. Mutations in either KCNQ1 or Yotiao that disrupt their interaction give 
rise to Long-QT syndrome (LQT1, LQT11; a potentially lethal heritable arrhythmia syndrome)9. AC9 association 
with Yotiao-KCNQ1 facilitates KCNQ1 phosphorylation by PKA4. In humans, we suggest that AC9 is important 
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for repolarization of heart. However since a functional IKs is largely absent in adult mice, additional potential roles 
for AC9 in heart are unknown.

In this report we show that AC9 accounts for less than 3% of total AC activity in mouse heart, yet repre-
sents all the Yotiao-associated AC activity. Loss of AC9 expression does not alter cardiac structure nor global 
PKA phosphorylation, but results in decreased PKA phosphorylation of heat shock protein 20 (Hsp20). PKA 
phosphorylated Hsp20 has previously been shown to be cardioprotective10–12. Molecular analyses indicate 
that Hsp20 is associated with AC9 in a Yotiao-independent manner. Loss of AC9 decreases Hsp20-associated 
AC activity in heart, while overexpression of catalytically inactive AC9 in neonatal cardiomyocytes decreases 
isoproterenol-stimulated Hsp20 phosphorylation. Finally, AC9 deletion gives rise to a grade 1a left ventricular 
diastolic dysfunction with preserved ejection fraction, consistent with a cardioprotective role for AC9.

Results
Genetic ablation of AC9 results in preweaning subviability. AC9 is ubiquitously expressed but phys-
iological roles for AC9 have been largely ignored. To investigate the in vivo function of AC9, we utilized a gene-
trap strain of AC9 obtained from the Mutant Mouse Regional Resource Center, a NIH strain repository. The 
AC9−/− strain was created by Lexicon, Inc. using a retroviral insertion between exon 1 and 2 (Fig. 1A). The mouse 
genotypes were determined by PCR assay (Fig. 1B). AC9 protein is not detectable by western blotting in heart 
tissue homogenates and available antibodies against AC9 do not work well for immunoprecipitation. Therefore 
to confirm the lack of AC9 protein expression, we probed the Yotiao-AC9 complex which is tightly associated in 
mouse and guinea pig heart4. AC9 protein is detectable in immunoprecipitates of Yotiao from wild type (WT) 
hearts but not AC9−/− (Fig. 1C). Multiple isoforms of AC are expressed in mouse adult cardiomyocytes, including 
AC 3, 4, 5, 6, and 94; quantitative PCR of these AC isoforms from WT and AC9−/− shows a 35 +/− 9% decrease in 
AC3 mRNA and complete loss of AC9, but no significant difference in other AC isoforms (Fig. 1D). AC3 protein 
was undetectable in lysates by western blotting.

Unpublished observations of FA Antoni suggested that conventional targeted deletion of AC9 results in 
early embryonic lethality in mice13. Although viable, we noted abnormal genotype frequencies for heterozygous 
mating pairs after backcrossing to C57BL/6 J (18% WT, 75% Het, 7% KO; n = 68, P = 0.002). The preweaning 
subviable homozygous phenotype with incomplete penetrance is also reported for another Adcy9−/− strain 
(Adcy9tm1b(EUCOMM)Wtsi) created as part of the International Knockout Mouse Consortium14.

Deletion of AC9 results in loss of Yotiao-associated AC but not significant changes in total AC 
activity. AC9 mRNA and/or protein has previously been detected in both cardiac fibroblasts and myocytes4, 15, 
however the degree to which AC9 contributes to total AC activity is unknown. Initial measurements of basal and 
Gαs-stimulated AC activity showed no difference between cardiac membranes isolated from WT versus AC9−/− 
mice (Fig. 2A). To potentially unmask AC activity stemming from AC9, we used a P-site inhibitor that displays 
>100 fold selectivity for AC5/6 over AC9 (Fig. 2B)16. No significant difference in total AC activity is observed, 
even at SQ 22,536 concentrations that inhibit 70–90% of AC5/6, but only 20–30% of AC9 (30–100 µM). From this 
data, we estimate that AC9 represents less than 3% of total heart AC activity. In order to detect AC9 activity, we 
examined its association with specific AKAP complexes3, 4. Heart extracts subjected to immunoprecipitation of 
Yotiao show significant AC activity that is pulled down with Yotiao in WT but not AC9−/− (Fig. 2C). This is con-
sistent with our previous findings that AC9 is the only AC isoform associated with Yotiao in heart4. Although AC9 
can also bind AKAP79/15017, it does not significantly contribute to the AC activity associated with AKAP79/150 
in heart (Fig. 2D).

Figure 1. Design and verification of the AC9−/− mouse model. (A) Schematic of AC9 gene-trap strategy and 
genotyping primers. Intron distances are not drawn to scale. (B) PCR analysis of genotyping: lanes 1, 2, and 
3 represent wild-type (WT), AC9+/− (Het) and AC9−/−, respectively. (C) AC9 protein levels were detected by 
immunoprecipitation of pre-immune (PI) or Yotiao complexes from WT and AC9 KO heart extracts followed 
by western blotting (WB) with anti-AC9 antibody. AC9 protein is not detectable in total heart extracts by WB 
(n = 5). (D) Real time PCR of cardiac AC isoforms in AC9−/− heart, normalized to WT expression levels (n = 3; 
mice 1 month of age). Loss of AC9 mRNA was confirmed with primer sets 9-1 and 9-2. Full-length WBs are 
presented in Supplementary Fig. S6.
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Reduced heart rate in the absence of AC9. Functional analysis of WT and AC9−/− mice revealed a sig-
nificant reduction of heart rate under isoflurane in both male and female mice for the two age groups examined 
(Table 1). Body weight is unaltered in male (21.1 +/− 0.2 versus 21.6 +/− 0.3 g, 6 months) and female mice (15.3 
+/− 0.2 versus 15.6 +/− 0.2 g, 4 months). No structural abnormalities were noted and myocardial performance 
index (0.9 +/− 0.1 versus 0.9 +/− 0.1), ejection fraction (53 +/− 3 versus 51 +/− 4) and percent fractional 
shortening (27 +/− 2 versus 26 +/− 3) were all unchanged, as assessed by M mode imaging of mice 3–7 months 
(Supplemental Table 1). Alterations in heart rate suggest a role for AC9 in sinoatrial node (SAN). Yotiao-AC9 
complex is detected throughout the heart, including the left ventricle, atria, and the SAN, as measured by AC9 
activity associated with Yotiao immunoprecipitation (Fig. 2E). As shown for total heart, deletion of AC9 abolishes 
Yotiao-associated activity in SAN (Fig. 2F), consistent with a role for AC9 in heart rate control. Correct dissection 
of SAN is confirmed by the presence of connexin 45 but not connexin 43 (Supplemental Fig. S1)18.

Global PKA phosphorylation is unaltered but Hsp20 phosphorylation is decreased in 
AC9−/−. In order to determine if AC9 deletion alters cAMP signaling, we used intraperitoneal injection of 
saline or isoproterenol in WT and AC9−/− mice to evaluate changes in phosphorylation of PKA targets. Global 
changes in PKA phosphorylation at baseline or after isoproterenol injection are not detected (Fig. 3A), suggest-
ing that AC9 does not significantly alter sympathetic responses. However, we detect a large decrease in the basal 
phosphorylation state of Hsp20 in the absence of beta-adrenergic stimulation (Fig. 3B). Hsp20 is a known PKA 
target19, 20 and inhibition of PKA activity by H89 blocks isoproterenol-stimulated phosphorylation of Hsp20 in rat 

Figure 2. AC9 activity and AKAP association in heart. (A,B) Membranes were prepared from 6 wk WT versus 
AC9−/− heart. (A) AC activity was measured under basal conditions and upon stimulation with 300 nM Gαs 
or 50 µM forskolin (n = 4, performed in duplicate or triplicate). (B) AC activity was measured in the presence 
of increasing concentrations of SQ22,536 in the presence of 300 nM Gαs (n = 3, performed in duplicate). 
(C,D) Heart extracts from WT or AC9−/− mice were subjected to immunoprecipitation (IP) with pre-immune 
(control) or anti-Yotiao (C) and control IgG or anti-AKAP5 (D). AKAP-associated AC activity was stimulated 
with 300 nM Gαs and measured (n = 3–4). Data are shown as mean +/− SD. A portion of the IP’s from (C and 
D) were subjected to WB analysis for the appropriate AKAP. (E) Yotiao-associated AC activity was measured 
from WT sinoatrial node (SAN), left ventricle (LV), and right atrium (RA) tissue homogenates as in panel 
(C). Immunoblot of Yotiao from IPs is shown below. (F) Yotiao-associated activity from WT and AC9−/− SAN 
as measured in panel (C); Yotiao immunoblot is shown below (n = 3). Full-length WBs are presented in 
Supplementary Fig. S6.

Sex Age (mo)

Average Heart Rate (bpm)

p-valueWT AC9−/−

Male/Female 1–2 433 +/− 5 (n = 13/6) 409 +/− 7 (n = 12/6) 0.008

Male 5–7 445 +/− 6 (n = 10) 400 +/− 7 (n = 11) 0.0002

Table 1. Deletion of AC9 gives rise to bradycardia.
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neonatal cardiomyocytes (Supplemental Fig. S2). Phosphorylation of other PKA targets such as troponin I, CREB, 
and phospholamban (PLN) are unaltered in the knockout (Fig. 3C, Supplemental Fig. S3). No change in basal 
Hsp20 phosphorylation was observed in WT and AC9−/− brain lysates (Fig. 3D), suggesting that AC9 regulates 
Hsp20 in a tissue specific manner. Hsp20 total protein is present at very low levels in SAN node (only 11 +/− 9% 
of that in LV; Fig. 3E), while basal phosphorylation of Hsp20 is only significantly detected in left ventricle and not 
atrium (Fig. 3E).

To determine if AC9 is present in Hsp20-containing complexes, we measured the AC activity present in Hsp20 
immunoprecipitates in WT and AC9−/− heart extracts. Not only is a significant amount of AC activity complexed 

Figure 3. Decreased PKA phosphorylation of Hsp20 in AC9−/−. WT and AC9−/− mice were injected with 
saline or isoproterenol (2 µg/g body weight, IP). Animals were sacrificed 4 min later and heart tissue was 
harvested. Cardiac extracts were prepared in the presence of phosphatase inhibitors. Equal protein supernatants 
were subjected to WB analysis with (A) anti-p-PKA substrate, (B) anti-p-Hsp20, and C) anti-p-CREB. 
Quantitation of phospho-PKA was normalized to beta-actin levels (A) while the corresponding total protein 
was quantitated by WB (n = 5–7) and the ratio of phosphoprotein to total was quantitated for p-Hsp20 (B) and 
p-CREB (C). (D,E) WB and quantitation of the ratio of phosphorylated to total Hsp20 in D) brain from WT 
and AC9−/− mice (n = 3) and (E) sinoatrial node, left ventricle, and right atrium (n = 3). Graphs for quantitation 
of the ratio of phosphorylated to non-phosphorylated protein are shown to the right for each panel. **P < 0.01 
t-test on raw intensity values. Full-length WBs are presented in Supplementary Fig. S6.
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with Hsp20 in WT heart, this activity is decreased by 35 +/− 6% in AC9−/− (Fig. 4A). Additional AC isoforms 
may associate with Hsp20 to facilitate isoproterenol-stimulated PKA phosphorylation. Interaction of AC9 and 
Hsp20 appears independent of Yotiao, as no detectable Hsp20 is associated with Yotiao in heart (Supplemental 
Fig. S4). AC9 and Hsp20 interactions can also be observed in HEK293 cells. A complex of AC9-Hsp20 is detected 
upon immunoprecipitation of either Flag-tagged AC9 or Hsp20 (Fig. 4B,C). Note, we consistently observe a 72 
+/− 7% reduction of AC9-Hsp20 binding in the presence of Yotiao, suggesting that Yotiao may compete with 
Hsp20 for AC9 interactions. Finally, AC9-Hsp20 interactions are also detected by proximity ligation assay (PLA) 
in HEK293 cells (Fig. 4D). The high selectivity of PLA relies on double recognition of a protein complex by two 
oligonucleotide-conjugated secondary antibodies. Oligonucleotides in close proximity allows for rolling circle 
amplification that can be visualized (Fig. 4D, red dots). YFP-AC9 and Hsp20 display a significant signal by PLA as 
compared to YFP alone. Gβγ binds to the N-terminus of AC9 and serves as a positive control21.

AC9 binding to an Hsp20 complex should regulate local cAMP production and subsequent Hsp20 phospho-
rylation. If this is the case, displacing AC9 with a catalytically inactive enzyme would lead to reduced local cAMP 
and Hsp20 phosphorylation. Mutation of D399 to alanine deletes a key metal-binding residue in the active site of 
AC9, reducing Gαs-stimulated activity by >90% (Supplemental Fig. S5). Adenoviral expression of AC9-D399A 
in rat neonatal cardiomyocytes significantly decreased isoproterenol-stimulation of Hsp20 (by 77 +/− 6%), as 
compared to non-infected or GFP-infected cells (Fig. 5). This is consistent with decreased Hsp20 phosphorylation 
and Hsp20-associated AC activity in AC9−/− heart.

Protective role for AC9 against diastolic dysfunction. The decrease in baseline Hsp20 phospho-
rylation in AC9−/− suggests a potential loss of the cardioprotective effects of PKA phosphorylated Hsp2010–12. 
Therefore, we measured overall left ventricular function using pulsed-wave Doppler echocardiography of early 
(E) and late (A) blood flow velocities through the mitral valve combined with tissue Doppler imaging of the 
mitral valve annulus (E’ and A’ velocity). Diastolic relaxation consists of four phases: isovolumetric relaxation, 
early rapid ventricular filling, slow filling or diastasis, and atrial contraction. Of these, the early filling phase (E 
wave) appears significantly reduced in AC9−/− mice (Table 2 and Fig. 6). This was confirmed by tissue Doppler, 

Figure 4. AC9 association with Hsp20 is Yotiao independent. (A) Heart extracts from WT or AC9−/− mice 
were subjected to IP with IgG (control) or anti-Hsp20. Hsp20-associated AC activity was stimulated with 
300 nM Gαs (n = 4; #P < 0.001 IgG versus Hsp20; **P < 0.01 WT versus AC9−/−). (B,C) HEK293 cells were 
transfected with Flag-tagged AC9, myc-tagged Yotiao, and V5-tagged Hsp20 as indicated. Cell lysates were 
immunoprecipitated with anti-Flag (B) or anti-Hsp20 (C). AC9-Hsp20 protein complexes were detected by WB 
(n = 3). (D) Proximity ligation assay for Hsp20 and YFP-tagged AC9. HEK293 cells were transfected with the 
indicated plasmids. Representative images are shown. PLA signals were quantified by high content microscopy 
(positive cells defined as 4 signals or “dots” per cell; ~2000 cells imaged per condition). *P < 0.05 t-test, n = 3. 
Full-length WBs are presented in Supplementary Fig. S6.
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measuring the early diastolic mitral annular velocity (E’) which is preload independent. Trends towards increased 
filling pressures (E/e’) are observed but never reach significance.

Discussion
AC9 is the most divergent in sequence of the nine mammalian transmembrane AC isoforms. It is rela-
tively insensitive to forskolin activation and remains the least characterized. It was originally cloned as a 
calcineurin-inhibitable AC isoform22, although it is unclear if calcineurin and other reported cellular regulators 
have direct or indirect mechanisms of action23. AC9 mRNA is ubiquitously expressed, particularly in the hip-
pocampus24, and the knockout of AC9 was thought to be embryonic lethal13. Therefore, physiological roles for 
AC9 have been largely ignored. However, despite a preweaning subviability, AC9−/− mice show no obvious size 
or structural abnormalities. AC9 expression is important for human neutrophil chemotaxis25, while ADCY9 gene 
polymorphisms are linked to asthma, mood disorders, and body weight26–28. In heart, AC9 mRNA and/or protein 
has been detected in both cardiomyocytes and fibroblasts, however, our estimates using P-site inhibitors suggest 
that AC9 represents less than 3% of total heart AC activity. Despite the low levels of AC9, Yotiao-associated AC 
activity is abolished in the knockout while AKAP79-associated AC activity is unchanged. Although AKAP79 can 
bind to AC9 in cell culture experiments, AKAP79 scaffolds the highly expressed AC5/6 isoforms in heart17, 29. 
The association with Yotiao is consistent with a role for AC9 in regulation of IKs channels and potentially long QT 
syndrome, for which mutations of IKs and Yotiao are well known9.

Bradycardia. LQT1 patients (KCNQ1 mutations) often display reduced heart rate, particularly with exer-
cise30, 31. AC9 is proposed to regulate PKA phosphorylation of KCNQ1 via its scaffolding to Yotiao4, however, the 
interpretation of a bradycardia phenotype is complicated in mice. Unlike humans, standard IKs currents are largely 
absent in adult mouse myocytes32–34. We do not detect endogenous KCNQ1 from heart lysates or by immuno-
precipitation of Yotiao or KCNQ14. Moreover, knockout of KCNQ1 does not alter heart rate or QT interval at 
baseline, although these features are prolonged when challenged with nicotine35. Thus it is unclear if the brady-
cardia in AC9−/− is due to decreased phosphorylation of KCNQ1 or another, yet identified, Yotiao-associated K+ 
channel in mouse sinoatrial node.

AC9 binds Hsp20 and regulates basal Hsp20 phosphorylation. Although global PKA phos-
phorylation is unchanged, deletion of AC9 has a pronounced effect on the basal phosphorylation of Hsp20. 

Figure 5. Expression of catalytically inactive AC9 decreases isoproterenol-stimulated phosphorylation of 
Hsp20 in rat neonatal cardiac myocytes (RNCMs). Cells were infected with GFP control or catalytically inactive 
AC9-D399A (AC9d) adenoviruses for 50 hr. RNCMs were treated with vehicle (AT) or isoproterenol (1 μM) for 
5 min prior to cell lysis. The ratio of p-Hsp20 to total Hsp20 was quantitated by WB. #, **P < 0.01 t-test, n = 4. 
Full-length WBs are presented in Supplementary Fig. S6.

Parameter# WT AC9−/− P value

Mitral flow doppler

Peak velocity, E’ (mm/s) 20 +/− 1 15 +/− 1 0.004

Peak velocity, A’ (mm/s) 16.5 +/− 0.6 16.3 +/− 0.5 n.s.

Aortic ejection time (AET, ms) 51 +/− 2 52 +/− 1 n.s.

Isovolumic Relaxation Time (ms) 24 +/− 2 27 +/− 2 n.s.

Isovolumic Contraction Time (ms) 20 +/− 1 20 +/− 1 n.s.

Mitral valve A (cm/s) 41 +/− 2 43 +/− 2 n.s.

Mitral valve E (cm/s) 64 +/− 2 54 +/− 2 0.005

A’/E’ 0.88 +/− 0.05 1.2 +/− 0.1 0.04

MV E/A 1.57 +/− 0.08 1.27 +/− 
0.07 0.01

MV E/E’ 33 +/− 1 38 +/− 3 n.s., 0.1

Myocardial Performance Index (MPI) 0.9 +/− 0.1 0.9 +/− 0.1 n.s.

Table 2. Cardiac parameters for WT and AC9−/− mice. #Mean +/− SE is given for male animals 3–7 months.
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Despite its name, Hsp20 (also known as HspB6) is not heat inducible but belongs to a group of ubiquitously 
expressed small heat shock proteins that are abundant in cardiac, smooth, and skeletal muscle36, 37. Hsp20 is 
up-regulated in response to cellular stress and/or damage and its expression is cardioprotective against prolonged 
beta-agonist induced hypertrophy, ischemia/reperfusion injury, and the cardiotoxic effects of doxorubicin36–38. 
Phosphorylation of Ser16 on Hsp20 by PKA is increased under cardiac stress and is essential for its protective 
effects after ischemia/reperfusion injury10–12, 39. Hsp20 is found in association with numerous complexes in heart 
including actin/α-actinin, 14-3-3, phosphorylated Akt, PP1-PLN, and members of an AKAP-Lbc complex impli-
cated in the development of cardiac hypertrophy (reviewed in refs 36, 37 and 40). Disruption of Hsp20 associa-
tion with PDE4D39, PKD141, or AKAP-Lbc42 abolish the protective effects of Hsp20 in the heart.

Hsp20 is associated with AC9 in heart and in HEK293 cells, as determined by IP and PLA assays. It is not 
clear if AC9 directly binds Hsp20 or if the association is mediated by an Hsp20 binding partner. However, 
we see no evidence for Hsp20 interaction with Yotiao in heart; in HEK293 cells, expression of Yotiao actu-
ally reduces AC9-Hsp20 interactions. Although AC9 clearly binds Hsp20, other AC isoforms in heart must 
also associate with Hsp20-containing complexes, as 65 +/− 4% of Hsp20-associated AC activity still remains 
in AC9−/− heart. Expression of a catalytically inactive mutant of AC9 in neonatal cardiomyocytes decreases 

Figure 6. Cardiac parameters for WT and AC9−/− mice. (A) Pulsed-wave and tissue Doppler recordings for 
female WT and AC9−/− littermates (3 month) showing the relative amplitudes of the early ventricular filling (E 
wave) and the late filling caused by atrial contraction (A wave) (ECGs are shown below for each animal). (B) 
Quantitation of E/A ratio at 1–2 (n = 10 WT and 8 AC9−/−; males, P = 0.0005) or 3–7 months (n = 11 WT and 
11 AC9−/−; males and females, P = 0.005). (C) Quantitation of mitral valve E wave at 3–7 months (n = 13 WT 
and 11 AC9−/−, P = 0.005). Mean +/− SE.
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isoproterenol-stimulated Hsp20 phosphorylation by 77 +/− 6%. Therefore, overexpression of catalytically inac-
tive AC9 may prevent Hsp20 from associating with endogenous AC9 and other AC isoforms in cardiomyocytes, 
reducing local cAMP production necessary for PKA phosphorylation of Hsp20.

Protective role for AC9 against diastolic dysfunction. Despite the fact that AC9 associates with the 
Yotiao-IKs complex, it wasn’t clear if deletion of AC9 would display alterations in the relaxation of heart muscle in 
mice, given the reported lack of IKs currents. Surprisingly, the early filling phase (E wave) of diastolic relaxation 
appears significantly reduced in AC9−/− mice. This was confirmed by tissue Doppler imaging. A slower E wave is 
associated with a stiffer left ventricular wall, increasing the back pressure to slow blood flow velocity. This gives 
rise to a lower E/A ratio in AC9−/−, an accepted clinical marker of diastolic dysfunction. The resulting phenotype 
is categorized as a grade 1a with preserved ejection fraction. Patients with LQTS (LQT1 and LQT2) also show 
diastolic dysfunction, with a significantly slower E’ and increased left atrial volume index as compared to healthy 
subjects43. However, the QT interval is not increased in AC9−/−, suggesting the lower E/A ratio may not reflect 
altered K+ channel regulation involved in repolarization, but rather the loss of Hsp20 phosphorylation and its 
cardioprotective effects.

Conclusion
Despite contributing to very low overall cAMP production in heart, loss of AC9 reduces Yotiao- and 
Hsp20-localized pools of AC activity, but not global PKA phosphorylation. Phosphorylation of Hsp20 occurs 
largely in ventricles and is vital for the cardioprotective effects of Hsp2036–38. Deletion of AC9 results in a left ven-
tricular diastolic dysfunction which correlates with reduced Hsp20-associated AC activity and a significant 64% 
reduction in baseline Hsp20 phosphorylation. Reductions in AC9 mRNA and protein also occur via microRNA 
miR-142-3p44, 45. Although normally low in heart, miR-142-3p is upregulated in patients with non-ischemic 
dilated cardiomyopathy, and in mouse models of hypertrophic cardiomyopathy46–49, consistent with a protective 
role for AC9 in heart.

Materials and Methods
Generation of AC9 Gene-Targeted Mice. The mouse strain used for this research project, B6;129S5-
Adcy9Gt(neo)159Lex/Mmucd, identification number 011682-UCD, was obtained from the Mutant Mouse 
Regional Resource Center, a NIH funded strain repository, and was donated to the MMRRC by Lexicon, Inc. The 
insertion of the gene trap vector was generated in strain 129/SvEvBrd-derived embryonic stem cells14. The retro-
viral insertion (5174bp) occurred in the intron between exons 1 and 2. The chimeric mice were bred to C57BL/6J 
mice to generate F1 heterozygous animals. Mice were backcrossed with C57BL/6J mice for 7–9 generations. Age 
matched or wild-type C57BL/6J littermate controls were used as described. All animal protocols were approved 
by the Institutional Animal Care and Use Committee (IACUC) at the University of Texas Health Science Center 
at Houston in accordance with the Animal Welfare Act and NIH guidelines.

Genotyping and RT-PCR. Primers used to detect gene trap insertion (WT #1 and KO #3; 494 bp) 
or WT animals (WT #1 and #2; 280 bp) were as follows: KO #3, GGCCAAGAACAGATGGAACAG; WT 
#1, TCCCTAGCCATTCCTAGCAAAGC; WT #2, CAGTTCACCTTTTCCATACCCCTAG. Primers 
used for real-time PCR are from50, except AC9. Primer sequences for AC9 are as follows (see Fig. 1): AC9-1 
Fwd CGGTCTCCCACAGATGAGAT; AC9-1 Rev, TCTGGGGACAGAAACTGAGG; AC9-2 Fwd, 
CTTTGATAACCTTAAGACTTGC; AC9-2 Rev, CAGGAGCTGGAGCGATCATA. Real-time PCR was per-
formed and analyzed as described51, using GAPDH as a control template.

Plasmids and adenoviruses. Myc-Yotiao-pcDNA3 was previously described3. Myc-tagged Hsp20 was pur-
chased from Origene; V5-Hsp20 was a gift from Dr. George Baillie (U of Glasgow). A flag-tag (MDYKDDDDK) 
plus two residue linker (GA) was inserted in frame at the N-terminus of human AC9 using nested PCR primers. 
The resulting clone was sequenced and the activity of the tagged protein verified upon expression in HEK293 
cells and Sf9 cells. YFP-tagged AC9 was similarly created using flag-AC9 pCDNA3 as the starting construct 
and replacing the flag-tag with YFP. To create a catalytically inactive AC9, aspartate 399 was mutated to ala-
nine using QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies). For adenoviral expression, GFP 
and YFP-tagged catalytically inactive (AC9-D399A, AC9d) were inserted into the Kpn I/XbaI restriction sites of 
pShuttle-CMV vector. Recombinant adenoviruses were produced according to the manufacturer’s instructions 
(AdEasy Adenoviral Vector Systems, Stratagene). Appropriate clones were selected by RT-PCR and sequenced. 
Note, although AC9d is expressed as YFP-tagged, YFP is typically cleaved when expressed by adenoviruses in 
cardiomyocytes and the YFP tag is not detected by WB.

Cell culture and transfections. HEK293 cells were authenticated by ATCC, cultured in Dulbecco’s 
Modified Eagle Medium with 10% fetal bovine serum, and transfected with the indicated plasmids using 
Lipofectamine 20003, 17. Neonatal rat ventricular myocytes (NRVM) were isolated from 1- to 2-day-old 
Sprague-Dawley rat hearts as previously described52. Medium was changed 24 hours after plating and 48–72 hrs 
post isolation NRVMs were infected with adenovirus (multiplicity of infection of 50–100) for 50 hrs prior to 
treatments. Experiments were carried out on at least three separate NRVM isolations. Isoproterenol was stored 
and diluted in AT buffer (100 mM ascorbate and 10 mM thiourea, pH 7.4).

Western Blotting. Antibodies used for immunoprecipitation and western blotting include rab-
bit anti-Hsp20 (phospho S16, Abcam), mouse anti-Hsp20 (Hsp20-11) (Santa Cruz Biotechnology), rab-
bit anti-phospho-Troponin I (Cardiac) (Ser23/24, Cell Signaling), rabbit anti-Troponin I (Cell signaling), 
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rabbit anti-phospho-Phospholamban (Ser16, EMD Millipore), mouse anti-Phospholamban Antibody (2D12, 
ThermoFisher Scientific), rabbit anti-phospho-PKA Substrate (RRXS*/T*) (100G7E) (Cell Signaling), 
mouse anti-β-actin (C4, Santa Cruz Biotechnology), rabbit anti- CREB (48H2, Cell Signaling), rabbit 
anti-phospho-CREB (Ser133, 87G3, Cell signaling), goat anti-cyclase IX (N-18, Santa Cruz Biotechnology), 
mouse or rabbit anti-AKAP150 (EMD Millipore for western blotting and Santa Cruz Biotechnology for immuno-
precipitation) and normal mouse or rabbit IgG (Santa Cruz Biotechnology). Connexin 43 (rabbit) and connexin 
45 (mouse) antibodies were a gift from Dr. John O’Brien (UTHealth). The rabbit anti-Yotiao antibody3 and mouse 
anti-AC5 antibodies51 were generated and characterized as described. Full-length western blots are shown in 
Supplemental Fig. S6.

For analysis of PKA phosphorylation in heart, WT and AC9−/− mice were injected with saline or isoproterenol 
(2 µg/g body weight, IP). Animals were sacrificed 4 min later and heart tissue was harvested. Cardiac extracts were 
prepared in the presence of phosphatase inhibitors. Equal protein supernatants were subjected to western blot 
analysis as described in figure legends.

Adenylyl Cyclase Activity and IP-AC Assays. Preparation of heart extracts and measurement of AC 
activity were performed as previously described3, 17. AC9 activity in WT hearts was estimated from increasing 
concentrations of the SQ22,536 inhibitor that displays >100 fold selectivity for AC5/6 over AC916. At X concen-
tration of SQ22,536, AC9 activity = (WT-KO)/%AC9 activity remaining at X concentration. Averages of 4 exper-
iments, performed in duplicate or triplicate, using 10, 30, 100, and 300 μM concentrations of SQ22,536 were used 
for estimates; a 0.08–2.5% difference in activity is observed between WT and AC9KO heart membranes. Note, at 
zero SQ22,536 there is no detectable difference in activity. Immunoprecipitation of AKAP or Hsp20 complexes 
followed by western blotting or measurement of associated AC activity was performed as described53. AC activity 
was stimulated with the indicated reagents and cAMP was detected by enzyme immunoassay (Assay Designs) or 
using [γ32P]ATP.

Proximity Ligation Assay. In situ PLA was performed using a Duolink kit (Sigma-Aldrich, cat. DUO92101) 
following the manufacturer’s protocol. HEK293 cells were cultured on clear bottom 96 well plates (Greiner 
Bio-One), transfected with the required plasmids and fixed with 4% PFA. After washing the plate 3 times with 
PBS, the cells were blocked (1% BSA + 0.075% Triton X100) for 1 h at room temperature and then incubated with 
primary antibodies overnight. Antibodies included: mouse anti-Hsp20 (SC-51955, SantaCruz, 1:500), mouse 
anti-GFP (632381, Living colors, 1:500), rabbit anti-GFP (SC-8334, SantaCruz, 1:1000), and mouse anti-Gβγ 
(SC-378, SantaCruz, 1:1000). After removal of primary antibodies, the samples were incubated with anti-mouse 
PLUS and anti-rabbit MINUS PLA probes for 1 h at 37 °C. Subsequent steps of ligation and amplification were 
according to the manufacturer’s protocol. After the last wash, cells were stained with DAPI (1 μg/ml) and imaged 
using an epifluorescence high content imaging microscope with a 20X objective (CellInsight CX5 High Content 
Screening platform, ThermoFisher). Data analysis was performed using FACS analysis software (FlowJo, USA). 
To prevent false positives, cells with saturating YFP fluorescence or less than 4 positive signals (dots) per cell were 
not considered in the analysis.

Echocardiography. AC9 knockout and WT mice (3–7 months) were anesthetized in a chamber under 
2.5% isoflurane. After sedation, mice were transferred to a heated platform and fixed in the prone position for 
electrocardiogram recordings and cardiac imaging. Anesthesia was administered via a nose cone at 1–1.5% iso-
flurane during recordings. Cardiac imaging was utilized to assess left ventricular (LV) diastolic function and 
other key cardiac parameters. Initial analysis of LV diastolic function was evaluated with pulsed-wave Doppler 
(PWD) (20 MHz, Doppler Signaling Processing Workstation (DSPW), Indus Instruments, Webster, USA) of the 
mitral valve (MV) inflow54. Key parameters of the mitral valve flow profile including, early (E) and late (A) filling 
velocities, aortic ejection time (AET), isovolumetric relaxation time (IVRT), and isovolumetric contraction time 
(IVCT) were determined from recordings with DSPW. The ratio of the E/A velocities was used to assess changes 
in LV filling.

Further evaluation of LV diastolic function and key cardiac function used high resolution ultrasound 
(40 MHz; Vevo 3100, Visual Sonics Inc., Toronto, Canada); analysis was performed in VevoLab (VisualSonic). 
LV volume and mass, ejection fraction (EF), and fractional shortening (FS) were calculated from recordings of 
the short axis using M-mode imaging. Additional measurements from M-mode imaging included the thickness 
of the LV anterior and posterior wall (LVAW and LVPW) during both systole and diastole. Diastolic function 
was assessed with both PWD and tissue Doppler imaging (TDI), visualized in apical four-chamber view. IVCT, 
IVRT, AET, E and A velocities, myocardial performance index (MPI), and E/A ratios were determined from PWD 
recordings. TDI from the septal side of the mitral annulus were used to assess the early (E’) and late (A’) velocities 
of the mitral annulus and the ratio of E’/A’, A’/E’, and MV E/E’. All measurements were averaged from 5 cardiac 
cycles for each parameter. Note, differences in MV E/A and E’/A’ ratios are likely underestimates since the A’ and 
MV A measurements were not always possible on WT mice with faster heart rates where the early wave is domi-
nant; this was never an issue with AC9−/− mice.

Statistical Analysis. Data are expressed as mean ± standard error of the mean (SEM), except where 
noted. Differences between samples were determined using two-way analysis of variance (ANOVA) followed 
by Bonferroni’s Multiple Comparison Test for comparison between multiple groups, or unpaired t test for com-
parison between two groups. Chi square test was used to compare observed and expected genotype frequencies. 
Significant p values are indicated as follows: (*) denotes a p value < 0.05, (**) < 0.01 and (***) < 0.001. All anal-
yses were performed using Excel or SigmaPlot statistical analysis software.
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