1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Kidney Int. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
Kidney Int. 2018 February ; 93(2): 403-415. doi:10.1016/j.kint.2017.08.005.

Adenylyl cyclase 5 deficiency reduces renal cyclic AMP and cyst
growth in an orthologous mouse model of polycystic kidney
disease

Qian Wang?l, Patricia Cobo-Stark?, Vishal Patell, Stefan Somlo2, Pyung-Lim Han3, and Peter
Igarashil4

1Department of Internal Medicine, University of Texas Southwestern Medical Center, Dallas,
Texas, USA

2Departments of Internal Medicine and Genetics, Yale Medical School, New Haven, CT, USA

SDepartment of Brain and Cognitive Sciences, Brain Disease Research Institute, and Department
of Chemistry and Nano Science, Ewha Womans University, Seoul, Korea

4Department of Medicine, University of Minnesota Medical School, Minneapolis, MN, USA

Abstract

Cyclic AMP promotes cyst growth in polycystic kidney disease (PKD) by stimulating cell
proliferation and fluid secretion. Previously, we showed that the primary cilium of renal epithelial
cells contains a cAMP regulatory complex comprising adenylyl cyclases 5 and 6 (AC5/6),
polycystin-2, A-kinase anchoring protein 150, protein kinase A, and phosphodiesterase 4C. In
Kif3amutant cells that lack primary cilia, the formation of this regulatory complex is disrupted
and cAMP levels are increased. Inhibition of AC5 reduces cAMP levels in Kif3a mutant cells,
suggesting that AC5 may mediate the increase in CAMP in PKD. Here, we examined the role of
ACS5 in an orthologous mouse model of PKD caused by kidney-specific ablation of PkadZ2.
Knockdown of AC5 with siRNA attenuated the increase in CAMP levels in PkdZ2-deficient renal
epithelial cells. Levels of cCAMP and AC5 mRNA transcripts were elevated in the kidneys of mice
with collecting duct-specific ablation of Pkd2. Compared with PkadZ2 single mutant mice, AC5/
Pkd2 double mutant mice had less kidney enlargement, lower cyst index, reduced kidney injury,
and improved kidney function. Importantly, CAMP levels and cAMP-dependent signaling were
reduced in the kidneys of AC5/Pkad2 double mutant compared to the kidneys of PkadZsingle
mutant mice. Additionally, we localized endogenous ACS5 in the primary cilium of renal epithelial
cells and showed that ablation of AC5 reduced ciliary elongation in the kidneys of Pkd2 mutant
mice. Thus, AC5 contributes importantly to increased renal cCAMP levels and cyst growth in Pkad2
mutant mice, and inhibition of AC5 may be beneficial in the treatment of PKD.
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INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is the most common renal cystic
disorder, affecting approximately 1 in 500 individuals, and represents the fourth leading
cause of end-stage kidney disease in adultsl. ADPKD is caused by mutations in PKD1
(encoding polycystin-1) or PKDZ2 (encoding polycystin-2). Polycystin-1 (PC1) is an integral
membrane protein containing 11 transmembrane segments and a large, receptor-like
extracellular N-terminal domain. Polycystin-2 (PC2) contains six transmembrane segments
and functions as a Ca%*-permeable transient receptor potential (TRP) channel. Although
PC2 is mainly located in the endoplasmic reticulum, PC1/PC2 heterodimers are found in
primary cilia in renal tubular epithelial cells? 3. Primary cilia are sensory organelles that are
found on the surface of most cells. Primary cilia are composed of a microtubule-based
axoneme that emerges from the basal body and is surrounded by the ciliary membrane. Most
renal epithelial cells contain a solitary primary cilium that projects from the apical surface
into the tubular lumen. Renal cilia are thought to function as mechanosensors that respond to
fluid flow and regulate intracellular Ca2* 4, although this latter function has recently been
challenged®. Renal cilia also express receptors for ligands such as somatostatin and
vasopressin and bind urinary exosomes®-8. PKD is the prototype of a ciliopathy, a group of
pleiotropic genetic disorders that are characterized by abnormalities in the function or
structure of the primary cilium and/or basal body. In support of this notion, we have
previously shown that KIF3A (Kinesin Family Member 3A), a motor protein that mediates
intraflagellar transport, is required for renal ciliogenesis®. Kidney-specific ablation of K7f3a
results in the loss of renal cilia and is sufficient to produce kidney cysts. In addition, a cilia-
dependent cyst-activating mechanism has recently been uncovered20.

The second messenger adenosine 3”,5-cyclic monophosphate (CAMP) is a major driver of
cystogenesis in PKD1L, Levels of cAMP are elevated in cyst epithelial cells from humans
with ADPKD and in cystic kidneys from Pkd and Pkd2 mutant micel2. Elevated cCAMP
levels contribute to cyst growth by stimulating fluid secretion through activation of the
CFTR chloride channel and by increasing cell proliferation through activation of the B-
Raf/MEK/ERK pathway!2. The mitogenic response to cAMP is inhibited by treatment with
Ca?* ionophores, whereas treatment with Ca2* channel blockers stimulates proliferation.
These results suggest that the effects of elevated cCAMP are dependent on a reduction in
intracellular Ca%* concentration. Incubation of embryonic kidneys from PkdZ mutant mice
with 8-Br-cAMP stimulates cyst formationl4. Conversely, drugs that reduce intracellular
CAMP levels, such as tolvaptan and octreotide, inhibit cyst growth in PkdZ and Pkad’2 mutant
micel®. Clinical trials have shown that tolvaptan and octreotide reduce the rate of kidney
enlargement and/or slow the decline in GFR in humans with ADPKD. Tolvaptan is now
approved for the treatment of ADPKD in some countries, although it has not been approved
for this indication in the United States®.
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The mechanism whereby cAMP is elevated in PKD remains poorly understood. cCAMP is
synthesized from ATP by adenylyl cyclases and is catabolyzed by phosphodiesterases.
Intracellular cAMP signaling is tightly compartmentalized by A-kinase anchoring proteins
(AKAPs) that bind to adenylyl cyclases, protein kinase A, and phosphodiesterase, thereby
maintaining protein kinase A in close proximity to enzymes that synthesize and degrade
cAMP. Our previous studies have revealed that renal cilia contain a cAMP-regulatory
complex comprising adenylyl cyclases 5 and 6 (AC5/6), A-kinase anchoring protein 150
(AKAP150), protein kinase A, and phosphodiesterase 4C (PDE4C)7. The formation of this
protein complex is disrupted in K7f3a mutant cells that lack primary cilia, which results in
elevations in cCAMP levels and activation of cCAMP-dependent signaling both in vitro and in
vivo. Moreover, we showed that PC2 interacts with the complex by binding to AC5/6
through its C-terminus. Ablation of PC2 increases cAMP levels, which can be corrected by
re-expression of wild-type PC2 but not by mutant PC2 that lacks calcium channel activity.
Since AC5/6 are Ca2*-sensitive adenylyl cyclases, these findings suggest that endogenous
PC2 raises the local concentration of Ca2*, which suppresses AC5/6 activity. Mutation of
PC2 or disruption of cilia releases the inhibition of AC5/6 and causes the CAMP elevation
that drives kidney cystogenesis. Treatment of K773a mutant cells with the AC5 inhibitor
NKY80 or siRNA knockdown of AC5 mRNA attenuates the increase in CAMP-dependent
signaling. In contrast, sSiRNA knockdown of AC6 has no effect. These results suggest that
ACS5 mediates the increase in CAMP levels in Kif3a mutant cells and kidneys.

To test the role of AC5 in an orthologous animal model of human PKD, we generated
mutant mice that were deficient in both Pkd2and AC5. Compared with Pkd2 single mutant
mice, concomitant ablation of AC5 reduced kidney enlargement, lowered cyst index, and
improved kidney function. Importantly, cAMP levels in the kidney were increased in Pkad2
single mutant mice and were reduced in AC5/Pkd2 double mutant mice. These findings
demonstrate that AC5 contributes to the increase in CAMP observed in PKD and provide
genetic proof of concept for inhibition of AC5 as a therapeutic approach in PKD.

Adenylyl cyclase 5 (AC5) contributes to the elevation in cAMP caused by deficiency of
Pkd2 in mouse kidney cells

Our previous studies showed that inhibition of AC5 attenuates cCAMP-dependent signaling in
Kif3a-deficient renal epithelial cells that lack primary cilial’. To examine the role of AC5 in
an orthologous model of PKD, we performed studies on Pkd2 mutant cells and kidneys. As
shown previouslyl, cAMP levels were elevated in homozygous null Pka2”/~ renal epithelial
cells compared to Pka2'~ cells (Fig. 1A, left panel). Similarly, cCAMP levels were elevated
in kidneys from Pkhd1/Cre; PkaZ/F micel8, in which Pkd2has been deleted in renal
collecting ducts by Cre/loxP recombination (Fig. 1A, right panel). These results confirmed
that deficiency of PkdZincreases CAMP levels in kidney cells. Quantitative RT-PCR showed
that the levels of AC5 mRNA transcripts were 10-fold higher in kidneys from collecting
duct-specific PkdZknockout mice compared to their wild-type littermates (Fig. 1B).
Immunoblot analysis with an AC5-specific antibody (501AP) showed increased levels of
ACS protein in Pkd2 mutant cells compared to controls (Fig. 1C, upper panel).
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Immunoblotting with an antibody (C17) that recognizes both AC5 and AC6 also showed
increased protein abundance in Pka2 mutant cells (Fig. 1C, lower panel). We were unable to
measure AC6 protein by itself since an antibody that was specific for this isoform was not
available. To determine the contribution of AC5 to the elevation in CAMP levels, we first
used siRNA to knockdown ACS5 in Pka2”'~ renal epithelial cells. Compared with control
cells transfected with scrambled siRNA, transfection with AC5 siRNA reduced the levels of
AC5 mRNA transcripts by 50-60% (Fig. 1D). Fig. 1E shows that cAMP levels were
elevated in PkaZnull cells, and knockdown of AC5 reduced cAMP levels by 70%. In
contrast, knockdown of AC5 had no significant effect in Pka2/~ cells. To address the role of
ACS6, we inhibited its expression in PkadZnull cells using siRNA. The magnitude of the
inhibition of AC6 was similar to the siRNA knockdown of AC5 (Suppl. Fig. 1A). The
inhibition of AC6 was specific, since the expression of AC5 was unaffected by the AC6
SiRNA (Suppl. Fig. 1B). Similar to the effect of sSiRNA knockdown of AC5, knockdown of
AC6 reduced cAMP levels in Pka2null cells (Suppl. Fig. 1C). Combined knockdown of
ACS5 and AC6 did not produce an additional effect (nhot shown). We conclude that both AC5
and AC6 contribute to the elevation of cCAMP levels in Pkd2 mutant cells.

Knockout of AC5 slows cyst progression caused by collecting duct-specific deletion of

Pkd2

To explore the role of ACS5 in the formation of kidney cysts in vivo, we generated PkdZ/AC5
double knockout mice. For these experiments, we used AC5 null mice in which exon 2 of
the AC5 gene (Adcy5) has been deleted by homologous recombination!®. Homozygous null
mice are globally deficient in AC5 but are healthy and have normal kidney size and
histology (3 and Fig. 2F). AC5 null mice were crossed with Pkhd1/Cre; PkdZ'* mice, and
the progeny were intercrossed to generate PkaZ2 single knockout mice (SKO,

ACS5*'*; PkdZF:Pkhd1/Cre) and Pka2IACS5 double knockout mice (DKO,

AC57~; PkdZF:Pkhd1/Cre). The genotype of double knockout mice determined by genomic
PCR is shown in Fig. 2A, in which the 450-bp wild-type AC5 product has been replaced
with a 650-bp deletion product, and 450-bp PkdZ/F and 235-bp Pkhd1/Cre products are also
present. Quantitative RT-PCR analysis confirmed the absence of AC5 mRNA transcripts in
DKO mouse kidneys (Fig. 2B, left panel). To confirm the absence of AC5 protein, we
performed immunoblot analysis using an AC5-specific antibody (Fig. 2B, right panel). In
lysates from Pkd2 SKO kidneys, we detected the 140-kDa predicted protein as well as
higher molecular weight species that likely represent glycosylated forms of the protein, as
previously observed in other tissues2%. Immunoblot analysis confirmed the absence of both
the 140-kDa protein and the higher molecular weight species in lysates from Pkd2IAC5
DKO kidneys (Fig. 2B). To identify the cell types that express AC5 in the kidney, we
performed indirect immunofluorescence with the anti-AC5 antibody. In the renal medulla of
wild-type mice, AC5 protein was detected in renal tubules, including DBA-positive
collecting ducts (Fig. 2C). In Pkd2 SKO mice, AC5 was present in the epithelium of cystic
collecting ducts and surrounding tubules. In contrast, homozygous null AC5™~ mice and
AC5/Pka2 DKO mice showed only background staining.

Pkhd1/Cre; PkdZ'F mice (SKO) developed cysts in renal collecting ducts beginning at
postnatal day 8 (P8) followed by rapid cyst progression and kidney enlargement8. As shown
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in Fig. 2D, cysts in DBA-positive collecting ducts were present in kidneys from

AC5**: PkadZF:Pkhd1/Cre mice (SKO) and AC5~/~; PkdZ/F:Pkhd1/Cre (DKO) mice at
P14. However, the cystic kidney disease in PkdZ/AC5 DKO mice was less severe than in
Pkd2 SKO mice (Fig. 3D), which was reflected by a 30% reduction in kidney weight (Fig.
2E). To further quantify cyst formation, we measured the cyst index in kidneys from SKO
and DKO mice at P14. As shown in Fig. 3A, the cyst index was significantly reduced by
25% in DKO kidneys compared to SKO kidneys at the same age. The average size of cysts
was also reduced by 31% in DKO kidneys compared to SKO kidneys, whereas the number
of cysts was not significantly different (Fig. 3B—C). These findings suggest that deficiency
of AC5 inhibits cyst expansion and kidney enlargement in Pkd2 mutant mice but may not
affect cystogenesis per se. To determine the effects on renal function, we measured serum
creatinine using a sensitive and specific capillary electrophoresis method. Deficiency of AC5
by itself had no effect on serum creatinine (Fig. 3E). Pka2 SKO mice showed impaired
kidney function at P14 as evidenced by elevated serum creatinine. The elevation in
creatinine was substantially prevented in PkdZ/AC5 DKO mice. Renal expression of kidney
injury marker 1 (KimZ) and neutrophil gelatinase-associated lipocalin (Aga/) was also
reduced by about 50% in DKO mice compared to SKO mice (Fig. 3F) providing additional
evidence that AC5 deficiency is protective against renal injury in this model of PKD.

Knockout of AC5 reduces renal cAMP levels and inhibits cAMP-dependent signaling in
Pkd2 mutant mice

Since AC5 mediates the synthesis of cAMP from ATP, we compared the cAMP content in
the kidneys of Pkd2 SKO mice and AC5/Pkd2 DKO mice at P14. As shown previously (Fig.
1A), cAMP levels were 7-fold higher in AC5*/*; PkadZ/F;Pkhd1/Cre (Pkd2 SKO) kidneys
than that in wild-type kidneys (Fig. 4A). Importantly, renal CAMP levels were reduced by
70% in AC57/~; PkaZF/F;Pkhd1/Cre (AC5/Pkd2 DKO) littermates at the same age. These
results reveal that upregulation of AC5 significantly contributes to the elevation in CAMP in
Pkd2 mutant mice. However, ablation of AC5 did not completely restore CAMP levels to
wild-type levels, possibly due to the contribution of other adenylyl cyclases, such as AC6 or
AC32L,

To confirm the mechanism whereby ablation of AC5 reduces cyst growth, we measured
cAMP-dependent signaling in Pka2 SKO mice and AC5/Pkd2 DKO mice. Intracellular
cAMP binds to the regulatory subunit of inactive protein kinase A (PKA) releasing the
active catalytic subunit that phosphorylates downstream proteins. Among the known proteins
that are phosphorylated by PKA in the kidney is the transcription factor CREB (CAMP-
response element binding protein). Thus, CREB phosphorylation on Ser-133 is a readout of
cAMP signaling in vivo. Immunoblot analysis with an antibody that specifically recognizes
phospho-Ser-133 showed that levels of pPCREB were increased in Pkad2 SKO mice compared
to wild-type mice and were decreased in AC5/Pkd2 DKO mice compared to Pka2 SKO mice
(Fig. 4B). Similarly, immunoblot analysis with an antibody that recognizes phosphorylated
PKA substrates (PKA-S1) showed increased protein phosphorylation in SKO mice
compared to wild-type mice and decreased phosphorylation in DKO mice compared to SKO
mice. Quantification of band intensity showed that pCREB was increased about 60% in
Pkd2 SKO kidneys compared with wild-type kidneys. Concomitant AC5 knockout reduced
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pCREB by about 25%, although this reduction did not achieve statistical significance(Fig.
4C, left panel). Phosphorylation of PKA substrates was increased about 90% in Pkd2 SKO
kidneys and was reduced about 80% in AC5/Pkd2 DKO kidneys (Fig.4C right). To confirm
that these changes occurred in the cyst epithelium, we performed immunofluorescence with
antibodies specific for pPCREB and phosphorylated PKA substrates. Immunofluorescence
showed nuclear staining of DBA-positive cyst epithelial cells in kidneys from Pkad2 SKO
mice that was reduced in AC5/Pkd2 DKO littermates (Fig. 4D). Quantification of
fluorescence intensity showed that pCREB staining was reduced by 98% in AC5/Pkd2 DKO
collecting ducts compared to Pka2 SKO collecting ducts (P=0.0003, n=3). The staining of
phosphorylated PKA substrates showed a statistically non-significant reduction of 56%
(P=0.13, n=3).

Knockout of AC5 reduces ciliary elongation in Pkd2 mutant mice

We previously identified AC5 and AC6 in a complex with AKAP150 and PC2 in primary
cilia in kidney cells. Because the antibody used in prior studies (C-17) did not distinguish
between AC5 and AC6, we were unable to determine which of the isoforms is endogenously
expressed in renal cilia. Using an antibody specific for AC5 that is now available
(PAC-501AP), we examined the expression of endogenous AC5 in kidney cells. Indirect
immunofluorescence showed that endogenous AC5 co-localized with acetylated a-tubulin in
the primary cilia of renal tubular cells in the kidney (Fig. 5B). The specificity of the ciliary
staining was validated by immunofluorescence on AC5 null kidneys (Suppl. Fig. 2A). AC5
was also located in the cell body. To confirm the localization in primary cilia, we performed
subcellular fractionation. Immunoblot analysis detected endogenous AC5 in subcellular
fractions containing acetylated a-tubulin, a marker of primary cilia (Fig 5A).
Immunoblotting with the C17 antibody confirmed that AC5 and/or AC6 were present in
ciliary fractions. Although an AC6-specific antibody is not available, Suppl. Fig. 2B shows
that the C17 antibody stained primary cilia in AC5™~ mice, suggesting that AC6 was also
present in primary cilia. Collectively, these findings support the existence of a CAMP-
regulatory complex containing AC5 and AC6 in renal cilia.

Elevations in intracellular cAMP levels are associated with elongation of the primary
cilium?2, a sensory organelle that plays a central role in the pathogenesis of PKD and other
ciliopathies. Although the mechanism of ciliary elongation is poorly understood, ciliary
length serves as an additional readout of CAMP levels and may be relevant to cyst
progression. We stained the primary cilia in renal collecting ducts with an antibody against
ARL13B and quantified cilia length using 3D images and the method described by
Saggese?3. As shown in Fig. 5C, we observed that cilia in AC5 null collecting ducts were
shorter than in wild-type collecting ducts. The average cilium length was 3.2 um in wild-
type kidneys and 2.2 um in AC5-deficient kidneys (Fig. 5D). In Pkd2 SKO kidneys the
cilium length was increased to 4.9 um, consistent with the increase in cCAMP levels. Ciliary
length was reduced to 2.5 um in Pkd2/AC5 DKO kidneys. Thus, concomitant ablation of
ACS restores normal ciliary length in Pkd2 mutant kidneys correlating with the reduction in
CAMP levels.
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DISCUSSION

Intracellular levels of CAMP are reciprocally regulated by the activities of adenylyl cyclases
(ACs) and phosphodiesterases (PDEs). Mammals express nine membrane-associated ACs
(AC1-AC9) and one soluble AC (sAC), which differ in their tissue distribution, subcellular
localization, and regulation24. All membrane-associated ACs are stimulated by GTP-bound
Gas, which is formed when ligand binding activates G protein-coupled receptors (GPCRS)
that catalyze the exchange of GDP with GTP on the a subunit of heterotrimeric G proteins.
Activated Gag dissociates from Gp+y subunits and interacts with and stimulates ACs. The
activity of membrane-associated ACs can also be regulated by Ca?*/calmodulin, inhibitory
G proteins, GBy subunits, cytosolic CaZ*, protein phosphorylation, and phosphoinositides.
Among the nine membrane-bound ACs, mRNA transcripts encoding AC5 and AC6 have
been identified in renal collecting ducts?®, and upregulation of AC5 and AC6 has been
detected in human ADPKD cells?L. In addition, cyst fluid from ADPKD kidneys contains a
lipid with properties similar to forskolin, a diterpene that stimulates AC activity26. The
membrane-bound ACs can be classified based on their regulation by Ca%*/calmodulin and
cytosolic Ca2*. AC5 and AC6 are uniquely inhibited by sub-micromolar concentrations of
Ca%*. We previously showed that AC5 and AC6 are located in primary cilia in renal
epithelial cells, and cAMP levels are elevated in cystic kidneys from Kif3a mutant mice, a
non-orthologous animal model of PKD in which loss of renal cilia causes kidney cystsl’.
Treatment with the ACS5 inhibitor NKY80 or siRNA silencing of AC5 (but not AC6) reduced
cAMP-dependent signaling in K/f3a mutant renal epithelia cells. These results suggested
that AC5 mediates the increase in CAMP in cystic kidneys in Kif3a mutant mice.

In this study we tested the role of AC5 in an orthologous animal model of PKD produced by
mutations of Pkad2. Mutations of PKDZ2are responsible for 15-20% of the cases of
ADPKD!. Kidney-specific ablation of the orthologous mouse Pkd2 gene produces kidney
cysts, enlarged kidneys, and renal failurel®. We found that AC5 mRNA is increased in cystic
kidneys from mice with collecting-duct-specific ablation of Pkd2. This finding is consistent
with prior studies by Pinto et al. showing increased expression of AC5 in human ADPKD?L,
Here, we showed that both in vitro knockdown and in vivo knockout of AC5 attenuated the
elevation in cCAMP caused by deletion of PkdZin renal tubular cells. AC5/PkdZ2 double
knockout mice exhibited lower kidney/body weight ratio, reduced cyst index, and smaller
average cyst size compared with PkdZsingle knockout mice. As a consequence, kidney
injury was reduced as evidenced by lower serum creatinine and reduced expression of Ngal
and Kim-1. Although the salutary effects of AC5 deficiency on cyst growth were relatively
modest, over the lifespan of an individual a 25-30% reduction in cyst index and total cyst
area may be sufficient to delay or prevent progression to end-stage renal disease. To assess
the longer-term effects of AC5 knockout, further studies would need to be performed using a
more slowly progressive mouse model, such as Pka2NS25/~ 27,

Previous studies have shown that cystogenesis in PkdZ mutant mice is reduced by ablation of
ACS, an isoform of adenylyl cyclase that is closely related to AC528. Deletion of AC6 in
renal collecting ducts using AQP2-Cre mice decreased kidney size and reduced cystogenesis
in PkdZ mutant mice. Here, we showed that knockdown of either AC5 or AC6 decreases
CAMP levels in PkdZnull kidney cells. Genetic ablation of AC5 lowers renal CAMP levels
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and reduces cCAMP-dependent phosphorylation in Pkd2 mutant kidneys. Taken together,
these results suggest that both AC5 and AC6 contribute to the cAMP elevation caused by
mutation of PkadZin the kidney. Knockout of AC5 did not completely restore cCAMP levels to
normal, presumably reflecting continued activity of AC3 and AC6, which are also
upregulated in PKD. Additional studies will be needed to determine whether combined
ablation of AC5 with AC6 or AC3 further improves renal cystic disease.

In addition to kidney cysts, ADPKD is characterized by the formation of cysts in other
organs including the liver. Liver cysts arise from intrahepatic bile ducts and can cause
massive hepatomegaly but generally do not cause hepatic failure. Spirli et al. have recently
shown that knockout of AC5 reduces cCAMP levels in PkadZ-deficient cholangiocytes and
slows the growth of biliary cysts in cultured hepatic organoids?®. Pharmacological inhibition
of AC5 decreased liver enlargement in Pkd2 mutant mice. In contrast, deficiency of AC6 did
not significantly reduce cAMP levels or inhibit the growth of liver cysts. Our studies show
that genetic ablation of AC5 reduces renal cAMP levels, slows the growth of kidney cysts,
and improves kidney function in Pka2 knockout mice. Collectively, these findings suggest
that AC5 may play a more general role in cyst growth and identify AC5 as a potential
therapeutic target for slowing the growth of kidney and liver cysts in PKD.

We previously identified AC5/6 in a multiprotein complex in the primary cilium of renal
epithelial cells}’. Because the antibody used in previous studies recognized both AC5 and
ACB6, we were unable to distinguish which of these isoforms was endogenously expressed in
renal cilia. In the current study we used a newly available AC5-specific antibody to localize
endogenous AC5 in the kidney. The specificity of the antibody was verified by immunoblot
analysis, which showed the absence of immunoreactivity in AC5-knockout mice. Indirect
immunofluorescence showed that endogenous AC5 was located in renal cilia in wild-type
kidneys but was not detected in the cilia of AC5 null kidneys. Sucrose density gradient
centrifugation showed that endogenous AC5 was present in fractions containing the ciliary
markers acetylated a-tubulin and IFT140 as well as PC2, AKAP150, PKA, and epitope-
tagged PDE4C. These studies confirm the existence of a cAMP-regulatory complex in renal
cilia and identify AC5 as a component of the complex. AC6 also appears to be located in
renal cilia. The interaction of PC2 with the Ca2*-sensitive isoform AC5 suggests that Ca2*
entry via PC2 may function to inhibit AC5. cAMP levels would be further constrained by the
presence of PDE4C in the complex. Consistent with this model, Moore et al. recently
showed, using novel cilia-targeted sensors, that cAMP levels and PKA activity are
maintained at tonically elevated levels in primary cilia through the activities of AC5/63.
Their studies also showed that sonic hedgehog activates a Ca2* channel, possibly PC2,
which raises local Ca2* concentration and inhibits AC5/6 resulting in a lowering of CAMP
levels.

Increased generation of CAMP in the ciliary compartment is unlikely to account for the
elevation of cCAMP in Pka2 mutant cells and kidneys, since the volume of the primary cilium
is 1/5,000 of the volume of the cell body3!. However, it is known that a small change in
ciliary cAMP can induce dramatic signaling events in the cell body. For example, mating of
Chlamydomonas gametes is triggered by flagellar adhesion and activation of a flagellar
(ciliary) adenylyl cyclase that results within minutes in a >15-fold elevation in CAMP in the
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cell body32 33, An analogous mechanism may underlie the regulation of CAMP in kidney
tubule cells.

Another important finding was that the length of renal cilia is regulated by AC5 in vivo.
Besschetnova et al.22 first showed that elevations in cAMP and subsequent PKA activation
increase the length of primary cilia in IMCD renal epithelial cells. Conversely, cilia are
shortened by PKA inhibitors. Blocking Ca2* entry or release from intracellular stores also
increase CAMP levels and result in cilia elongation. The mechanism of cAMP-dependent
cilia elongation is not known but may involve accelerated anterograde IFT. sSiRNA-mediated
knockdown of AC5 and AC6 blocked ciliary elongation induced by Gd3*, suggesting that
these isoforms of adenylyl cyclase are involved. Here, we showed that knockout of PkdZin
renal collecting ducts resulted in elongation of primary cilia, consistent with the increase in
cAMP levels. Concomitant ablation of AC5 in AC5/Pkd2 DKO mice normalized cilia length
in association with an improvement in kidney structure and function. Cilium length is
dynamically regulated by intraflagellar transport machinery through PKA, aurora-A, NIMA,
Tectex-1, Nedd9, PIPO, VHL, NDE, CaMKII and IPP5E, and increased cilia length has
previously been observed in several animal models of cystic kidney disease, including
NPHP, MKS, BBS, and PkdZRC/RC mice34. Treatment of jck mice, a model of
nephronophthisis, with R-roscovitine reduces ciliary length and decreases the severity of
cystic kidney disease3®. Ablation of cilia via inactivation of genes that encode proteins
required for IFT suppresses cyst growth in mice with conditional inactivation of PkdZ or
Pka2, revealing the existence of a cilia-dependent factor that stimulates cystogenesisZ0.
Taken together, these studies suggest that the decrease in cilia length in AC5/Pkd2 double
knockout mice may suppress a ciliary cyst-activating factor resulting in a reduction in cyst
severity.

Our results provide genetic proof of concept for inhibition of AC5 as a potential treatment
for kidney cysts in PKD. AC5-deficient mice exhibit normal organ histology, longer
lifespan, and protection from cardiomyopathy and cancer®: 36-38 suggesting that inhibition
of AC5 might have salutary effects. However, Parkinson-like motor dysfunction, reduced
ethanol sensitivity, and neurobehavioral abnormalities have also been reported38-40, Further
studies will be needed to assess the therapeutic potential and tolerability of AC5 inhibitors in
PKD.

METHODS

Cell culture and siRNA transfection

Mouse PkcP*!~ and Pkd2™'~ renal epithelial cell lines were described previously®L. Cells
were grown in DMEM/F12 supplemented with 1.3 ug/ml sodium selenite (Sigma), 5 pg/ml
insulin (Sigma), 5 pug/ml transferrin (Sigma), 1 ug/ml 3,3,5’-triiodo-L-thyronine (Sigma),
2% FBS and 0.1 unit/ml IFN+y at 33°C as described previouslyl’. Cells were transfected
with 50 nM control siRNA or AC5-specific sSiRNA (Dharmacon) using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s directions. After 48 h, the cells were harvested
and used for cCAMP assay, RNA isolation, and protein analysis.

Kidney Int. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 10

Protein fractionation and immunoblot analysis

Pkd?*!~ cells were transfected with PDE4C-Flag!’ then incubated at room temperature for
30 min in protein extraction buffer containing 50 mM Tris-Cl, 150 mM NaCl, 5 mM EDTA,
0.1% Triton X-100, 0.1% deoxycholic acid, 100 mM PMSF, and 1 tablet/10 ml protease
inhibitor cocktail (Roche, Indianapolis, IN). Extracts were clarified by centrifugation at
12,000x g for 10 min, and the supernatant was fractionated by ultracentrifugation through a
5-40% sucrose gradient at 4°C for 3 h. Fourteen fractions were collected from the top of the
gradient, and 15 pl of each fraction was mixed with 2xSDS sample buffer (Bio-Rad). SDS-
PAGE analysis was performed with 4-15% Nu-PAGE gels. Proteins were transferred to
nylon membranes, and immunoblot analysis was performed with antibodies against markers
of Golgi (GM130, Sigma), endoplasmic reticulum (calnexin, Sigma), plasma membrane
(CD44, Sigma), and primary cilia [acetylated a-tubulin, Sigma; intraflagellar protein 140
(IFT140), gift from Dr. William Snell, UT Southwestern]. Additional antibodies were
directed against polycystin-2 (YCC2), AC5/6 (C17, Santa Cruz), AC5 (PAC-501AP,
FabGennix), AKAP150 (Santa Cruz), PKA-RIla (BD Transduction Laboratories), pPCREB
and phosphorylated PKA substrates (Cell Signaling).

CAMP assays

CAMP levels in cells and kidneys were measured using Direct CAMP ELISA kits (Enzo)
according to the manufacturer’s directions. Briefly, cells and flash-frozen tissue were lysed
in 0.1 M HCI. After centrifugation, the supernatant was added to wells coated with goat anti-
rabbit 1gG followed by a solution of cAMP-conjugated to alkaline phosphatase and rabbit
anti-cAMP antibody. After incubation for 2 h at room temperature, the substrate p-
nitrophenylphosphate was added, and the colorimetric reaction product was measured after 1
h using a SynergyHT plate reader (BioTeck) at 405 nm. cAMP concentration was
normalized to protein concentration measured with the Micro BCA Protein Assay Kit
(Pierce).

Animal studies

AC5 knockout mice were described previously®. AC5*/~ mice were crossed with

AC5**: PkadZ*:Pkhd1/Cre micel8, and the progeny (AC5*~: PkadZ'*:Pkhd1/Cre) were
intercrossed to generate Pkd2single knockout mice (SKO, AC5*/*; PkdZ/F:Pkhd1/Cre) and
Pkd2IAC5 double knockout mice (AC5™~; PkdZ-F;Pkhd1/Cre). Genotypes were determined
by PCR using the following primers: AC5 wild-type: forward primer 5’-
ACCGTCGAGGATGGAGACGG-3'; reverse primer 5’-
GTGGCTGTGGCAGCAACAGG-3’. The DNA fragment size is 450 bp. AC5 deletion:
Forward primer 5'- ACCGTCGAGGATGGAGACGG-3'; reverse primer 5’-
CAGCGCGGCAGACGTGCGCT-3". The DNA fragment size is 650 bp. Pkad2 primers and
Pkhd1/Cre primers were the same as in published papers*2. Genomic DNA was extracted
from tail biopsies of 1-week old mice according to the Kit instructions (Direct Tail Digestion,
Viagen Biotech). PCR was then carried out for 35 cycles at 94°C for 30 s, 58°C for 30 s, and
68°C for 1 min with GoTaq Green Master Mix (Promega). All experiments involving
animals was approved by the University of Texas Southwestern and University of Minnesota
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Institutional Animal Care and Research Advisory Committees. Animals of both sexes were
used in experiments. The genetic background was C57BL/6.

Histology and immunofluorescence

For histological analysis, mice were anesthetized according to approved protocols and
perfused with ice-cold PBS and 4% (wt/vol) paraformaldehyde. Kidneys were harvested,
incubated at 4°C overnight and embedded in paraffin. 2 um-thick sagittal kidney sections
were mounted, stained with hematoxylin and eosin (H&E), and examined by light
microscopy. All kidneys were photographed under the same magnification using an
ArtixScan-4000ft (MicroTek). ImageJ software was used to calculate the cyst index, cyst
size, and cyst number. Cyst index was calculated as the cumulative area of cysts divided by
the total area of the kidney. For indirect immunofluorescence, kidney tissues were fixed with
4% paraformaldehyde and embedded in paraffin or cryoprotected with 10% sucrose, frozen,
and embedded in OCT (Fisher). 5 um-thick sagittal sections were used for immunostaining
with antibodies against AC5 (1:100; PAC-501AP, FabGennix Inc.), pCREB (1:400, Cell
Signaling), p-PKA substrates (1:400), acetylated a-tubulin (1:1000, Sigma), or ARL13B(1:
400, Proteintech). Secondary antibodies were conjugated to Alexa Fluor-488 or Alexa
Fluor-594 (Molecular Probes, Eugene, OR). Lectin staining was performed using FITC-
coupled Dolichos biflorus agglutinin (DBA, Vector Laboratories, Burlingame, CA). The
stained sections were mounted with Prolong Gold antifade reagent containing DAPI (Life
Technologies). Images were acquired using a Zeiss Axioplan2 deconvolution microscope
with AxioVision software.

Real-time RT-PCR

Total RNA was isolated from kidneys and cells using TRIzol reagent according to the
manufacturer’s protocol (Invitrogen). cDNAs were synthesized using the iScript first- strand
synthesis system (Bio-Rad) and then amplified by PCR with transcript-specific primers for
AC5, Ngal and Kim143, Real-time PCR was performed in triplicate using CFX Connect
Real-Time system and SYBR green Supermix reagents (Bio-Rad Laboratories, Hercules,
CA). 18S rRNA was used as the control gene for normalization. Data were analyzed using
Prism 6.

Cilium length measurement

Kidney sections were stained with antibodies against ARL13B or acetylated a-tubulin and
imaged using a Zeiss LSM510 confocal microscope with Zenlite software. Z-stack images
were processed in ImageJ following the method described by Saggese?3. 3D reconstructions
were made from Z-stack images, and the length of the primary cilium was quantified using
the 3D subject count plugin.

Statistical analysis

Experiments were performed with 3-5 biological replicates. Statistical analysis was
performed using two-tailed unpaired Student’s ¢test. For multiple comparisons, ANOVA
and Dunnett’s post hoc test of significance were performed using GraphPad Prism 6
software. P<0.05 was considered statistically significant.
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Figure 1. Adenylyl cyclase 5 (AC5) contributes to the elevation in cAMP caused by mutation of

Pkd2

(A) cAMP levels are elevated in homozygous Pkd2 null renal epithelial cells (Pkd2")
compared with heterozygous Pkc?*!~ cells (left panel). cAMP was measured in confluent
cells and normalized to protein content. Results from six independent experiments are
shown. Right panel shows that CAMP levels are elevated in kidneys from Pkhd1/Cre; PkadZ/F
mice compared with control Pkhd1/Cre; Pkc?*'* littermates (n=9). cAMP and protein
concentration were measured at P14. Error bars represent SEM. (B) Expression of AC5 is
increased in kidneys from Pkhd1/Cre; PkdZ/F mice (open bar) compared with wild-type
mice (filled bar). mMRNA was extracted from kidneys at P14 (n=4), and levels of AC5 mRNA
transcripts were measured by gRT-PCR and normalized to 18 STRNA. Expression is shown
relative to wild-type kidneys (AC5*/*). Middle bar shows absence of expression in kidneys
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from homozygous null AC5~~ mice. Error bars represent SEM. (C) Immunoblot analysis
with an AC5-specific antibody (501AP) and an antibody that recognizes both AC5 and AC6
(C17) shows increased expression in Pkd2'~ cells compared to Pka2*~ cells. GAPDH was
used as a loading control, and an antibody against polycystin-2 (PKD2) confirmed the
absence of the protein in Pkd2~ cells. (D) qRT-PCR shows reduction of AC5 mRNA levels
in PkcP*!~ cells (left) and Pka2~ cells (right) transfected with AC5 siRNA (open bar,
stippled bar) compared with cells treated with control siRNA (filled bar, hatched bar).
Results from three independent experiments are shown. Error bars represent SEM. (E)
Knockdown of AC5 reduces cAMP level in PkaZ null cells. cAMP levels are elevated in
Pkadz= cells (hatched bar) compared to Pka?*'~ cells (filled bar). Knockdown of AC5
normalizes cAMP levels in PkdZ™/~ cells (stippled bar) and has no significant effect in
Pkd?*!~ cells (open bar). Error bars represent SEM.
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(A) Genotyping of AC5~/~, wild-type, PkdZ/F, and Pkhd1/Cre mice. Sequences of PCR
primers are provided in the Materials and Methods. PCR amplification of tail DNA shows a
650-bp product that is specific for the AC5 deletion (lane 2) and is absent in wild-type mice
(lane 3). Lane 4 shows the 450-bp PkdZ'F product, and lane 5 shows the 235-bp Pkhd1/Cre
product. (B) Left panel shows qRT-PCR analysis confirming the absence of AC5 mRNA
transcripts in kidneys from AC5~/~; PkdZF/F;Pkhd1/Cre mice (open bar) compared to
ACS5*'*; pkaZFF:Pkhd1/Cre controls (filled bar). Error bars represent SEM (n=5). Right
panel shows immunoblot analysis of kidney lysates from AC5~/~; PkaZ-/F;Pkhd1/Cre mice
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(right lanes) and AC5*/*; PkdZ/F:Pkhd1/Cre controls (left lanes). Arrow indicates the
predicted 140-kDa AC5 protein and * indicates higher molecular weight glycoforms that are
present in controls and absent in AC5~/~; PkdZ/F;Pkhd1/Cre mice. Lower panel shows
GAPDH as a loading control. (C) Indirect immunofluorescence of kidneys from P14 mice
with the indicated genotypes (all are Pkhd1/Cre-positive). Staining with anti-AC5 (501AP,
1:200) shows expression of AC5 (red) in renal tubules in AC5** mice and only background
staining in AC5~/~ mice. Co-staining with FITC-DBA (1:1,000, green) labels collecting
ducts in Pkc?** mice and kidney cysts in PkadZ/F mice. (D) Low magnification sagittal
sections of P14 kidneys from AC5**; PkdZF:Pkhd1/Cre mice (left) and

AC57/; PkaZF:Pkhd1/Cre mice (right) stained with FITC-DBA (green, 1:1,000) shows that
renal cysts are derived from DBA-positive collecting ducts. Nuclei are counterstained blue
with DAPI. Images were acquired using AxioScan Z1 microscope (Carl Zeiss) at 20x
magnification and processed using Zenlift and ImageJ software. (E) Knockout of AC5
inhibits kidney enlargement caused by collecting-duct-specific deletion of PkdZ2. Kidneys
were collected from P14 mice with the indicated genotypes (all are Pkhd1/Cre-positive) and
weighed. The ratio of kidney weight to body weight is shown. Deletion of PkdZ2 (hatched
bar) causes kidney enlargement compared to wild-type mice (filled bar). Concomitant
deletion of AC5 in PkdZ mutant mice reduces kidney enlargement (stippled bar) and has no
effect in wild-type mice (open bar). Error bars represent SEM (n=9-17).
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Figure 3. Ablation of AC5 slows cyst progression caused by kidney-specific deletion of Pkd2

(A) Cyst index of kidneys from PkdZIAC5 double knockout mice (DKO:

AC57~; PkdZF:Pkhd1/Cre) is lower than Pkd2single knockout mice (SKO:

ACS5**: PkdZFIF;Pkhd1/Cre) at P14. (B) Average size of cysts in kidneys from DKO mice is
lower than SKO mice at P14. (C) Average number of cysts per kidney sagittal section in
DKO mice is not significantly different from SKO mice at P14. (D) H&E staining of kidneys
at P14 shows less severe cystic disease and smaller kidneys in five representative DKO mice
(lower panel) compared to SKO mice (upper panel). (E) Serum creatinine is elevated in
Pkd2 mutant mice (filled bar) compared to wild-type littermates (open bar) at P14.
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Concomitant ablation of AC5 normalizes serum creatinine (hatched bar). Deficiency of AC5
by itself does not affect serum creatinine compared to wild-type mice (vertical bars). Error
bars represent SEM (n=7-8). (F) qRT-PCR analysis shows that the expression of the kidney
injury markers Ngal and Kim-1 is reduced in kidneys from DKO mice compared to SKO
mice at P14. Error bars represent SEM (n=4).
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Figure 4. Knockout of AC5 reduces cCAMP levels and attenuates CAMP-dependent signaling in

Pkd2 mutant kidneys

(A) cAMP levels are significantly elevated in PkdZ mutant kidneys at P14 (hatched bar)
compared with wild-type kidneys (filled bar). Concomitant ablation of AC5 significantly
reduces cAMP levels in Pka2 mutant kidneys (stippled bar). (B) Immunoblot analysis shows
that pCREB and pPKA substratel are increased in Pkd2 mutant kidneys (AC5*/*; PkadZ/F)
compared to wild-type controls (AC5*/*). Concomitant ablation of AC5 reduces CREB
phosphorylation (pCREB) and phosphorylated PKA substrates ()PKA-S1) in Pkd2 mutant
kidneys (AC57/~; PkaZFF). Mice also carried the Pkhd1/Cre transgene. 20 pg protein was
used for the analysis, and GAPDH was used as a loading control. (C) Quantification by band
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densitometry shows that phosphorylated PKA substrates are significantly increased in SKO
kidneys (hatched bars) and reduced in DKO kidneys (open bars). pCREB is elevated in SKO
kidneys and shows a trend towards reduction in DKO kidneys that was not statistically
significant. GAPDH was used for normalization. Error bars represent SEM (n=3). (D)
Indirect immunofluorescence on kidneys from P14 mice shows reduced nuclear staining of
pCREB and pPKA-S1 in collecting ducts of DKO mice (AC5™~; PkdZ/F) compared to SKO
mice (AC5*/*; PkdZ/F). Red: pCREB (1:400), pPKA-S1 (1:400). Green: FITC-DBA
(1:1,000). Blue: DAPI.
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Figure 5. AC5 is located in renal cilia and AC5 deficiency reduces ciliary elongation in Pkd2
mutant kidneys

(A) Sucrose density gradient centrifugation showing co-fractionation of AC5 with ciliary
proteins in Pkc?*'~ renal epithelial cells transfected with PDE4C-Flag. Fractions were
analyzed by SDS-PAGE followed by immunoblotting with antibodies against AC5 (501AP)
and markers of Golgi (GM130), endoplasmic reticulum (calnexin), plasma membrane
(CD44), and primary cilia (acetylated a-tubulin, Ac- Tub; intraflagellar transport protein
140, IFT140). AC5 is enriched in fraction 4 and to a lesser extent fraction 6, which contain
acetylated a-tubulin, IFT140, polycystin-2 (PKDZ2), PDE4C (anti-Flag), AKAP150, and
PKA regulatory subunit 11 (PKA-RII). Immunoblotting with an antibody that recognizes

Kidney Int. Author manuscript; available in PMC 2019 February 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 24

both AC5 and AC6 (C17) also shows expression in cilia as well as other organelles. (B)
Indirect immunofluorescence of wild-type mouse kidney sections stained with anti-AC5
antibody (PAC-501AP). Endogenous ACS5 is located in the primary cilia of renal tubular
epithelial cells in addition to the cell body. Cilia were co-stained with an antibody against
acetylated a-tubulin. (C) Indirect immunofluorescence showing primary cilia in renal
collecting ducts from wild-type mice (AC5*/*), AC5 knockout mice (AC5~7), PkdZsingle
knockout mice (AC5*/*: PkdZ/F), and Pka2/ACS double knockout mice (AC5™/~; PkaZ'F).
Mice were euthanized at P14, and primary cilia were stained with anti-ARL13B antibody
(1:400). Insets show that ablation of AC5 reduces ciliary length compared to wild-type and
Pkd2 mutant mice. (D) Quantification shows elongation of primary cilia in Pkd2 mutant
mice. Concomitant ablation of AC5 normalizes cilia length. Cilia length was measured using
ImageJ after 3D reconstruction of Z-stack images. Statistical analysis was performed with
GraphPad Prism 6 using ANOVA for multiple comparisons. Error bars represent SEM.
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