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Abstract 

Two cAMP signaling compartments centering around adenylyl cyclase (AC) exist in human 

airway smooth muscle (HASM) cells, one containing ß2AR-AC6 and another containing E 

prostanoid receptors (EPR)-AC2.  We hypothesized that different phosphodiesterase (PDE) 

isozymes selectively regulate cAMP signaling in each compartment.  According to RNA-seq 

data, 18 of 24 PDE genes were expressed in primary HASM cells derived from age- and 

gender-matched donors with and without asthma. PDE8A was the third most abundant of the 

cAMP-degrading PDE genes, after PDE4A and PDE1A.  Knockdown of PDE8A using shRNA 

evoked 2-fold greater cAMP responses to 1 µM forskolin in the presence of 

IBMX.  Overexpression of AC2 did not alter this response, but overexpression of AC6 increased 

cAMP responses an additional 80%.  We examined cAMP dynamics in live HASM cells using a 

fluorescent sensor.  PF-04957325, a PDE8-selective inhibitor, increased basal cAMP levels by 

itself, indicating a significant basal level of cAMP synthesis.  In the presence of an AC inhibitor 

to reduce basal signaling, PF-04957325 accelerated cAMP production and increased the 

inhibition of cell proliferation induced by isoproterenol, but had no effect on cAMP levels or cell 

proliferation regulated by PGE2.  Lipid raft fractionation of HASM cells revealed PDE8A 

immunoreactivity in buoyant fractions containing caveolin-1 and AC5/6 immunoreactivity.  Thus, 

PDE8 is expressed in lipid rafts of HASM cells where it specifically regulates ß2AR-AC6 

signaling without effects on signaling by the EP2/4R-AC2 complex.  In airway diseases such as 

asthma and COPD, PDE8 may represent a novel therapeutic target to modulate HASM 

responsiveness and airway remodeling. 
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Introduction  

Human airway smooth muscle (HASM) hypercontractility in asthma and chronic 

obstructive pulmonary disease (COPD) has long been managed through the use of short acting 

and long acting ßAR agonists.  Protein kinase A (PKA) activation by cyclic adenosine 

monophosphate (cAMP) is a key step in bronchodilation (1), thus defining the elements 

responsible for cAMP signal termination is critical.  Many G-protein coupled receptors (GPCR) 

expressed in HASM cells utilize cAMP signaling as their main second messenger, but agonists 

for these receptors elicit different responses.  This phenomenon supports the widely held belief 

that cAMP signaling is compartmentalized (2, 3) yet little is known about how cells accomplish 

this compartmentation (4).  Cells require discrete signaling elements to convey both spatial and 

temporal cAMP dynamics in order to selectively and finely tune propagated responses.  GPCR 

selectively organize the initial response from paracrine, hormonal or transmitter effectors to 

modulate subsequent intracellular changes in cAMP levels by coupling through Gs and/or Gi 

proteins (5, 6).  Adenylyl cyclases (AC) produce cAMP, but also assemble selective responses 

based on AC isoform-specific stratification to raft or non-raft microdomains, proximity to 

associated GPCRs and scaffolding of associated proteins and enzymes to create distinct 

signalosomes (4, 7).  Two principle cAMP signaling compartments have been defined in HASM, 

one consisting of ß2AR coupled to AC6 and another of EP2 and EP4 receptors coupled 

exclusively to AC2 (8-11).  This cAMP “circuitry” is a dynamic and dimensional network that 

decodes similar, context-specific cAMP signals from different GPCRs and integrates the input 

for membrane, cytosolic or nuclear output targets within the cell. 

Phosphodiesterases (PDE) terminate cAMP signals by catalyzing the conversion of 

cAMP into 5’-AMP and regulate the duration and magnitude of signaling at localized complexes 

to provide spatial regulation (12).  These properties confer a distinct role for PDEs to sculpt the 

circuitry by shaping the strength and intracellular direction of the cAMP signal (3).  PDEs 

influence signal gain, or sensitivity of output relative to degree of input. PDEs also regulate 
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sensitivity of cAMP pathways by participating as negative feedback regulators of cell signaling 

since PDE upregulation ensures that additional signaling won’t produce a cellular response until 

a higher stimulus threshold is reached (13-15).  A-kinase anchoring proteins (AKAP) play a 

central role in tethering PKA to PDE in order to facilitate this negative feedback (16). PDEs 

constitute a superfamily of 24 genes that are classified into eleven gene families (PDE1 to 

PDE11) according to their N-terminal domains.  Different cell types orchestrate PDE activity in 

cells by expressing a unique complement of PDE genes depending on the spatial and kinetic 

requirements for cAMP signaling (12). Thus, the potential to selectively modulate cAMP 

signaling at the PDE level is significant but little is known about how different PDE isozymes 

localize to cAMP signalosomes (2, 3). 

Inhibition of PDE4 augments β-agonist relaxation of smooth muscle cells and promote 

bronchodilation (17, 18).  However, PDE4 control exerted over ßAR signaling appears to be 

broad (19).  PDE4 inhibitors have non-selective and indiscriminate effects in many tissues, 

limiting their therapeutic utility (20, 21). PDE8 may selectively modulate ß2AR signaling with 

fewer side effects: it has higher affinity and lower Km for cAMP than other PDE isoforms in order 

to shape low-level, highly localized cAMP signals (22, 23).  Cardiac myocytes of PDE8A 

knockout mice display higher Ca2+ transients, greater basal Ca2+ spark frequency and increased 

LTCC current after isoproterenol stimulation (24). These reflect changes in basal settings that 

occur without induction of global PKA activity and may indicate compartment specific control by 

PDE8.  

 The present study sought to define the PDE isozymes expressed in HASM cells, with the 

goal of determining if specific PDEs participate in previously defined cAMP signaling 

compartments (8, 10).  Our studies indicate that a less widely expressed isoform of PDE, 

PDE8A, is expressed in HASM cells.  We present a possible role of PDE8 in these cells using 

specific PDE8 inhibitors and shRNA knockdown of PDE8A expression.  Our findings are 

consistent with the idea that PDE8A localizes in lipid raft microdomains where its activity shapes 
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responses to colocalized ß2AR-AC6 signals without altering AC2 signaling by EPR localized in 

non-raft microdomains. 

Some of the results of these studies have been previously reported in the form of an abstract 

(25). 

 

 

Materials and Methods  

Materials:  Forskolin was purchased from LC Laboratories (Woburn, MA). PF-04957325 

was a generous gift from Pfizer, Inc.  Cell culture media and components were purchased from 

ThermoFisher (Waltham, MA). Fetal bovine serum was purchased from Atlanta Biologicals 

(Flowery Branch, GA). Lentiviral particles expressing PDE8A shRNA were purchased from 

Santa Cruz Biotechnology (Dallas, TX).  Secondary antibodies were obtained from Santa Cruz 

Biotechnology.  All other drugs and chemicals were purchased from Sigma Aldrich (St Louis, 

MO) unless otherwise noted. 

Cell culture: HASM cells were isolated from deceased, de-identified lung donors by 

enzymatic dissociation in accordance with Institutional Review Board approval and as described 

previously (26).  HASM cells were grown in Ham’s F-12 media supplemented with 10% fetal 

bovine serum, pen/strep, 25 mM HEPES, 1.7 mM CaCl2, and L-glutamine.  Cells were kept at 

5% CO2 and 37° C.  Experiments were performed on cells from passage 3-7 using over 20 

different primary cell isolates in total, and at least 3 different isolates for each study.  Adenoviral 

constructs expressing AC2, AC6, or lacZ (control) cDNA were used in AC overexpression 

studies.  The titer of AC virus was chosen to give similar global cAMP levels in response to 1 

µM forskolin.  Cells were infected 18 h before treatment.      

RNA-Seq: We obtained RNA-Seq results from previously published study for transcripts 

of all known PDE genes (27). Briefly, primary ASM cells were isolated from ten white non-

smoking donors with no chronic illness or medication use and from five white asthmatic donors. 
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ASM cell cultivation was described previously (26, 28). Passages 4 to 7 ASM cells maintained in 

Ham's F12 medium supplemented with 10% FBS, CaCl2, buffered with HEPES, 

penicillin/streptomycin, primocin, and additional L-glutamine were used in all experiments. The 

F12 medium was used for culture because it provides Ca2+ levels that are consistent with seeing 

contractility of muscles in that media. Total RNA was extracted from cells using the miRNAeasy 

mini kit (Qiagen Sciences, Inc., Germantown, MD). Approximately 1 µg of RNA from each 

sample was used to generate RNA-Seq cDNA libraries for sequencing using the TruSeq RNA 

Sample Prep Kit v2 (Illumina, Inc., San Diego, CA). Sequencing of 75 bp paired-end reads was 

performed with an Illumina HiSeq 2000 instrument at Partners Personalized Medicine (Boston, 

MA). Taffeta scripts (https://github.com/blancahimes/taffeta) were used to analyze RNA-Seq 

data, which included trimming of adapters using trimmomatic (v.0.32) (29) and using FastQC 

(v.0.11.2, Babraham Bioinformatics) to obtain overall QC metrics. Kallisto software was used to 

estimate transcript counts according to the hg38 Ensembl reference human genome (30). 

Sleuth software was used to test for differential expression of transcripts between asthma and 

non-asthma donors (31). Transcripts were considered to be expressed if at least 47% of 

samples had 5 or more reads. Plots were made with R software*. RNA-Seq data is available in 

the Gene Expression Omnibus (GEO) under accession GSE58434. 

cAMP assays: For endpoint studies, HASM cells were grown to 80% confluency on 24-

well plates, washed once with serum- and NaHCO3-free Dulbecco's Modified Eagle's medium 

(DMEM) supplemented with 20 mM HEPES, pH 7.4 (DMEH) then equilibrated for 30 min in a 

37 ̊C water bath.  In most studies, cells were pretreated with 0.2 mM IBMX (a broad spectrum 

PDE inhibitor) then exposed to the indicated drug for 15 min.  In other studies, no IBMX was 

included and the assay incubation time was 7 min.  Assay medium was aspirated at the end of 

the incubation period and 30 µL lysis buffer was added to each well to terminate the reaction.  

cAMP content was then assayed using the HitHunter cAMP Assay for Small Molecules Kit 
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(DiscoverX, Freemont, CA).  Data was normalized to the average amount of total protein on 

each plate, as determined using a dye binding protein assay (Bio-Rad, Hercules, CA). 

 For kinetic measurement of cAMP production in live cells, subconfluent HASM cells were 

plated on a black-walled, clear flat bottom 96-well plate with 100 µL of HASM cell media, 40 µL 

of BacMam virus expressing the green cAMP difference detector in situ (cADDis) cAMP sensor 

(Montana Molecular, Bozeman, MT), and 1 µM trichostatin-A (Sigma Aldrich, St. Louis, MO) per 

well. Cells were grown overnight at 5% CO2 and 37 °C.  Media was aspirated and replaced with 

180 µL per well of 1X Dulbecco’s Phosphate Buffered Saline Solution without calcium and 

magnesium. The 96-well plate was covered with aluminum foil and incubated at RT for 30 

minutes.  Cell fluorescence was read from the plate bottom using excitation/emission 

wavelengths of 494 nm and 522 nm, respectively, using a SpectraMax M5 plate reader 

(Molecular Devices, Sunnyvale, CA).  A 5 minute kinetic read on unstimulated cells was 

performed to determine the variability in each well’s fluorescence was ≤5%.  Cells were 

stimulated with agonist and/or PDE inhibitor and fluorescence changes in each well were read 

at 30 second intervals for 30 minutes.  Data were fit to a single site decay model using 

Graphpad Prism 6.0h (GraphPad Software Inc., San Diego, CA).  In some cases, the kinetic 

rate constant, k, was compared between treatments by constraining the curve fits to a common 

plateau and plotting k to compare the rate of cAMP production across different treatments. 

For assays of adenylyl cyclase activity, membranes from HASM cells were prepared by 

scraping cells into a hypotonic homogenizing buffer (30 mM Na-HEPES, 5 mM MgCl2, 1 mM 

EGTA, 2 mM DTT, pH 7.5) and homogenizing in a Dounce homogenizer.  The homogenate was 

spun at 300g for 5 min at 4˚C then transferred to a new tube and spun at 5,000g for 10 min.  

The pellet was suspended in membrane buffer (30 mM Na-HEPES, 5 mM MgCl2, 2 mM DTT, 

pH 7.5) to yeild 1 mg/ml total protein concentration. 30 µl of membranes were added to assay 

buffer (30 mM Na-HEPES, 100 mM NaCl, 1 mM EGTA, 10 mM MgCl2, 1 mM 

isobutylmethylxanthine, 1 mM ATP, 10 mM phosphocreatine, 5µM GTP, 60 U/ml creatine 
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phosphokinase and 0.1% bovine serum albumin, pH 7.5.) and either 1 µM forskolin or 10 µM 

SQ22536 or both.  Reactions were rn for 15 min at 30˚C then were stopped by boiling for 5 min.  

cAMP content of each tube was assayed for cAMP content using the HitHunter cAMP Assay for 

Small Molecules Kit  (DiscoverX, Fremont, CA). Total protein concentration was determined 

using a dye-binding protein assay (Bio-Rad). 

Non-detergent isolation of lipid raft and non-raft membranes:  Cells were fractionated 

using a detergent-free method as previously described (8).  HASM cells were grown to 70 to 

80% confluency on 10-cm plates.  Cells were washed twice in ice-cold PBS, scraped off the 

plate in 500 mM sodium carbonate, pH 11, then homogenized with 20 strokes in a glass-glass 

tissue grinder followed by three 20 second bursts with an ultrasonic cell disruptor. An equal 

volume of 90% sucrose in MBS (25 mM MES and 150 mM NaCl, pH 6.5) was added.  The 

sample was loaded at the bottom of a discontinuous sucrose gradient of 35% and 5% sucrose 

(prepared in MBS with 250 mM Na2CO3). The gradient was centrifuged at 46,000 rpm on a 

SW55Ti rotor (Beckman Coulter, Brea, CA) for 18 h at 4°C.  500 mL fractions were collected 

from the top of the gradient and then analyzed by SDS-PAGE (loading equal proportions of 

each fraction) and immunoblotting.  For AC isoform detection, samples were deglycosylated and 

concentrated prior to SDS-PAGE.   80-100 µg protein was incubated with PNG-F in 60 mM 

NaCl, 1.25 mM EDTA, 143 mM ß-mercaptoethanol, 5 mM sodium phosphate, 15 mM Tris-Cl 

(pH 7.5), 0.1% SDS, and 0.5% Nonidet P-40 for 2 h at 37 °C. Reactions were terminated with 

0.33 volumes of 4x SDS-PAGE sample buffer. 

 Immunoblot analysis: Whole cell lysates were obtained by scraping cells in modified 

RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, plus mammalian 

protease inhibitor cocktail, Sigma Aldrich cat# P-8340) and homogenizing by sonication.  Whole 

cell lysates or cell fractions were separated on 10% SDS-polyacrylamide gels by 

electrophoresis before being transferred to PVDF membranes (Millipore, Billerica, MA) by 

electroblotting.  Membranes were blocked in 20 mM phosphate buffered saline (PBS) with 3% 
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nonfat dry milk and incubated with primary antibody 2-12 h at 4°C with constant rocking.  

PDE8A antibody (sc-17232, 1:200 dilution), ß-actin antibody (sc-47778, 1:1000 dilution), AC2 

antibody (sc-587, 1:200 dilution) and AC5/6 antibody (sc-590, 1:200 dilution) were obtained 

from Santa Cruz Biotechnology (Dallas, TX).  Caveolin-1 monoclonal antibody (610057, 1:1000 

dilution) was obtained from BD Biosciences (San Jose, CA).  Bound primary antibodies were 

visualized using appropriate secondary antibody with conjugated horseradish peroxidase (Santa 

Cruz Biotechnology, Dallas TX) and ECL reagent (ThermoFisher (Waltham, MA).  Images were 

captured using a BioRad Gel Doc system then the alignment, exposure and contrast of each 

image was optimized using Adobe Photoshop CS4.  In some cases, immunoreactive bands 

were analyzed by densitometric analysis using the volume plus density method and normalized 

to ß-actin. 

Cell proliferation assay:  HASM cells were plated on 96-well plates at a density of 5000 

cells per well.  After attachment, media was changed to serum free conditions (Ham’s F-12 

supplemented with 1% insulin-transferrin-selenium (Sigma-Aldrich), pen/strep, 25 mM HEPES, 

1.7 mM CaCl2, and L-glutamine).  After 48 h the indicated drugs with or without 10% fetal bovine 

serum was added.  After another 48 h the total cell content of each well was measured using 

CyQUANT NF (Thermo Fisher) according to the manufacturer’s instructions. 

Data analysis and Statistics: Standard curves were fit and unknown values extrapolated 

using GraphPad Prism 6.0h (GraphPad Software Inc., San Diego, CA). Data are presented as 

the mean ± SEM. Statistical comparisons (t-tests and one-way analysis of variance) were 

performed and graphics were generated using GraphPad Prism 6.0h (GraphPad Software Inc., 

San Diego, CA). 

 

Results 

In order to understand how cAMP signaling is regulated in HASM cells, we characterized 

the isozymes responsible for cAMP catabolism.  Transcript levels for all PDE genes were 
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measured in HASM cells derived from age- and gender-matched donors with and without 

asthma using RNA-Seq.  Fifty-five transcripts corresponding to 18 different PDE genes were 

expressed, while 6 PDE genes (i.e., PDE1B, PDE2A, PDE6A, PDE6C, PDE6G, PDE6H) did not 

have expressed transcripts (Table 1). Boxplots showing expression levels in asthma vs. non-

asthma donor-derived cells for the 12 most abundant PDE gene transcripts are shown in Figure 

1. None of the transcripts were differentially expressed between asthma and non-asthma 

donors according to false-discovery rate corrected statistics, although PDE4A had nominally 

significant results for its most abundant transcript (ENST00000380702; p=0.034).  Among the 

PDE isoforms that hydrolyze cAMP, PDE8A was the third most abundant transcript (following 

PDE1A and PDE4A and roughly equivalent to PDE7A, Table 1).  No previous reports have 

demonstrated expression of this PDE isoform in lung tissue or smooth muscle cells of any 

origin. 

PDE8A is an IBMX-insensitive isoform that is not widely expressed in peripheral cell and 

tissues.  Since PDE8 is not inhibited by most broad spectrum PDE inhibitors (32), we wondered 

if previous studies of cAMP signaling in HASM have failed to account for activity of this 

phosphodiesterase. We measured cAMP production in HASM cells from normal donors in the 

presence of 0.2 mM IBMX (to reduce activity by most other PDE isoforms) with and without 

dipyridamole, a PDE5/PDE8 inhibitor (22, 32-34).  Basal cAMP production in lacZ controls 

showed no increase in cAMP production when using 30 µM dipyridamole compared to vehicle 

control (Figure 2A).  We also overexpressed either AC2 or AC6, two isoforms natively 

expressed in HASM (8), to determine if increased cAMP synthesis revealed a role for PDE8A 

activity in either the AC2 or AC6 signaling compartments.  Dipyridamole had no effect on basal 

cAMP levels in AC2 overexpressing HASM cells, but a small, non-significant increase in basal 

cAMP production was evident in AC6 overexpressing cells.  When cells were stimulated with 1 

µM forskolin, we observed a significant increase in cAMP levels in AC6-overexpressing HASM 

cells, but no significant effect in the lacZ or AC2 overexpressing cells (Figure 2B).  
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Dipyridamole has been reported to also inhibit MRP4, a transport channel that pumps 

cAMP out of cells (35).  The changes we observed in Figure 2 may be confounded by altered 

cAMP export because this assay detected only intracellular cAMP.  To attain a more specific 

reduction in PDE8A activity, we used shRNA to knockdown its expression.  We tested a 

commercially available PDE8A shRNA lentiviral vector at different viral titers and treatment 

times to determine the optimal conditions for knockdown of PDE8A.  We detected a maximum 

reduction in PDE8A immunoreactivity in lacZ (control), AC2- and AC6-overexpressing HASM 

cells (Figure 3A and 3B) four days following infection with PDE8A shRNA lentivirus.  In the 

presence of IBMX, basal cAMP production was not significantly different between HASM cells 

infected with scrambled (control) lentivirus and those infected with PDE8A shRNA (Figure 

3C).  However, when AC activity was stimulated with 1 µM forskolin, PDE8A knockdown 

increased cAMP accumulation in control HASM and cells overexpressing AC6 (Figure 3D).  By 

contrast, PDE8A knockdown did not significantly increase cAMP accumulation in HASM cells 

overexpressing AC2 (Figure 3D).   

We next measured cAMP production across a range of forskolin concentrations.  The 

concentration-response curves to forskolin in the absence and presence of PDE8A knockdown 

were superimposable in AC2-overexpressing HASM cells (Figure 3E).  In AC6-overexpressing 

HASM cells, both the EC50 and Emax of forskolin-stimulated cAMP production were enhanced in 

PDE8A knockdown cells (Figure 3F).  These data are consistent with the idea that PDE8A 

catalyzes the degradation of cAMP in the AC6 compartment with little effect on cAMP 

synthesized by AC2. 

ß2AR can couple primarily to AC6 while EP2/4R couples to only AC2 due to the 

colocalization of these GPCR with their respective AC isoforms (9).  We hypothesized that 

ß2AR-mediated signaling in HASM cells is selectively regulated by PDE8A activity.  To test this 

idea, we examined cAMP production using cADDis, a fluorescent sensor that detects cytosolic 

cAMP levels in live cells (36).  Preliminary studies demonstrated that we could observe large 
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decreases in fluorescence of the downward cADDis sensor in response to various 

concentrations of forskolin without the addition of IBMX or other PDE inhibitors (Figure 4A).  

Addition of PF-04957325, a PDE8 selective inhibitor (37), also increased levels of cAMP in a 

concentration-dependent manner (Figure 4B and 4E).  We observed a similar response with the 

addition of rolipram, a PDE4 selective inhibitor (Figure 4C), implying that a low level of basal AC 

activity exists in HASM cells.  This basal AC activity is sufficient to allow PDE inhibition alone to 

induce cAMP responses detected by the cADDis sensor.  

In order to use PF-04957325 to probe for the role of PDE8 in regulating cAMP 

stimulated by isoproterenol or PGE2, this basal AC activity must be reduced.  This is a critical 

element, since the source of the basal stimulus, and what compartment(s) and AC isoform(s) it 

emanates from, is unknown.  We sought an established AC inhibitor that is relatively non-

selective across AC isoforms.  We tested several concentrations of the AC inhibitor, SQ22536 

(38), to find the minimally effective concentration that reduced the cAMP response to PF-

04957325 alone.  10 µM SQ22536 caused a significant reduction in the responses observed to 

PF-04957325 (Figure 4D and 4E).  This same concentration of SQ22536 reduced AC activity in 

isolated HASM membranes by approximately 50% (Figure 4D inset). Using 10 µM SQ22536 to 

suppress basal AC activity, various concentrations of isoproterenol or PGE2 were used to 

identify concentrations of each agonist that induced small but reproducible cAMP stimuli of 

equal magnitude.  1 nM isoproterenol or 3 nM PGE2, which elicit half-maximal responses by the 

cADDis sensor when tested alone, gave ~5-10% reduction of the fluorescence signal in the 

presence of 10 µM SQ22536 (Figure 5A).  We then measured the responses to various 

concentrations of PF-04957325 in the presence of 10 µM SQ22536 with either isoproterenol or 

PGE2 present to provide compartment-specific stimuli.  PF-04957325 increased 1 nM 

isoproterenol-stimulated cAMP responses in a concentration-dependent manner (Figure 5B and 

5D).  PF-04957325 effects on the rate of isoproterenol-stimulated cAMP production (expressed 

as the rate constant, k, of the fluorescent decay of the cADDis sensor) appeared to have both 
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low affinity and high affinity components (Figure 5D, black bars).  The decrease in cAMP levels 

at 10nM PF-04957325 may be due to PKA-mediated phosphorylation of PDE8 that enhances its 

activity or to inhibition of other PDE isoforms by higher concentrations of PF-04957325 (37).   3 

nM PGE2-stimulated cAMP production was not enhanced by any concentration of PF-04957325 

(Figure 5C and 5D).  PF-04957325 did not increase cAMP signaling in conditions with 

preferential activation of either EP2 receptors or EP4 receptors (supplementary data, Figure S2).  

Thus, PDE8 activity specifically regulates cAMP signals generated by ß2AR without significant 

effects on cAMP stimulated by either EP2R or EP4R. 

 Based on the fact that PDE8A selectively regulated ß2AR- and AC6-mediated cAMP 

production, we hypothesized that it is localized in lipid raft microdomains.  PDE8A has been 

reported in detergent resistant membranes from mural granulosa cells, but this study did not 

utilize sucrose density centrifugation to isolate lipid rafts (39).  We used a non-detergent method 

followed by sucrose gradient centrifugation to isolate lipid raft fractions from control HASM cells.  

We have previously reported that ß2AR, natively expressed AC6 and overexpressed AC6 co-

localize in lipid raft domains, but that EP2R, EP4R and AC2 are excluded from these domains (8, 

9).  Immunoblot analysis of these fractions indicates that PDE8A co-localizes with natively 

expressed caveolin-1 and AC6 in buoyant, lipid raft fractions numbered 3-5, but not in fractions 

6-10 associated with non-raft membranes and the bulk of the cellular material (Figure 6).  AC2 

immunoreactivity was only detected in lower fractions associated with non-lipid raft membranes 

and other cellular organelles.  HASM cells incubated with lentivirus expressing PDE8A shRNA 

displayed no PDE8A immunoreactive bands near 93 kDa following fractionation.  These data 

are consistent with the idea that PDE8A localizes in lipid raft microdomains where it selectively 

regulates signaling by ß2AR and AC6. 

ß2AR agonists and other cAMP-elevating agents inhibit serum and growth factor-

stimulated cell proliferation (40).  We examined the effects of PF-04957325 on cell proliferation 

stimulated by serum.  After 48 h of serum starvation, HASM cells were incubated with 10% FBS 
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and either PF-04957325 (1 µM), isoproterenol (1 µM) or PF-04957325 plus isoproterenol. PF-

04957325, isoproterenol or the combination did not significantly alter cell proliferation in the 

absence of FBS (Figure 7A).  FBS stimulated cell proliferation nearly 3 fold and treatment with 

just 1 µM isoproterenol or 1 µM PF-04957325 did not inhibit this response.  We chose a sub-

maximal concentration of isoproterenol for this study so that any additive effect from inhibition of 

PDE activity could be observed.  Indeed, treatment of HASM cells with both isoproterenol and 

PF-04957325 significantly inhibited cell proliferation over FBS alone (p<0.01 by paired t-test).  

We also examined the effect of PGE2 on HASM cell proliferation.  1 µM PGE2 induced a small 

but significant (p<0.05) inhibition of FBS-stimulated cell proliferation, but adding PF-04957325 

did not increase this effect (Figure 7B).  Therefore, inhibition of PDE8 activity increases the 

ability of ß2AR to regulate cell proliferation but has no effect on PGE2-mediated regulation of cell 

proliferation. 

 

Discussion 

PDE8 function has been previously ascribed to roles in T-cell adhesion (37), adrenal (41, 

42) and Leydig cell steroidogenesis (32, 43), heartbeat regulation (24) and lymphocyte/breast 

cancer chemotaxis (44, 45).  We report here the transcript, protein and functional presence of 

PDE8 in human airway smooth muscle cells. Our transcriptomic data demonstrates the 

presence of all PDE isoenzymes, except PDE2, via selective expression of 18/24 PDE genes in 

HASM cells derived from donors with asthma and fatal asthma.  Previously, studies were 

focused on soluble inhibitors to characterize PDE function in HASM cells (18).  We 

hypothesized that PDE8 was functionally relevant in human airway smooth muscle cells 

because dipyridamole, a semiselective PDE5/8 inhibitor (22), induced small but non-significant 

increases in forskolin-stimulated cAMP accumulation (Figure 2A).  Dipyridamole enhanced 

forskolin-stimulated cAMP in HASM cells overexpressing AC6, but not in cells overexpressing 

AC2, implying that PDE8 may selectively regulate signaling in AC6 microdomains.  These initial 
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results with dipyridamole were supported by knockdown of PDE8A expression with shRNA.  

PDE8A knockdown selectively enhanced cAMP production in AC6 overexpressing cells relative 

to AC2 in basal and forskolin-stimulated conditions (Figure 3B and 3C).  Moreover, knockdown 

of PDE8 expression shifts the forskolin dose response curve to a higher maximum in AC6 

overexpressing cells (Figure 3E), but not when AC2 was overexpressed (Figure 3D).  These 

results indicate that PDE8 changes the gain of local cAMP signaling so that stimulation of AC 

causes a proportionally stronger response in this particular cAMP microdomain.   

Measuring cAMP levels in the presence of IBMX does not allow the interpretation of the 

relative importance of PDE8 in cAMP signaling compared to other PDE isoforms.  Therefore, we 

sought an assay capable of sensitively detecting cAMP levels without broad PDE inhibition.  

Expression of the “downward” cADDis cAMP sensor allows sensitive detection of intracellular 

cAMP kinetics in live cells without PDE inhibition (Figure 4A and 4C; (36).  We initially 

determined that lentiviral infection of HASM cells reduces BacMam infection and expression of 

the cADDis cAMP sensor.  Therefore, shRNA knockdown of PDE8 is not compatible with the 

cADDis assay using the methods we employed.  Instead, we employed the PDE8-selective 

inhibitor, PF-04957325 (42).  PF-04957325 dose dependently enhanced the rate constant (k) for 

cAMP formation in the absence of any GPCR agonist or AC activator, indicating that 

accumulation of cAMP was accelerated.  The response to PF-04957325 was concentration 

dependent and nearly as efficacious as forskolin (Figure 4A) and more efficacious than the 

response to the PDE4 inhibitor, rolipram (Figure 4C). Thus, basal cAMP signaling within HASM 

cells appears to be at least partly under PDE8 control.  

We next examined the effect of PDE8 inhibition on small cAMP responses that were 

directly attributable to either isoproterenol or PGE2.  Addition of PF-04957325 increased cAMP 

levels in the presence of isoproterenol but had no effect (in fact slightly inhibited) responses in 

the presence of PGE2 (Figure 5A and 5B).  These responses were accompanied by selective 

changes in the rate constant (k) of cAMP formation in isoproterenol, but not PGE2, stimulated 
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responses (Figure 5C).  Interestingly, the effects of PF-04957325 on isoproterenol-induced 

response appeared to have both high affinity and low affinity components (Figures 4C and 5C).  

The reason for this is unknown, but might relate to PKA activation of PDE8 activity as cAMP 

levels increase or to inhibition of other PDE isoforms at higher concentrations of PF-04657325.  

Nonetheless, functionally responsive PDE8 appears in ß2AR, but not EP2R signaling 

microdomains.   

  We have previously established that ß2AR are colocalized in lipid raft fractions with 

AC5/6, while AC2 is localized in non-raft fractions where it is colocalized with EP2/4R (9).  This is 

evident in HASM cells as well as many other cells and tissues (46, 47).  We now show that 

PDE8A immunoreactivity is similarly localized in lipid raft fractions (PDE8 shRNA knockdown 

eliminated this signal, Figure 6) of HASM cells. The selective effect of PDE8 in regulating cAMP 

levels in the ß2AR compartment is also evident at the functional level.  Examination of cell 

proliferation regulated by both PGE2 and isoproterenol with and without the PDE8-selective 

inhibitor makes it clear that PDE8 activity regulates signaling by ß2AR receptors but has no 

effect on PGE2-mediated signaling (Figure 7) through either EP2 or EP4 receptors 

(supplementary data, Figure S2).  Taken together, our data indicate that PDE8 colocalizes with 

ß2AR-AC6 in lipid-raft microdomains and shapes cAMP signals and cellular responses to ß2AR.  

We speculate that PDE8 provides a highly localized, regional brake on cAMP signaling in HASM 

cells so that low threshold activation of signaling in this compartment is suppressed to minimize 

indiscriminate recruitment of downstream signaling effectors.  The exact role of PDE8 and its 

regulation of ß2AR-AC6 signaling could be to regulate cell shape, proliferation, contractility or 

perhaps overall responsiveness to changes in parasympathetic tone or other relevant hormones 

in the blood as a way to manage resting versus active metabolic demands (48, 49).  

The utility of modulating PDEs for treatment of lung disorders like asthma and COPD 

has been extensively evaluated in clinical research and has culminated with the approval of 

roflumilast, a PDE4 inhibitor, for treatment of severe COPD (18).  However PDE4-selective 
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inhibitors exhibit too narrow of a therapeutic window for wider use because of target-related GI 

side effects such as nausea, vomiting, diarrhea, abdominal pain and dyspepsia.  Strategies to 

mitigate side effects have included combined PDE3/4 inhibition since PDE3 inhibition can 

synergize with PDE4 on lung bronchoconstriction and inflammation (50, 51).  In addition to 

possible cardiac side effects, this particular strategy may be confounded by metabolic 

dysregulation leading to insulin resistance, as seen in PDE3B-/- knockout animals (52).  

Moreover, several PDE3/4 dual inhibitors in clinical development have been discontinued, 

indicating the potential synergy isn’t sufficient to significantly widen the therapeutic window.  

While the concept of modulating cAMP sensitive pathways via inhibition of PDE activity remains 

attractive, more selective means of achieving signal control are needed (18).  Perhaps 

modulation of PDE8 enzymes within airway smooth muscle could be a selective means for 

altering cellular responses associated with asthma or COPD, especially in the context of using 

agonists for β2AR or other GPCR as co-therapies (53).  For example, compartment-specific, 

basal-directed effects of PDE8 that occur in human airway smooth muscle cells could be a 

relevant target for subtle modulation of β2AR-induced bronchodilation without long term 

desensitization, increases in smooth muscle hypertrophy or enhancement of cAMP signaling by 

other signals such as prostaglandins.  

Our data are the first to demonstrate PDE8 expression and function in airway smooth 

muscle.  We show it regulates cAMP signaling stimulated by ß2AR but does not alter 

prostaglandin-stimulated cAMP levels in HASM cells.  While more studies are needed to 

characterize the role of PDE8 in regulating human bronchodilation, it is clear that this unique 

PDE isoform has potential as a therapeutic target in asthma and COPD. 
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Table 1: PDE genes expressed in HASM cells derived from asthma (n=5) and non-asthma 

(n=10) donors. The mean number of observed reads across all samples and its variance are 

shown for the most abundant transcript of the corresponding PDE gene. Also shown for these 

transcripts are the mean and standard deviation of the transcripts per million (TPM), a 

normalized estimate of transcript expression obtained with kallisto. Six PDE genes (PDE1B, 

PDE2A, PDE6A, PDE6C, PDE6G, PDE6H) were not expressed (i.e., did not have at least 47% 

of samples with 5 or more observed reads). 

 

 

Gene Transcript 

Observed 
Reads 

Mean (Variance) 

Transcripts per 
Million (TPM) 

Mean (SD) 
PDE1A ENST00000351439 6.00 (0.32) 8.75 (5.13) 

PDE1C ENST00000396184 5.56 (0.70) 1.63 (1.32) 

PDE3A ENST00000359062 5.24 (0.45) 1.27 (0.93) 

PDE3B ENST00000282096 6.26 (0.22) 3.89 (1.73) 

PDE4A ENST00000380702 7.22 (0.02) 11.96 (1.50) 

PDE4B ENST00000371045 5.12 (0.90) 2.55 (2.30) 

PDE4C ENST00000355502 3.57 (0.25) 0.27 (0.14) 

PDE4D ENST00000546160 5.08 (0.54) 1.05 (0.65) 

PDE5A ENST00000394439 9.18 (0.12) 62.61 (22.49) 

PDE6B ENST00000496514 2.34 (1.30) 0.19 (0.13) 

PDE6D ENST00000287600 6.29 (0.02) 21.61 (2.49) 

PDE7A ENST00000401827 5.89 (0.04) 4.21 (0.77) 

PDE7B ENST00000308191 5.26 (0.08) 1.53 (0.48) 

PDE8A ENST00000310298 5.92 (0.16) 4.18 (1.57) 

PDE8B ENST00000264917 4.28 (0.16) 0.54 (0.23) 

PDE9A ENST00000335512 1.45 (2.86) 0.25 (0.29) 

PDE10A ENST00000366882 3.48 (2.25) 0.30 (0.29) 

PDE11A ENST00000286063 1.55 (1.62) 0.03 (0.03) 
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Figure Legends 

Figure 1:  Boxplots of transcripts per million (TPM) for the most highly expressed transcript of 

each PDE gene that had mean observed counts >5, obtained from RNA-Seq results of HASM 

cells derived from age- and gender-matched fatal asthma (n=5) and non-asthma (n=10) donors. 

Transcript count estimates were obtained with kallisto using the hg38 Ensembl human genome 

as reference.  

 

Figure 2:  The effect of 30 µM dipyridamole on cAMP accumulation in HASM cells in (A) basal 

or (B) 1 µM forskolin-stimulated conditions. HASM cells were incubated with recombinant 

adenoviruses expressing either lacZ, AC2 or AC6 for 18 h. cAMP accumulation was then 

measured over 10 min in the presence of 200 µM IBMX.  Data is expressed as the mean ± 

S.E.M. of n=5.  * denotes p < 0.05 by paired t-test as compared to vehicle. 

  

Figure 3:  PDE8A knockdown in HASM cells.  (A) Immunoblot analysis of PDE8A and ß-actin in 

HASM cells after 72 h incubation with recombinant lentivirus expressing scrambled or PDE8A 

shRNA. The PDE8A antibody detected multiple non-specific bands.  The genuine PDE8A 

immunoreactivity was identified based on the expected molecular weight of 93 kDa so only this 

band is shown (representative images of n=3 are shown).  Full immunoblot of PDE8A is shown 

in supplementary data Figure S1.  (B) Immunoreactive bands were analyzed by densitometry 

using volume plus density and PDE8A density was normalized to the ß-actin loading control.  

Data is expressed as the mean ± S.E.M. of n=3.  ** denotes p < 0.01 by paired t-test as 

compared to control.   The effect of PDE8A knockdown on cAMP accumulation in HASM cells in 

basal (C) or 1 µM forskolin-stimulated (D) conditions.  HASM cells were incubated with 

recombinant lentivirus expressing scrambled or PDE8A shRNA for 72 h, and recombinant 

adenoviruses expressing either lacZ, AC2 or AC6 for 18 h. cAMP accumulation was measured 

over 10 min in the presence of 200 µM IBMX.  Data is expressed as the mean ± S.E.M. of n=5.  
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* denotes p < 0.05 by paired t-test as compared to lacZ, # denotes p < 0.05 by paired t-test as 

compared to control.  cAMP stimulated by various concentrations of forskolin were measured in 

HASM cells overexpressing either AC2 (E) or AC6 (F).  Data is expressed as the mean ± S.E.M. 

of n=4.  Nonlinear regression analysis was used to fit each data set.  The pLogEC50 for forskolin 

in AC6 cells was -4.97 ± 0.232 and the Emax value was 4.96 ± 0.785. The pLogEC50 for forskolin 

in AC6 cells treated with PDE8A shRNA was -6.24 ± 0.481) and the Emax value was 9.069 +/- 

0.609. 

 

Figure 4: cAMP dynamics in live HASM cells measured using the cADDis assay.  HASM cells 

were incubated with recombinant BacMam virus expressing the cADDis cAMP sensor for 24 h.  

After establishing baseline, fluorescence decay was monitored for 30 min after addition of the 

indicated agent. cADDis sensor fluorescent decay curves elicited by various concentrations of 

forskolin (A), PF-04957325 (B) or rolipram (C) are shown, with each point representing the 

mean ± S.E.M. of n = 3-5. Responses to the same concentrations of PF-04957325 were 

measured in the presence of 10 µM SQ22536 to reduce basal cAMP synthesis (D).  The ability 

of SQ22536 to inhibit adenylyl cyclase activity was confirmed in HASM membranes stimulated 

with 1 µM forskolin or forskolin plus 10 µM SQ22536 (D, inset).  PF-04957325 was tested at 

concentrations from 10-11 M (lightest filled circle) to 10-6 M (black filled circle).  Control (vehicle) 

responses are plotted as dotted open circles, 10 µM forskolin plotted as dotted open squares. 

Data are gathered as arbitrary fluorescence units and expressed as observed fluorescence (F) 

over initial fluorescence (F0) to indicate remaining fluorescence after stimulation. 10 µM 

SQ22536 was added 5 minutes prior to initiating 30 minute read with PF-04957325.  Kinetic rate 

constants (k) were derived from a shared constrained plateau of one-phase decay analysis 

among the control and the doses of PF-04957325 with constrained Hill slope = 2 and plotted 

(E).   The pLogEC50 for PF-04957325 alone was determined to be -8.034 ± 0.193 and the Emax 

value for the span of k was 0.00516 ± 0.00118. The pLogEC50 for PF-04957325 with 10 µM 
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SQ22536 was determined to be -6.921 ± 0.339 and the Emax value for the span of k was 

0.001341 ± 0.0005293.  Each bar represents the mean ± S.E.M. of n = 5.  * denotes p < 0.05 by 

paired t-test as compared to control. 

 

Figure 5:  Dose response of the selective PDE8 inhibitor, PF-04957325, on isoproterenol- or 

PGE2-stimulated cAMP dynamics in live HASM cells.  Representative cADDis sensor 

fluorescent decay curves (F/F0) are shown for minimally effective concentrations of 

isoproterenol (1 nM) or PGE2 (3 nM) with and without 10 µM SQ22536 to suppress basal AC 

activity (A).  Various concentrations of PF-04957325 were then added to these same conditions.  

Representative decay curves are shown in the presence of 10 µM SQ22536 plus either 1 nM 

isoproterenol (B) or 3 nM PGE2 (C).  PF-04957325 was tested at concentrations from 10-11 M 

(lightest circle) to 10-6 M (black circle).  Kinetic rate constants (k) from one-phase decay analysis 

(with a shared constrained plateau) were calculated for each dose of PF-04957325 and the 

pooled data from multiple experiments is shown (D).  Each bar represents the mean ± S.E.M. of 

n=5.  * denotes p < 0.05 by paired t-test as compared to isoproterenol. 

 

Figure 6:  Western blot analysis of PDE8A in fractions from sucrose density centrifugation from 

control HASM cells or cells incubated 72 h with recombinant lentivirus expressing PDE8A 

shRNA.  Cells were fractionated using a non-detergent method and separated by sucrose 

density centrifugation (see Materials and Methods).  Gradients were collected in ten, 0.5 mL 

fractions and separated by SDS-PAGE and analyzed by immunoblotting using a primary 

antibody for PDE8A.  Fractions were also probed for native expression of AC6, AC2 and 

caveolin-1 using antibodies for AC5/6. AC2 and caveolin-1 to show appropriate fractionation 

(both control and PDE8A knockdown HASM cells displayed similar distribution of both caveolin-

1, AC5/6 and AC2).  Fractions 3-5 contain with buoyant, lipid raft membranes while fractions 6-

10 contain the rest of the cellular material. Shown are regions of the gels at the approximate 
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molecular weight of the expected immunoreactive band.  Images shown are representative of 3 

experiments. 

 

Figure 7: Cell proliferation was measured using CyQUANT NF in HASM cells stimulated with 

10% FBS for 48 h.  1 µM isoproterenol (A) or PGE2 (B) were included with and without addition 

of 1 µM PF-04957325 in both serum free and 10% FBS conditions.  The data is normalized to 

the serum-free basal condition and expressed as fold over basal.  Each bar represents the 

mean ± S.E.M. of n=4-7.  # denotes p<0.05 as compared to serum free basal.  * denotes p<0.05 

and ** denotes p<0.01 compared to 10% FBS alone by paired t-test. 
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Online data supplement 

Figure S1:  Immunoblot analysis of PDE8A in HASM cells after 72 h incubation with 

recombinant lentivirus expressing either scrambled or PDE8A shRNA. The PDE8A 

antibody used detected multiple non-specific bands so the whole blot is shown. The 

genuine PDE8A immunoreactivity was identified based on the expected molecular weight of 

93 kDa. HASM were also incubated with recombinant adenoviruses expressing either lacZ, 

AC2 or AC6 for 18 h. 
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Figure S2:  cAMP dynamics in live HASM cells measured using the cADDis assay.  

HASM cells were incubated with recombinant BacMam virus expressing the cADDis cAMP 

sensor for 24 h.  Fluorescence decay was monitored for 30 min after addition of various 

concentrations of PGE2 in the presence of either 100 nM PF-044118948 (EP2R-selective 

antagonist, panel A), 100 nM PF-044118948 plus 1 µM PF-04957325 (panel B), 300 nM 

GW-627368X (EP4R-selective antagonist, panel C) or 300 nM GW-627368X plus 

PF-04957325 (D).  Open symbols show the vehicle control, which contained the indicated 

antagonist and inhibitor, but no PGE2.  Each point represents the mean ± S.E.M. of n = 5-6.  

No statistically significant differences exist in either response upon treatment with 

PF-04957325 (one way ANOVA). 
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