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ABSTRACT

Phosphodiesterase (PDE) 8A and PDE8B are high-affinity, CAMP-
specific phosphodiesterases that are highly expressed in Leydig
cells. PDES8A is largely associated with mitochondria, whereas
PDES8B is broadly distributed in the cytosol. We used a new,
PDES8-selective inhibitor, PF-04957325, and genetically ab-
lated PDESA(—/—), PDE8B(—/—) and PDE8A(—/—)/B(—/—) mice
to determine roles for these PDEs in the regulation of testosterone
production. PF-04957325 treatment of WT Leydig cells or MA10
cells increased steroid production but had no effect in PDESA
(=/-)/B(—/-) double-knockout cells, confirming the selectivity of
the drug. Moreover, under basal conditions, cotreatment with
PF-04957325 plus rolipram, a PDE4-selective inhibitor, synergis-
tically potentiated steroid production. These results suggest that
the pool(s) of cAMP regulating androgen production are controlled
by PDE8s working in conjunction with PDE4. Likewise, PDESA
(=/-)/B(—/-) cells had higher testosterone production than cells

from either PDE8BA(—/—) or PDE8B(—/—) mice, suggesting that
both PDE8s work in concert to regulate steroid production. We
further demonstrate that combined inhibition of PDE8s and PDE4
greatly increased PKA activity including phosphorylation of cho-
lesterol-ester hydrolase (CEH)/hormone-sensitive lipase (HSL).
CEH/HSL phosphorylation also was increased in PDE8SA(—/—)/
B(—/-) cells compared with WT cells. Finally, combined inhibition
of PDE8s and PDE4 increased the expression of steroidogenic
acute regulatory (StAR) protein. Together these findings suggest
that both PDE8A and PDES8B play essential roles to maintain low
cAMP levels, thereby suppressing resting steroidogenesis by
keeping CEH/HSL inactive and StAR protein expression low. They
also suggest that in order for PDE inhibitor therapy to be an
effective stimulator of steroidogenesis, both PDE8 isozymes and
PDE4 need to be simultaneously targeted.

Introduction

The cAMP-dependent protein kinase (PKA) signaling path-
way is an essential regulator of many different physiological
processes, including hormone-stimulated steroidogenesis.
The amplitude and duration of the hormone/cAMP/PKA sig-
nals are regulated by the activity and spatial distribution of
the hormone receptors, adenylyl cyclases, and PKAs (Taskén
and Aandahl, 2003). An equally important determinant of
the response is the activity, levels, and localization of one or
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more cyclic nucleotide phosphodiesterases (PDEs) that ter-
minate cAMP action by hydrolyzing it to inactive 5'-AMP
(Conti and Beavo, 2007). The spatial localization and tempo-
ral activation of these PDEs contribute to the specificity and
magnitude of cAMP availability to its effectors (Wong and
Scott, 2004).

Testicular Leydig cells produce androgens that are essen-
tial for puberty, fertility, sexual motivation, and sexual per-
formance in male organisms. The cAMP/PKA signaling path-
way is a well established regulator of androgen production in
Leydig cells. In these cells, testosterone production is pre-
dominantly regulated through interaction of luteinizing hor-
mone (LH) with its receptor, resulting in increased intracel-
lular cAMP and subsequent activation of PKA. PKA can then
phosphorylate numerous proteins including those that facil-
itate cholesterol availability and transport into mitochondria
(Manna et al., 2009). These proteins include cholesterol ester

ABBREVIATIONS: PKA, cAMP-dependent protein kinase; PDE, phosphodiesterase; LH, luteinizing hormone; CEH, cholesterol ester hydrolase;
HSL, hormone-sensitive lipase; StAR, steroidogenic acute regulatory; IBMX, 3-isobutyl-1-methylxanthine; WT, wild type; BSA, bovine serum
albumin; 3B-HSD, 3B-hydroxysteroid dehydrogenase; PBS, phosphate-buffered saline; ELISA, enzyme-linked immunosorbent assay; PFA,
paraformaldehyde; Bay 60-7550, 2-(3,4-dimethoxybenzyl)-7-((1R)-1-((1R)-1-hydroxyethyl)- 4-phenylbutyl)-5-methyl imidazo(5,1-f(1,2,4)triazin-4
(8H)-one; MOPS, 3-(N-morpholino)propanesulfonic acid; GFP, green fluorescent protein; shRNA, short hairpin RNA; GAPDH, glyceraldehyde-3-
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hydrolase (CEH), known as hormone-sensitive lipase (HSL),
that catalyzes the hydrolysis of stored cholesterol esters into
fatty acids and free cholesterol (Kraemer and Shen, 2002).
Another control point in this process is the amount and
activity of the steroidogenic acute regulatory (StAR) protein
that facilitates delivery of cholesterol substrate to the ste-
roidogenic enzyme machinery inside of the mitochondria (Dy-
son et al., 2008; Poderoso et al., 2009; Rone et al., 2009).
Stimulation of the cAMP/PKA pathway leads to an increase
in both the levels and activity of StAR protein (Arakane et
al., 1997; Stocco et al., 2005; Manna et al., 2009). Overall, the
levels of cAMP in response to stimulation by hormones are
tightly correlated with the ultimate rate of steroid production
by Leydig cells.

The PDES family consists of two distinct genes, Pde8a and
Pde8b. Both PDESA and PDES8B hydrolyze cAMP with a very
high affinity (K, <0.15 uM). Unlike other cAMP-specific
PDEs, PDES8s are insensitive to the commonly used, nonse-
lective PDE inhibitor, 3-isobutyl-1-methylxanthine (IBMX)
(Hayashi et al., 1998; Soderling et al., 1998). Moreover, these
two isoforms have a relatively restricted tissue expression
pattern compared with most other PDEs. PDE8SA and
PDES8B are expressed in most if not all steroidogenic cell
types (Soderling et al., 1998; Vasta et al., 2006; Tsai et al.,
2011). In addition, PDESA mRNA and protein are abundant
in cardiomyocytes (Patrucco et al., 2010). They also are in-
duced in T cells upon activation of the T-cell receptor and are
thought to affect T-cell function (Glavas et al., 2001; Dong et
al., 2006; Vang et al., 2011). PDES8B is reported to be high in
human thyroid cells (Hayashi et al., 1998; Kobayashi et al.,
2003), and indirect evidence suggests it to be expressed in
pancreatic B-cells (Dov et al., 2008).

Using a PDE8SA(—/—) knockout mouse model, we have
reported previously that PDE8A can modestly regulate tes-
tosterone production in Leydig cells (Vasta et al., 2006). More
recently, we found that steroid production in isolated adre-
nocortical cells from PDE8B(—/—) mice was significantly in-
creased compared with wild-type (WT) cells. We further dem-
onstrated that PDE8B(—/—) mice were more susceptible to
stress-induced corticosterone release than WT animals (Tsai
et al., 2011). These studies suggested that perhaps in all
steroidogenic cells, both PDES8s might be critical regulators
of steroid production by tightly controlling intracellular
cAMP levels. However, with the exception of mouse adreno-
cortical cells, little is known about which combination of
PDEs can regulate steroidogenesis in other steroidogenic cell
types. In this study, we have examined potential combinato-
rial roles for PDESA, PDES8B, and PDE4s in the regulation of
testosterone synthesis by using Leydig cells isolated from
PDE8A(—/—) and PDES8B(—/—) mice in conjunction with
IBMX. We also have used a recently available PDE8-selective
inhibitor, PF-04957325 (Supplemental Fig. 7). By comparing
the responsiveness of steroid production in PDE8SA(—/-),
PDES8B(—/—), and PDES8A(—/—)/B(—/—) double-knockout
cells, we can now propose that PDESA and PDESB probably
control distinct compartments of cAMP in the Leydig cells
and that these PDEs in turn are major regulators of basal
steroidogenesis. In addition, we show that PDESA can work
in a highly synergistic manner with one or more PDE4s to
regulate this process. Finally, we report that simultaneous
inhibition of both PDE8s and PDE4 is required for large
increases in PKA-mediated phosphorylation of several pro-
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teins implicated in regulation of steroidogenesis, including
CEH/HSL and also for increased StAR protein expression.

Materials and Methods

Animals. Both PDE8A(—/—) and PDE8B(—/—) mice used in these
studies were generated on a SV129 genetic background by Deltagen,
Inc. (San Carlos, CA) under contract to Pfizer, Inc. (Sandwich, UK).
The animals were then backcrossed in our laboratory with C57BL/6
mice obtained from Charles River Laboratories (Wilmington, MA) or
The Jackson Laboratory (Bar Harbor, ME) for at least 12 to 15
generations as previously described (Vasta et al., 2006; Tsai et al.,
2011). Both proteins were completely eliminated in the knockout
animals as determined by lack of PDES8 activity and mRNA tran-
scripts (Vasta et al., 2006; Tsai et al., 2011). PDESA(—/—)/8B(—/-)
double-knockout mice were established in the laboratory by crossing
the PDE8B(—/-) and PDE8A(—/—)mice. All animal usage and pro-
cedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Washington, in accordance
with the National Institutes of Health Guide for Care and Use of
Laboratory Animals. All experiments were performed on animals
between the ages of 9 to 14 weeks, using WT littermates from the
PDES8A colony as controls.

Isolation of Mouse Leydig Cells and Testosterone Measure-
ment. Isolation of Leydig cell-enriched preparations was performed
as described previously (Vasta et al., 2006). In brief, mouse testes
were decapsulated and incubated in Medium 199 buffered to pH 7.4
with 8.8 mM HEPES containing 0.25 mg/ml collagenase type IV
(Worthington Biochemical Corp., Lakewood, NdJ), 6 ug/ml DNase I
(Sigma-Aldrich, St. Louis, MO), and 1 mg/ml bovine serum albumin
(BSA) at 35°C for 20 min with agitation (200 rpm). The same volume
of stopping solution [10 mg/ml BSA and 25 pg/ml soybean trypsin
inhibitor (Sigma-Aldrich) in Medium 199] was added to terminate
digestion. The digested tissue was then dispersed 10 times with a
1-ml Eppendorf pipette and seminiferous tubules were allowed to
settle by gravity for 5 min. The supernatant containing interstitial
cells was filtered once with a cell-strainer (70 um Falcon 2350; BD
Biosciences Discovery Labware, Bedford, MA) and collected by cen-
trifugation (800g, 15 min). The cell pellet was washed twice with
Dulbecco’s modified Eagle’s medium/F-12 (without Phenol Red) con-
taining 1 mg/ml BSA, then resuspended in the same media and
plated in 48-well plates (150 pl/well). The cells were allowed to
recover for 3 h in a 5% CO, incubator at 37°C. After recovery, the
media was replaced with fresh media containing PF-04957325
(Pfizer, Groton, CT; the structure is shown in Supplemental Fig. 7)
and/or IBMX (Sigma-Aldrich) or vehicle. The cells were incubated a
further 3 h. In experiments of LH stimulation, after 30 min of
preincubation with PDE inhibitors, cells were stimulated for 2.5 h by
addition of a 5% volume of 20X concentrated LH solution. Recombi-
nant human LH was obtained from the National Hormone and
Peptide Distribution Program (A. F. Parlow, Harbor-UCLA Medical
Center, Torrance, CA). After a 3-h incubation period, the media was
collected and stored at —20°C until assayed for testosterone assay
using an ELISA kit (Neogen, Lexington, KY). To correct for any
differences in Leydig cell purity and yield between preparations,
3B-hydroxysteroid dehydrogenase (33-HSD) activity was used to nor-
malize the amount of steroid produced by each preparation of cells.
This 33-HSD activity assay was performed by incubating cells for 3 h
in phosphate-buffered saline (PBS) containing 1.5 mM B-nicotin-
amide adenine dinucleotide hydrate, 0.25 mM nitro blue tetrazolium,
0.2 mM 5B-androstane-33-0l,17-one (all obtained from Sigma-Al-
drich), 0.1% BSA, and 0.5% Triton X-100 at 37°C for 4 h. The cells
were then dissolved in dimethyl sulfoxide (100 ul) and the absor-
bance at 570 nm was measured.

MA10 Cell Culturing and Measurement of Progesterone.
The MA10 mouse Leydig cell line was maintained in culture medium
(RPMI 1640 medium supplemented with 15% horse serum). Stocks of
MA10 cells were frozen in media with 10% dimethyl sulfoxide ac-
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cording to American Type Culture Collection (Manassas, VA) guide-
lines. For experiments, the cells were plated in 24-well plates at
8.0 X 10* cells/well and grown in the culture medium. After 2 days,
the medium was removed, cells were washed twice with serum-free
RPMI 1640 medium, and incubated in serum-free RPMI 1640 me-
dium for 3 h at 37°C. The medium was then replaced with RPMI
1640 medium (300 ul) containing vehicle or PDE inhibitors [PF-
04957325 and/or IBMX or rolipram (Sigma-Aldrich)] and incubated
for 3 h. For stimulation with LH or forskolin (Sigma-Aldrich), 15 ul
of a concentrated solution of agonist or vehicle was added after
30-min preincubation with PDE inhibitors followed by 2.5-h of incu-
bation. After the incubation, the medium was collected for measure-
ment of steroid content. Because the MA10 cell line has a lesion in
17a-hydroxylase activity, progesterone was measured as the major
steroid secreted (Ascoli, 1981) using a progesterone ELISA kit (Neo-
gen). The protein concentration in each well was determined using
the bicinchoninic acid protein assay (Thermo Fisher Scientific,
Waltham, MA).

Immunocytochemistry. For immunostaining of B-galactosidase,
testes were dissected from WT and knockout mice and rapidly frozen
in Tissue-Tek O.C.T. (optimal cutting temperature) compound
(Sakura Finetech, Torrance, CA) on dry ice. Sections (20 um) were
cut on a cryostat, mounted on a Superfrost plus microslide (VWR
Scientific, West Chester, PA), and air-dried. After fixing in 4% (w/v)
paraformaldehyde (PFA) at room temperature for 10 min, the sec-
tions were incubated in a blocking solution (5% goat serum, 1 mg/ml
BSA, and 0.05% Triton X-100 in PBS, pH 7.4) for 1 h at room
temperature, and then incubated with an anti-B-galactosidase anti-
body (1:500; 5 PRIME, Gaithersburg, MD) in PBS containing 1
mg/ml BSA and 0.05% Triton X-100 at 4°C overnight. The sections
were washed in a washing buffer (PBS containing 0.05% Tween 20)
three times for 20 min, incubated with goat anti-rabbit Alexa Fluor
546 (1:500; Invitrogen, Carlsbad, CA) in PBS containing 1 mg/ml
BSA and 0.05% Triton X-100 at room temperature for 2 h, and
washed. The sections were further incubated with TO-PRO-3 (1:
1000; Invitrogen) for nuclear counterstaining and mounted in Slow-
Fade Gold anti-fade reagent (Invitrogen).

For immunostaining in isolated Leydig cells, enriched Leydig cell
suspensions obtained from WT testes were plated in a BioCoat eight-
well culture slide (BD Biosciences Discovery Labware) and main-
tained at 37°C for 3 h to allow attachment. MA10 cells were cultured
in the same culture slide for 2 days. These cells were fixed with 4%
PFA for 10 min at room temperature and washed with PBS. The cells
were treated with blocking solution (with 5% donkey serum) for 1 h
and then incubated with an anti-PDES8A antibody (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA) at 4°C overnight. After washing, the
PDESA antibody was labeled by donkey anti-goat Alexa Fluor 488.
For double staining with PDE8B, the cells were incubated in block-
ing solution (with 5% goat serum) followed by incubation with an
anti-PDES8B antibody (1:1000; FabGennix Inc., Frisco, TX) for 2 h at
room temperature. After washing, the PDE8B antibody was labeled
by goat anti-rabbit Alexa Fluor 546 or Alexa Fluor 633. For double
staining with P450,, the cells were incubated with an anti-P450,
antibody (1:1000; Millipore Bioscience Research Reagents, Te-
mecula, CA) for 2 h at room temperature. After washing, the anti-
body was labeled with goat anti-mouse Alexa Fluor 546. TO-PRO-3
was used for nuclear staining. All slides were mounted in SlowFade
Gold antifade reagent and observed using a confocal microscope
(Leica SL; Leica Microsystems Ins., Bannockburn, IL) at the Keck
Microscopy Facility, University of Washington.

Treatments with Other PDE Inhibitors. Different PDE inhibi-
tors were applied to Leydig cells isolated from WT or PDESA(—/—)/B(—/-)
mice. Inhibitors included SCH51866 (10 uM; Schering-Plough Research
Institute, Kenilworth, NJ), (Vemulapalli et al., 1996), cilostamide (1 uM;
Calbiochem/EMD Millipore, Billerica, MA), 2-(3,4-dimethoxybenzyl)-7-
((1R)-1-((1R)-1-hydroxyethyl)- 4-phenylbutyl)-5-methyl imidazo(5,1-
H(1,2,4)triazin-4 (3H)-one (Bay 60-7550) (1 uM; Axxora, San Diego, CA), or
sildenafil (100 nM; Pfizer, New York, NY) as well as PF-04957325 (300

nM), IBMX (50 uM), or rolipram (20 uM) for 3 h. The amount of secreted
testosterone was measured by a testosterone ELISA kit. MA10 cells were
treated with each inhibitor in the presence or absence of PF-04957325 for
3 h. The amounts of secreted progesterone were measured using a proges-
terone ELISA kit.

Western Blot Analysis. After treatments with PDE inhibitors,
Leydig cells or MA10 cells were dissolved in an SDS lysis buffer.
Samples were separated on 10% SDS polyacrylamide gels made from
ProtoGel solutions (National Diagnostic, Atlanta, GA). The resolved
protein bands were then electrotransferred to nitrocellulose mem-
branes. After preblocking with either 5% BSA (for anti-phosphopro-
tein antibodies) or 5% milk in 20 mM Tris-buffered saline, the mem-
branes were incubated with either anti-phospho-PKA substrate
antibody (Cell Signaling Technology, Danvers, MA), anti-phospho-
HSL (Ser 660) antibody (Cell Signaling Technology), anti-HSL anti-
body (Santa Cruz Biotechnology), anti-StAR antibody (Santa Cruz
Biotechnology), or anti-GAPDH antibody (Fitzgerald International,
Inc., Concord, MA). Detection was carried out with appropriate per-
oxidase-conjugated secondary antibody (Bio-Rad Laboratories, Her-
cules, CA) and chemiluminescent reagents (Thermo Fisher Scien-
tific). The blot was exposed to autoradiographic film for visualization
of detected bands. The intensity of the bands was analyzed using
Imaged (http:/rsbweb.nih.gov/ij/).

Immunoprecipitation and PDE Activity Assay. Immunopre-
cipitations of PDESA and PDESB were performed with rabbit poly-
clonal antibodies to PDE8A (Scottish BioMedical, Glasgow, Scotland,
UK) or goat polyclonal antibodies to PDE8B (Santa Cruz Biotechnol-
ogy), respectively. MA10 cell homogenates made with lysis buffer
[150 mM NaCl, 2 mM NaF, 2 mM Na,VO,, 1 mM B-glycerol, 1%
Triton X-100, 1 mM EDTA, and protease inhibitor cocktail (Sigma-
Aldrich) in 50 mM Tris-HCI, pH 7.4] were incubated with the anti-
body and Protein G Plus-Agarose (Calbiochem) at 4°C overnight. The
immunopellet was resuspended and washed three times with the
lysis buffer before PDE activity was measured. PDE activity was
measured as described previously (Hansen and Beavo, 1982; Soder-
ling et al., 1998). In brief, the activity assay was carried out at very
low substrate conditions (10-20 nM [*H]cAMP, ~10° cpm/reaction)
in 40 mM MOPS, pH 7.5, 15 mM magnesium acetate, 2 mM EGTA,
and 0.2 mg/ml BSA in the presence or absence of drugs in a final
volume of 250 pl. The reaction time and amount of lysate were
maintained so that less than 30% of the substrate was hydrolyzed.
Dose-response inhibition curves of PF-04957325 were analyzed, and
IC;, values were calculated by Prism (GraphPad Software, San
Diego, CA). Three individual experiments were performed.

shRNA Ablation of PDESA. MA10 cells were transfected with
either a short-hairpin RNA (shRNA) construct (5'-gatttgctcgatge-
cataaat —3’) or control shRNA plasmid (SureSilencing shRNA plas-
mids, SA Biosciences, Frederick, MD) using Lipofectamine 2000
(Invitrogen). The control shRNA plasmid had all the same elements
as the shRNA plasmid, including a green fluorescent protein (GFP)
marker and a 21-nucleotide shRNA sequence (5'-ggaatctcattcgatg-
catac-3’) with no known target. The MA10 cells were transfected
according to the manufacturer’s instruction and cultured for 48 h.
After the transfection, the cells were fixed with 4% PFA and stained
with anti-PDE8A antibody as described under Immunocytochemis-
try. Transfected cells were determined by the presence of GFP green
fluorescence. The knockdown efficiency of PDESA shRNA was also
evaluated by real-time PCR probing for PDESA mRNA.

Statistical Analysis. Statistical analysis was determined by Stu-
dent’s unpaired ¢ test when only two groups were being compared.
Statistical analysis of multiple groups was modeled by one-way
ANOVA. Densitometry data from Western blot for phospho-HSL in
PDES8(—/—) cells was normalized against loading control and ex-
pressed as the mean fold change relative to WT, and significant
difference was determined by Mann-Whitney test. Statistical test
results were considered significant at p < 0.05.



Results

PDESA and PDESB Are Expressed in Mouse Leydig
Cells. Both the PDE8SA(—/—) and PDE8B(—/—) animals used
in this study were generated by replacing regions in the
catalytic domain [exon 17 in the PDE8A(—/—) or exon 14 to
15 in the PDE8B(—/—) animals, respectively] with DNA se-
quence encoding a lacZ reporter gene with a nuclear local-
ization signal and a neomycin resistance gene followed by a
stop codon as described previously (Vasta et al., 2006; Tsai et
al., 2011). This allows detection of PDESA or PDE8B pro-
moter activity by measurement of B-galactosidase expression
in the nucleus of PDE8-expressing cells. When immunocyto-
chemistry for B-galactosidase was carried out on sections of
mouse testis, the only cells strongly stained were the inter-
stitial cells located between seminiferous tubules in both the
PDE8SA(—/—) and PDE8B(—/—) mice (Fig. 1). These same
cells expressing B-galactosidase enzymatic activity also were
labeled with an antibody to cytochrome P450,.. (Cypl11Al), a
Leydig cell marker (Vasta et al., 2006).

To determine the intracellular localizations of PDESA and
PDESB in Leydig cells, we performed immunocytochemical

scc

Fig. 1. Expression of PDE8SA and PDES8B in Leydig cells in mouse testis.
Sections from PDE8SA(—/-), PDE8B(—/—), and WT mouse testes were
immunostained with B-galactosidase antibody, as a measure of protein
transcribed under the PDE8SA or PDE8SB promoter. Most of the staining
in PDE8SA(—/-) and PDE8B(—/—) testes was located in cells containing
large nuclei in the interstitial region, which are most likely all Leydig
cells. Sperm also expresses both PDESA and -8B; however, mature sperm
do not express this exogenous B-galactosidase, as might be expected.
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analysis. In isolated Leydig cells, high-resolution confocal
microscopy revealed that the PDE8A antibody colocalized
with antibodies to cytochrome P450... (Fig. 2B) and ATP
synthase (Supplemental Fig. 2), each serving as a mitochon-
drial marker. These results indicated a selective enrichment
of PDES8A to or very near to mitochondria. On the other hand,
the immunoreactivity of PDES8B was evenly distributed
throughout the cell in these isolated Leydig cells (Fig. 2A). In
MAI10 cells, the PDE8SA was again colocalized with cyto-
chrome P450_.. (Fig. 2E) and ATP synthase (Supplemental
Fig. 2). To verify specificity of the antibody staining for
PDES8SA, MA10 cells were transfected with a PDESA shRNA
construct or control construct. The percentage of transfected
cells was assessed as 45 to 55% in both cases by observing
GFP that is built into the shRNA plasmid as a marker. In
PDES8SA shRNA-transfected cells, reduction or complete abla-
tion of staining for PDE8SA was seen in all GFP-positive cells
inspected, but not in GFP-negative cells (Fig. 2F). The neg-
ative control shRNA construct showed little or no change in
PDES8A staining in any cell (Fig. 2G). In contrast to the
PDES8A localization pattern, PDE8B immunoreactivity was
seen broadly distributed in the MA10 cells (Fig. 2C). Clearly,
these two PDES8 isozymes, PDESA and PDES8B, had differen-
tial intracellular distribution patterns in the Leydig cells and
Leydig cell lines.

Both PDESA and PDES8B Regulate Basal Steroido-
genesis in Isolated Mouse Leydig Cells. We have previ-
ously reported that PDE8A can be one regulator of testoster-
one production in mouse Leydig cells (Vasta et al., 2006) and
that PDES8B, in conjunction with PDES8A, can regulate corti-
costerone production from adrenal fasciculata cells (Tsai et
al., 2011). In this study, we took advantage of a new PDES-
selective inhibitor and PDE8A(—/—) and PDE8B(—/—) knock-
out mice to determine whether each PDES8 has a unique role
in Leydig cell steroidogenesis. Leydig cell-enriched prepara-
tions were isolated from four distinct groups of animals: WT
mice, PDE8SA(—/—) mice, PD8B(—/—) mice, or PDESA(—/-)/
B(—/-) double-knockout mice. Measuring testosterone pro-
duction at 3 h, we first observed that basal testosterone
production from the PDE8SA(—/-)/B(—/—) double-knockout
cells was the highest among these four populations. Basal
testosterone production in either the PDE8SA(—/-) or
PDESB(—/-) cells was less than that in the double knockout
cells but significantly higher than that in WT cells (Fig. 3A);
this suggests that both PDES8A and PDE8B are partially
responsible for regulation of basal testosterone production
and that their regulatory effects are independent of each
other, at least in part.

As another method to assess the general role of PDESs in
the regulation of steroidogenesis, Leydig cell preparations
isolated from WT mice, PDE8SA(—/—) mice, PD8B(—/—) mice,
or PDESA(—/-)/B(—/—) double-knockout mice were incu-
bated with increasing concentrations of the PDE8-selective
inhibitor PF-04957325 (10-500 nM) (Fig. 3B). Note that this
inhibitor will competitively antagonize both PDE8SA and
PDESB. In the WT, PDE8SA(—/—), and PDESB(—/—) cells,
testosterone production was increased by PF-04957325 in a
dose-dependent manner. The degree of this effect, however,
differed among cell types. As shown in Fig. 3B, PF-04957325
stimulated testosterone production in the PDESA(—/—) cells
with an EC5, = 3.9 nM. Note that these cells contain only the
PDESB isoform of PDES8s. However, in PDES8B(—/-) cells,
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PF-04957325 stimulated testosterone production than in the
PDESA(—/-) cells with an EC;, = 38 nM. These cells contain
only the PDES8A isoform of PDES8s. This 10-fold difference in
the EC;, values for PF-04957325 between the PDESA(—/—)
and PDE8B(—/-) cells probably reflects the approximately
10-fold intrinsic difference in affinity of the drug for PDESA
and PDES8B. In MA10 cell extracts, we observed in vitro IC;,
values of 3.1 = 0.68 nM (n = 3) for PDES8A inhibition and
0.44 *= 0.12 nM (n = 3) for PDE8B inhibition in immunopre-
cipitated fractions. Therefore, nearly the same rank-order
potency for PF-04957325 occurs in the intact cells as seen in
in vitro studies. It is noteworthy that PF-04957325 had no
effect on testosterone production in the PDESA(—/—)/B(—/-)
cells (Fig. 3B; Supplemental Fig. 3), confirming the specific-
ity of the drug as a selective inhibitor of PDES8s and the
absence of active PDES8s in the knockout cells.

IBMX Can Potentiate Basal Testosterone Produc-
tion Only When PDESA Is Inhibited or Absent in Ley-
dig Cells. In Leydig cells isolated from PDE8SA(—/—) and
PDES8SA(—/-)/B(—/—) mice, incubation for 3 h with 50 uM
IBMX, a PDE inhibitor that inhibits all cAMP-PDEs except
PDESs, caused a further increase in testosterone production
(Fig. 3A), suggesting that PDESA and PDESB were not the only
PDEs that could control basal steroidogenesis. Therefore the
ability of PF-04957325 to increase resting levels of testosterone
production was accessed in the presence of IBMX (Fig. 3B). In

Fig. 2. Distinct cellular localizations of PDESA and
PDES8B. A, immunostaining for PDE8SA and PDE8B was
performed in enriched Leydig cells from WT testis as de-
scribed under Materials and Methods. Immunofluores-
cence with antibodies specific for PDESA and PDESB
showed distinct patterns of staining. Signals for PDESB
(red) were broadly distributed in the cytosol. B, signals for
PDESA staining (green) were located in or very near or-
ganella, most likely mitochondria, as indicated by the near-
perfect overlap with P450,,, (red), a known mitochondrial
marker protein in these cells. C, immunostaining for
PDESA and PDES8B was performed in MA10 mouse Leydig
cell lines. Signals for PDESA (green) and PDE8SB (blue)
show a distinct pattern of cellular distribution like that
seen in the Leydig cells. D, control cells in which the
primary antibodies were omitted showed absence of non-
specific staining. E, immunostaining of PDE8SA (green) was
entirely overlapped with P450_. (red) as seen in the
merged image. All blue staining except in C are nuclei of
cells stained with TO-PRO-3. MA10 cells were transfected
with either a PDE8SA shRNA construct (F) or a negative
control (NC) construct (G) and then fixed and processed for
immunostaining for PDES8A (red). Depletion of PDESA by
shRNA treatment with PDE8A sequence but not control
sequence was seen in the cells expressing the construct
marker GFP (green).

PDEB8A/

the PDE8SA(—/—) cells and the PDE8A(—/—)/B(—/—) cells,
IBMX could augment testosterone production independent of
whether or not PF-04957325 was present. However, in WT and
PDES8B(—/—) Leydig cells, the effects of IBMX were very small
at lower concentrations of PF-04957325 (<30 nM) but more
prominent at higher concentrations (>50 nM) (Fig. 3B and
supplemental Fig. 3). Concentrations of more than 50 nM PF-
04957325 were able to block PDES8SA activity in WT and
PDES8B(—/—) cells, therefore IBMX became effective at concen-
trations of PF-04957325 that block PDESA.

PDES8s Regulate Stimulation of Testosterone Pro-
duction by LH. To determine whether PDES8s also could
regulate testosterone production that had been stimulated by
LH, Leydig cell-enriched preparations isolated from WT
mice, PDE8SA(—/—) mice, PD8B(—/—) mice, or PDESA(—/-)/
B(—/-) double-knockout mice were treated with two different
concentrations of LH (30 or 100 pg/ml) for 2.5 h (Fig. 4).
These concentrations of LH were chosen from a dose/respon-
sive curve for LH on testosterone production as moderate (30
pg/ml) and high (100 pg/ml) stimulatory concentrations.
First, testosterone production stimulated by 30 pg/ml LH
was higher in the PDES8A(-/-), PDE8B(-/-), and
PDE8SA(—/-)/B(—/-) cells compared with WT cells. When the
cells were treated with PF-04957325 (300 nM) before and
during LH stimulation, the drug treatment further increased
steroid production in WT, PDE8A(—/—), and PDE8B(—/-)
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Fig. 3. PDES inhibition increases resting levels of testosterone production in
isolated Leydig cells. Leydig cell-enriched preparations were obtained from WT
and PDES8 knockout mice. A, the cells were incubated with or without IBMX (50
uM) for 3 h, and the testosterone content of the media was measured. Results
are expressed as amounts of testosterone per Leydig cell-specific 38-HSD activ-
ity in each group. Each data point is expressed as mean = S.E.M. The data are
representative of sets of five experiments. B, the cells were incubated with
various doses of PF-04957325 (10-500 nM) with or without IBMX (50 M) for
3 h. Results are expressed as amount of testosterone per 3p-HSD activity with
the curves fitted to a sigmoidal dose-response using Prism. The data are repre-
sentative sets of three repeated experiments.
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Fig. 4. PDES inhibition controls testosterone production stimulated by
LH in isolated Leydig cells. Leydig cell-enriched preparations were ob-
tained from WT and PDES8 knockout mice. The cells were preincubated
with or without PF-04957325 (300 nM) in the presence or absence of
IBMX (50 uM) for 30 min and further incubated with different concen-
trations of LH (30 or 100 pg/ml) for an additional 2.5 h. The testosterone
content of the media was measured as described under Materials and
Methods. Results are expressed as mean = S.E.M. of amounts of testos-
terone per 33-HSD activity in each preparation. The black bars represent
testosterone secreted under no LH stimulation at the resting state. The
white bars overlapped with black bars represent the testosterone se-
creted under stimulation with 30 pg/ml LH. The gray bars overlapped
with black bars represent the testosterone secreted under stimulation
with 100 pg/ml LH. Statistical analyses were performed by unpaired
Student’s ¢ test (two-tailed); *, p < 0.05; **, p < 0.01 versus control
without PF and IBMX in each group. The data are representative sets of
three repeated experiments.

cells, suggesting that PDES8s are able to exert some regula-
tory effects on cAMP at this concentration of LH. However,
PF-04957325 was no longer effective in cells stimulated with
100 pg/ml LH. In contrast with PF-04957325, when the cells
were treated with IBMX (50 uM), testosterone production in
response to 100 pg/ml LH was increased in WT and
PDESB(—/-) cells as well as in the PDE8A(—/—) cells. There-
fore, other IBMX-sensitive PDEs became effective regulators
at the cAMP produced by the higher range of LH, although
inhibition of them does not alter basal steroidogenesis.

PF-04957325 Stimulated Progesterone Production in
MA10 Leydig Cells. Because the mouse MA10 Leydig cell
line expresses both PDESA and PDESB, we tested whether or
not total PDES8 inhibition was necessary to potentiate the
basal steroidogenesis in these cells. In this case, increasing
concentrations of PF-04957325 (30—1000 nM for 3 h) caused
a modest increase (~6-fold) in progesterone production
(Fig. 5A). PF-04957325-induced progesterone was greatly po-
tentiated by adding either IBMX (~13-fold) or rolipram
(~19-fold) to the cells. However, neither IBMX nor rolipram
alone had an appreciable effect on the resting steroidogenesis
(Fig. 5B and supplemental Fig. 4). These results emphasize
that the PDE8s predominantly regulate the resting basal
levels of at least one compartment of cAMP in these cells, one
that controls basal steroidogenesis.

The MA10 cells also were stimulated with LH in the pres-
ence or absence of the PDE inhibitors. In the presence of
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Fig. 5. The effect of PDES8 inhibition on resting levels of progesterone produc-
tion is augmented by concomitant PDE4 inhibition. A, MA10 cells were incu-
bated with various doses of PF-04957325 (3—1000 nM) for 3 h. The progesterone
content of the media was measured as described under Materials and Methods.
Results are expressed as amounts of progesterone per protein with the curves
fitted to a sigmoidal dose-response using Prism. B, MA10 cells were incubated
with PF-04957325 (300 nM) in the presence of IBMX (50 uM) or rolipram (20
uM) for 3 h. The data are representative sets of three repeated experiments. C
and D, the cells were preincubated with either vehicle, PF-04957325 (100 nM),
IBMX (40 uM), or PF-04957325 plus IBMX for 30 min and incubated with
various concentrations of LH (0.1-100 ng/ml) or forskolin (0.1- 50 uM) in the
presence of the PDE inhibitors for an additional 2.5 h. Results are expressed as
amounts of progesterone per protein with the curves fitted using Prism. The
data are representative sets of three repeated experiments.

either PF-04957325 or IBMX alone, the dose-response curves
for LH-stimulated progesterone production were shifted
slightly to the left (none, EC;, = 6.3 ng/ml; PF-04957325,
EC;, = 3.6 ng/ml; IBMX, EC;, = 3.2 ng/ml). However, when

the cells were cotreated with both PF-04957325 and IBMX,
the curve was further shifted to the left (EC5, = 1.4 ng/ml),
indicating that the responsiveness of LH in steroidogenesis
can be controlled by each of these PDEs (Fig. 5C). Moreover,
a much greater potentiating effect of PF-04957325 was ob-
served under at the lower concentrations of LH (<1 ng/ml)
compared with the higher concentrations (>3 ng/ml) (Sup-
plemental Fig. 5A). To rule out that this effect might be due
to altered regulation of the LH receptor or efficacy of G-pro-
tein coupling, the MA10 cells also were stimulated with for-
skolin (0.1-50 uM) in the presence of either PF-04957325,
IBMX, or PF-04957325 plus IBMX. As with the LH studies,
the dose-response curve for forskolin-stimulated progester-
one production was greatly shifted to the left (Fig. 5D). Like
LH stimulation, the effects of PF-04957325 on progesterone
production were more prominent at the lower concentrations
of forskolin (1 and 3 M) than higher concentrations (10 and
50 uM) (Supplemental Fig. 5B).

PDEA4 Is the Dominant IBMX-Sensitive PDE in Reg-
ulation of Leydig Cell Steroidogenesis. To further un-
derstand which of the IBMX-sensitive PDEs that are ex-
pressed in Leydig cells are able to regulate steroidogenesis in
concert with PDES8s, we tested several different PDE isozyme
selective inhibitors, including rolipram (PDE4), SCH51866
(PDE1), cilostamide (PDE3), Bay60-7550 (PDE2), and silde-
nafil (PDE5) for their effects on testosterone production.
mRNA for each of these PDEs is expressed in Leydig cells
(Supplemental Fig. 1). Only PF-04957325 significantly in-
creased basal testosterone production in WT Leydig cells
(Fig. 6). In PDE8A(—/—-)/B(—/—) double-knockout cells, of the
inhibitors tested, only rolipram significantly increased tes-
tosterone production. IBMX, of course, because it can inhibit
PDEA4, also potentiated progesterone production in the pres-
ence of PF-04957325 in both MA10 cells and PDESA(—/-)/
B(—/-) Leydig cells (Fig. 6). These results indicate that
PDEA4 is likely to be the most important IBMX-sensitive PDE
for regulation of Leydig cell steroidogenesis. These data
again strongly suggest that PDESA and PDESB each sub-
serve functionally distinct compartments and each contrib-
utes to regulation of steroidogenesis. However, only one of
these functional compartments, the PDE8A compartment, is
substantially also regulated by PDE4.

PDES8 Inhibition Enhances Basal PKA Activity. To
observe whether PDES8 inhibition activates PKA activity,
MAT10 cells were treated with PF-04957325 and/or the PDE4
inhibitor for 3 h and analyzed by immunoblotting to detect
phosphorylated PKA substrates. As presented in Fig. 7A,
PF-04957325 alone slightly increased the amount of PKA
substrate phosphorylation. However, when either IBMX or
rolipram was coincubated with PF-04957325, phosphoryla-
tion by PKA was greatly augmented. It is noteworthy that
high IBMX alone had only a small effect on phosphorylation.
Corresponding to this general PKA activation, phosphoryla-
tion of CEH/HSL at its Ser660 PKA site was increased by
these inhibitors. Dose-dependent increases in phosphoryla-
tion of CEH/HSL elicited by PF-04957325 as shown in Fig.
7B were correlated closely with the amount of progesterone
production. The phosphorylation of CEH/HSL also was
slightly increased in PDE8A(—/—) and PDE8B(—/—) Leydig
cells and much more so in PDE8A(—/—)/8B(—/—) cells (Fig. 7,
C and D). These increases in phosphorylation do not result
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from increased protein levels in these cells because the in-
tensity of total CEH/HSL showed little change (Fig. 7C).
The synthesis of StAR protein, a protein that controls
transport of cholesterol across mitochondrial membranes, is
known to be highly regulated by PKA (Li et al., 2004; Manna
et al., 2009). As assessed by Western analysis, the level of
StAR protein was significantly increased by PF-04957325
when MA10 cells were coincubated with IBMX (Fig. 7B).
Moreover, combined incubation of the cells with PF-
04957325 and IBMX further increased the level of StAR
protein with LH- and forskolin-stimulated conditions com-
pared with the levels seen with agonist alone (Supplemental
Fig. 6). Overall, these findings suggest that PDES inhibition
can activate or increase the levels of key proteins that regu-
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Fig. 6. One or more PDE4s are the secondary PDEs for
regulation of the resting levels of steroid production in
Leydig cells. A, Leydig cell-enriched preparations were ob-
tained from WT and PDE8SA(—/-)/B(—/—) mice. The cells
were incubated with PF-04957325 (300 nM, PDES inhibi-
tor), IBMX (50 uM, nonselective PDE inhibitor), rolipram
(20 uM, PDE4 inhibitor), SCH51866 (10 uM, PDE1 inhib-
itor), cilostamide (1 uM, PDES3 inhibitor), Bay 60-7550 (1
uM, PDE2 inhibitor), or sildenafil (100 nM, PDE5 inhibi-
tor) for 3 h, and the content of testosterone in the media
was measured. Only PF-04957325 increased the resting
level of testosterone production in WT cells, whereas in
PDESA(—/—-)/B(—/—) cells, IBMX and rolipram could in-
crease testosterone production. Each data point was ex-
pressed as mean * S.D. Statistical analyses were per-
formed by using unpaired student’s ¢ test (two-tailed); s,
p < 0.01 versus no inhibitor. The data are representative
sets of 3 repeated experiments. B, MA10 cells were incu-
bated with either IBMX (50 uM), rolipram (20 uM),
SCH51866 (10 uM), cilostamide (1 uM), Bay 60-7550 (1
uM) or sildenafil (100 nM) in the presence or absence of
PF-04957325 (300 nM) for 3 h. Each data point was ex-
pressed as mean * S.D. Statistical analyses were per-
formed by unpaired Student’s ¢ test (two-tailed); *, p < 0.05
versus no inhibitor treatment; ##, p < 0.01 versus PF-
04957325 treatment. The data are representative sets of
four repeated experiments.

roligram
- 100 PF(nM)

Fig. 7. PDES inhibition increases PKA-dependent phos-
phorylation and protein expression of components of ste-
roidogenesis. A, MA10 cells were incubated with or with-
out PF-04957325 (concentrations indicated in figure) in
the presence or absence of IBMX (50 uM) or rolipram (20
uM) for 3 h. The cell lysates were immunoblotted with
anti-phospho-PKA substrate antibody or anti-phospho-
HSL (Ser660) antibody. GAPDH was used as a loading
control. B, PF-04957325 stimulated a dose-depend phos-
phorylation of HSL and induction of StAR protein in the
presence of IBMX in MA10 cells. Immunoblot analysis of
the cell lysates was carried out with anti-phospho-HSL
(Ser660), anti-HSL, or anti-StAR antibody. Representa-
tive data were shown here. All experiments were re-
peated at least three times and produced nearly identical
results. C, isolated Leydig cell-enriched preparations
were obtained from WT, PDESA(—/—), PDESB(—/-),
and PDESA(—/—)/B(—/—). The cell lysates were used for
immunoblot analysis of phopho-HSL (Ser660) or total
HSL. GAPDH was used as a loading control. All immu-
noblots are representative set of three repeated experi-
ments. D, a quantitative analysis of phospho-HSL
content in isolated Leydig cell preparations. Phosphoan-
tibody-specific bands were scanned by densitometry and
are represented as a ratio to GAPDH expression. The
data are expressed as a fold increase in the ratio of
phospho-HSL to GAPDH of WT and represent the
mean * S.D. of three independent experiments. s+, p <
0.01 versus WT analyzed by Mann-Whitney test.
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late steroidogenesis particularly if PDE4 activity also is
inhibited.

Discussion

To date, the physiological functions regulated by PDES8s
have largely been limited to studies in a few steroidogenic
cells and to a somewhat lesser extent in heart (Patrucco et
al., 2010). This has been due largely to the lack of a selective
inhibitor for the PDES8s. Unlike other cAMP-specific PDEs,
PDESs are insensitive to the commonly used PDE inhibitor
IBMX (Hayashi et al., 1998; Soderling et al., 1998). PDES8s
are inhibited by dipyridamole, but this drug is best known as
a relatively nonselective PDES5 inhibitor, and until recently,
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there has been no PDES8-specific inhibitor available. How-
ever, two studies have described a newly available PDES8-
selective inhibitor, PF-04957325 (Vang et al., 2010; Tsai et
al., 2011).

Using this PDES8-selective inhibitor in isolated Leydig cells
from WT mice, mice having the Pde8a and Pde8b genes
ablated, and also in mouse MA10 Leydig cells, we tested for
possible overlapping regulatory roles for each of PDES
isozyme in the control of steroidogenesis. First, we found an
increase in the resting basal state of steroid production in
both PDE8A(—/—) and PDE8B(—/—) Leydig cells compared
with WT (Fig. 3A). The facts that PDESA(—/—)/B(—/—) dou-
ble knockout cells showed additive increases in steroid pro-
duction (Fig. 3A) and that these two isozymes seem to local-
ize to different part of the cell (Fig. 2) suggest that PDESA
and PDES8B may control distinct cAMP pools.

Second, we found that incubation with PF-04957325 in-
creased steroid production in both WT Leydig cells and MA10
cells (Figs. 3B and 5). The fact that PF-04957325 had no
effect on steroid production in PDE8A(—/—)/B(—/—) cells
(Fig. 3B) provides strong evidence that the stimulatory effect
of this compound on steroidogenesis is due to inhibition of
PDES8 and not to some off-target effect.

Third, in WT cells, inhibition of PDES8s by PF-04957325
potentiated both basal testosterone production and produc-
tion stimulated by 30 pg/ml LH (moderate stimulation), but
not stimulation by 100 pg/ml LH (high stimulation) (Fig. 4).
This strongly suggests that in the cell, the high-affinity but
relatively low-V, .. PDES8s can be “overwhelmed” by high
rates of adenylyl cyclase activity. A similar result was found
in MA10 cells in that PF-04957325 was more effective at
lower ranges of LH or forskolin (Fig. 5; Supplemental Fig. 5).
Overall, the data suggest that PDE8s are “designed” to con-
trol steroidogenesis at the resting basal state and at low-to-
moderate agonist stimulation but fail to do so at high agonist
stimulation. In the latter case, another higher K, and higher
V max PDE becomes rate-limiting.

In support of this latter idea, IBMX, a PDE inhibitor that
potently inhibits all other cAMP PDEs expressed in Leydig
cells, increased steroidogenesis in both primary cells (Fig. 3)
and MA10 cells (Fig. 5). It is most likely that the other major
PDE involved in this process is a PDE4, because rolipram (a
selective PDE4 inhibitor) mimics the effects of IBMX (Fig. 6).
In these cells at lower levels of adenylyl cyclase activation,
the effectiveness of a PDE4 inhibitor is almost completely
dependent on concomitant PDES inhibition (Fig. 5B). This is
outlined in the model presented in Fig. 8. In the absence of
PDESA (PDESA(—/-) and PDE8SA(—/—)/B(—/—) cells), IBMX
significantly potentiated resting steroidogenesis. This indi-
cates that PDE8SA and a PDE4 (higher-K,, PDE) can control
the same “functional compartment(s)” of cAMP. Moreover, it
would seem that PDESA alone can “handle” the low level of
cAMP synthesis present in the resting condition. Therefore,
the PDE4(s) are most important for regulation of steroido-
genesis under higher LH stimulation, because IBMX was
more effective than PF-04957325 on the steroid production at
high LH. This scheme also seems to hold true for steroid
regulation in MA10 cells, because a synergistic effect of PF-
04957325 and IBMX or rolipram on basal progesterone pro-
duction was seen (Fig. 5). Upon stimulation with LH or
forskolin, coincubation with PF-04957325 and IBMX lowered

Unstimulated Stimulated

agonist

Steroid production Steroid production

Fig. 8. Model of cAMP compartmentalization controlled by PDES or
PDE4 in regulation of steroidogenesis in Leydig cells. The low K, and
V.ax 0f PDESA and -8B are depicted as predominant regulators of the
resting state of cAMP, thereby keeping steroid production low. PDESA
and PDE4 share, at least in part, some of the same cAMP compartment.
PDE4 inhibition alone has very little effect on resting levels of steroid
production when PDES8A is still active. Under higher agonist stimulation,
the low-K,, PDES8s are overwhelmed by the high rate of cAMP synthesis.
The higher-K,, PDE4s then become the most important regulators at
stimulated levels of cAMP synthesis and thereby steroid production.

the EC;, value for both agonists and potentiated maximum
responsiveness.

Using a generic, anti-PKA phosphosubstrate-selective an-
tibody, we found that treatment of cells with PF-04957325,
especially when cotreated with a PDE4 inhibitor, caused
multiple substrates of PKA to be phosphorylated (Fig. 7).
This increased phosphorylation could be detected within 15
min of treatment and was maintained for at least 3 h (data
not shown). These data suggest that PDES8 inhibition can
cause sustainable activation of PKA, probably in multiple
compartments, because many different phosphoprotein
bands were seen (Fig. 7). One of the PKA substrates was
CEH/HSL, phosphorylation of which could be seen on serine
660 in MA10 cells. CEH/HSL is known to be activated by
PKA and can be a rate-limiting step in the hydrolysis of
stored cholesterol (Anthonsen et al., 1998; Yeaman, 2004).
CEH/HSL is responsible for nearly all of the neutral CEH
activity in steroidogenic cells, and no detectable CEH activity
is seen in the testis of CEH/HSL knockout mice (Osuga et al.,
2000). Phosphorylation of CEH/HSL at serine660 was in-
creased by treatment with PF-04957325 in the presence of
the PDE4 inhibitor. The phosphorylation closely correlated
with steroidogenesis in the MA10 cells (Fig. 5A). This study
also demonstrated that the resting basal level of phosphory-
lated CEH/HSL was significantly higher in PDE8SA(—/—)/
B(—/-) Leydig cells than in WT cells, whereas total CEH/
HSL levels did not differ between the two groups (Fig. 7, C
and D). Presumably, this increase of CEH/HSL phosphoryla-
tion is one mechanism causing the increased resting steroid
production observed in PDES ablated cells.

It is known that steroidogenesis also can be regulated at
other steps in the synthetic pathway. For example, chronic
activation of cAMP-PKA signaling can result in increased
synthesis of several key steroidogenic pathway proteins (Rao
et al., 2003; Li et al., 2004). The level and activity of StAR
protein is usually considered the major rate-limiting step for
steroid production, and transcription of this protein is highly
regulated by cAMP/PKA (Jefcoate, 2002). Treatment of



MAT10 cells with PF-04957325 plus IBMX increased the lev-
els of StAR protein in a dose-dependent manner (Fig. 7B).
This effect was well correlated with steroid production in
these cells. These data therefore strongly indicate that the
potentiation of steroidogenesis by PDES inhibition also is at
least partially due to increased StAR protein production. We
also have detected increased levels in Nur77, a nuclear re-
ceptor that is one of the transcription factors regulating StAR
gene induction (Davis and Lau, 1994; Martin et al., 2008), in
cells treated with PF-04957325 and IBMX (data not shown).
The increase in both CEH/HSL activity and StAR protein as
a result of PDES8 inhibition is interesting in light of the
finding that CEH/HSL can be activated by direct interaction
with StAR protein and together they facilitate cholesterol
movement from lipid droplets to mitochondria (Shen et al.,
2003).

PDESA and PDES8B apparently control separate pools of
cAMP that work together to regulate steroid production. For
example, our immunocytochemical studies showed that
PDESA specifically localizes with or very near to mitochon-
dria, whereas PDES8B broadly distributes in the cytosol (Fig.
2). It is therefore of interest to understand how such distinct
localization of two PDES8 isoforms works together to regulate
steroidogenesis. One possibility is that distinct pools of cAMP
activate distinct PKA isozymes that in turn regulate differ-
ent downstream targets. For example, Dyson et al. (2009)
used PKA subtype-specific cAMP analogs to suggest that
type I PKA is most capable of inducing StAR gene tran-
scripts, whereas type II PKA may predominantly serve to
regulate the phosphorylation of StAR protein in Leydig cells.
Such compartmentalization is probably organized by one or
more A-kinase anchoring proteins that serve to localize dis-
tinct PKA subtypes to specific locations within the cell (Li et
al., 2001; Carlucci et al., 2008; Manna et al., 2009; Poderoso
et al., 2009).

We looked for B-galactosidase activity in other organs of
PDE8A(—/-) and PDE8B(—/-) knockout animals and found
that theca cells in the ovary were positive, with this marker
being expressed in both PDESA(—/—) and PDE8B(—/—) tis-
sues (data not shown). Like Leydig cells, ovarian theca cells
are regulated by cAMP/PKA signaling upon LH stimulation.
These cells are responsible for production of the androgen
substrate required for ovarian estrogen biosynthesis (Magof-
fin, 2005). One other report suggests that a PDES8 activity
seems to be expressed in bovine ovarian follicles (Sassev-
ille et al., 2009). However, it remains to be elucidated how
critical these PDE8s may be as regulators of thecal cell
steroidogenesis.

Given the multiple role(s) played by PDES8s in regulation of
testosterone secretion, it would seem that PDES8s could be a
promising target for treatment of some types of infertility in
men or women. For example, short-term treatment with a
selective PDES inhibitor, or perhaps more likely a combina-
tion PDE4/PDES inhibitor, would be expected to boost andro-
gen production in patients with infertility associated with
testicular or follicular hypoandrogenism. Likewise, a PDE8
activator, if one can be found, would be expected to greatly
decrease cAMP-dependent testosterone production. Such an
agent might be particularly effective if administered with an
androgen agonist to decrease LH secretion as a male contra-
ceptive agent.

PDESs in Leydig Cell Steroidogenesis 565

Acknowledgments

We thank Pfizer, Inc. for generously providing the PDES8 inhibitor
(PF-04957325) for this study. We thank Drs. Didem Demirbas and
Charles S. Hoffman (Boston College, MA) for helpful comments,
Stephen Kraynik for his critical reading of the manuscript, and all
laboratory members for discussions.

Authorship Contributions

Participated in research design: Shimizu-Albergine, Tsai, Pa-
trucco, and Beavo.

Conducted experiments: Shimizu-Albergine and Tsai.

Performed data analysis: Shimizu-Albergine, Tsai, Patrucco, and
Beavo.

Wrote or contributed to the writing of the manuscript: Shimizu-
Albergine, Tsai, Patrucco, and Beavo.

References

Anthonsen MW, Rénnstrand L, Wernstedt C, Degerman E, and Holm C (1998)
Identification of novel phosphorylation sites in hormone-sensitive lipase that are
phosphorylated in response to isoproterenol and govern activation properties in
vitro. J Biol Chem 273:215-221.

Arakane F, King SR, Du Y, Kallen CB, Walsh LP, Watari H, Stocco DM, and Strauss
JF 3rd (1997) Phosphorylation of steroidogenic acute regulatory protein (StAR)
modulates its steroidogenic activity. J Biol Chem 272:32656-32662.

Ascoli M (1981) Characterization of several clonal lines of cultured Leydig tumor cells:
gonadotropin receptors and steroidogenic responses. Endocrinology 108:88-95.

Carlucci A, Lignitto L, and Feliciello A (2008) Control of mitochondria dynamics and
oxidative metabolism by cAMP, AKAPs and the proteasome. Trends Cell Biol
18:604-613.

Conti M and Beavo J (2007) Biochemistry and physiology of cyclic nucleotide phos-
phodiesterases: essential components in cyclic nucleotide signaling. Annu Rev
Biochem 76:481-511.

Davis IJ and Lau LF (1994) Endocrine and neurogenic regulation of the orphan
nuclear receptors Nur77 and Nurr-1 in the adrenal glands. Mol Cell Biol 14:3469—
3483.

Dong H, Osmanova V, Epstein PM, and Brocke S (2006) Phosphodiesterase 8 (PDES8)
regulates chemotaxis of activated lymphocytes. Biochem Biophys Res Commun
345:713-719.

Dov A, Abramovitch E, Warwar N, and Nesher R (2008) Diminished phosphodies-
terase-8B potentiates biphasic insulin response to glucose. Endocrinology 149:
741-748.

Dyson MT, Jones JK, Kowalewski MP, Manna PR, Alonso M, Gottesman ME, and
Stocco DM (2008) Mitochondrial A-kinase anchoring protein 121 binds type II
protein kinase A and enhances steroidogenic acute regulatory protein-mediated
steroidogenesis in MA-10 mouse Leydig tumor cells. Biol Reprod 78:267-2717.

Dyson MT, Kowalewski MP, Manna PR, and Stocco DM (2009) The differential
regulation of steroidogenic acute regulatory protein-mediated steroidogenesis by
type I and type II PKA in MA-10 cells. Mol Cell Endocrinol 300:94-103.

Glavas NA, Ostenson C, Schaefer JB, Vasta V, and Beavo JA (2001) T cell activation
up-regulates cyclic nucleotide phosphodiesterases 8A1 and 7A3. Proc Natl Acad
Sci USA 98:6319-6324.

Hansen RS and Beavo JA (1982) Purification of two calcium/calmodulin-dependent
forms of cyclic nucleotide phosphodiesterase by using conformation-specific mono-
clonal antibody chromatography. Proc Natl Acad Sci USA 79:2788-2792.

Hayashi M, Matsushima K, Ohashi H, Tsunoda H, Murase S, Kawarada Y, and
Tanaka T (1998) Molecular cloning and characterization of human PDES8B, a novel
thyroid-specific isozyme of 3',5'-cyclic nucleotide phosphodiesterase. Biochem Bio-
phys Res Commun 250:751-756.

Jefcoate C (2002) High-flux mitochondrial cholesterol trafficking, a specialized func-
tion of the adrenal cortex. J Clin Invest 110:881-890.

Kobayashi T, Gamanuma M, Sasaki T, Yamashita Y, Yuasa K, Kotera J, and Omori
K (2003) Molecular comparison of rat cyclic nucleotide phosphodiesterase 8 family:
unique expression of PDE8B in rat brain. Gene 319:21-31.

Kraemer FB and Shen WJ (2002) Hormone-sensitive lipase: control of intracellular
tri-(di-)acylglycerol and cholesteryl ester hydrolysis. J Lipid Res 43:1585-1594.
Li H, Degenhardt B, Tobin D, Yao ZX, Tasken K, and Papadopoulos V (2001)
Identification, localization, and function in steroidogenesis of PAP7: a peripheral-
type benzodiazepine receptor- and PKA (Rla)-associated protein. Mol Endocrinol

15:2211-2228.

Li W, Amri H, Huang H, Wu C, and Papadopoulos V (2004) Gene and protein
profiling of the response of MA-10 Leydig tumor cells to human chorionic gonad-
otropin. J Androl 25:900-913.

Magoffin DA (2005) Ovarian theca cell. Int J Biochem Cell Biol 37:1344-1349.

Manna PR, Dyson MT, and Stocco DM (2009) Regulation of the steroidogenic acute
regulatory protein gene expression: present and future perspectives. Mol Hum
Reprod 15:321-333.

Martin LdJ, Boucher N, Brousseau C, and Tremblay JJ (2008) The orphan nuclear
receptor NUR77 regulates hormone-induced StAR transcription in Leydig cells
through cooperation with Ca?"/calmodulin-dependent protein kinase 1. Mol Endo-
crinol 22:2021-2037.

Osuga J, Ishibashi S, Oka T, Yagyu H, Tozawa R, Fujimoto A, Shionoiri F, Yahagi N,
Kraemer FB, Tsutsumi O, et al. (2000) Targeted disruption of hormone-sensitive
lipase results in male sterility and adipocyte hypertrophy, but not in obesity. Proc
Natl Acad Sci USA 97:787-792.



566

Shimizu-Albergine et al.

Patrucco E, Albergine MS, Santana LF, and Beavo JA (2010) Phosphodiesterase 8A
(PDES8A) regulates excitation-contraction coupling in ventricular myocytes. J Mol
Cell Cardiol 49:330-333.

Poderoso C, Maloberti P, Duarte A, Neuman I, Paz C, Maciel FC, and Podesta EJ
(2009) Hormonal activation of a kinase cascade localized at the mitochondria is
required for StAR protein activity. Mol Cell Endocrinol 300:37—42.

Rao RM, Jo Y, Leers-Sucheta S, Bose HS, Miller WL, Azhar S, and Stocco DM (2003)
Differential regulation of steroid hormone biosynthesis in R2C and MA-10 Leydig
tumor cells: role of SR-Bl-mediated selective cholesteryl ester transport. Biol
Reprod 68:114-121.

Rone MB, Fan J, and Papadopoulos V (2009) Cholesterol transport in steroid bio-
synthesis: role of protein-protein interactions and implications in disease states.
Biochim Biophys Acta 1791:646—658.

Sasseville M, Albuz FK, Coté N, Guillemette C, Gilchrist RB, and Richard FJ (2009)
Characterization of novel phosphodiesterases in the bovine ovarian follicle. Biol
Reprod 81:415-425.

Shen WJ, Patel S, Natu V, Hong R, Wang J, Azhar S, and Kraemer FB (2003)
Interaction of hormone-sensitive lipase with steroidogenic acute regulatory pro-
tein: facilitation of cholesterol transfer in adrena. J Biol Chem 278:43870—-43876.

Soderling SH, Bayuga SJ, and Beavo JA (1998) Cloning and characterization of a
cAMP-specific cyclic nucleotide phosphodiesterase. Proc Natl Acad Sci USA 95:
8991-8996.

Stocco DM, Wang X, Jo Y, and Manna PR (2005) Multiple signaling pathways
regulating steroidogenesis and steroidogenic acute regulatory protein expression:
more complicated than we thought. Mol Endocrinol 19:2647-2659.

Taskén K and Aandahl EM (2003) Localized effects of cAMP mediated by distinct
routes of protein kinase A. Physiol Rev 84:137-167.

Tsai LC, Shimizu-Albergine M, and Beavo JA (2011) The high-affinity cAMP-specific
phosphodiesterase 8B controls steroidogenesis in the mouse adrenal gland. Mol
Pharmacol 79:639—648.

Vang AG, Ben-Sasson SZ, Dong H, Kream B, DeNinno MP, Claffey MM, Housley W,
Clark RB, Epstein PM, and Brocke S (2010) PDES8 regulates rapid Teff cell
adhesion and proliferation independent of ICER. PLoS One 5:e12011.

Vasta V, Shimizu-Albergine M, and Beavo JA (2006) Modulation of Leydig cell
function by cyclic nucleotide phosphodiesterase 8A. Proc Natl Acad Sci USA
103:19925-19930.

Vemulapalli S, Watkins RW, Chintala M, Davis H, Ahn HS, Fawzi A, Tulshian D,
Chiu P, Chatterjee M, Lin CC, et al. (1996) Antiplatelet and antiproliferative
effects of SCH 51866, a novel type 1 and type 5 phosphodiesterase inhibitor.
J Cardiovasc Pharmacol 28:862—869.

Wong W and Scott JD (2004) AKAP signalling complexes: focal points in space and
time. Nat Rev Mol Cell Biol 5:959-970.

Yeaman SJ (2004) Hormone-sensitive lipase—new roles for an old enzyme. Biochem
J 379:11-22.

Address correspondence to: Joseph A. Beavo, University of Washington,
Department of Pharmacology, Box 357280, Seattle, WA 98195-7280. E-mail:
beavo@u.washington.edu




