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Summary
Following tropic hormone challenge, steroidogenic tissues utilize PKA to phosphorylate unique
subsets of proteins necessary to facilitate steroidogenesis. This includes the PKA-dependent
expression and activation of the steroidogenic acute regulatory protein (STAR), which mediates the
rate-limiting step of steroidogenesis by inducing the transfer of cholesterol from the outer to the inner
mitochondrial membrane. Since both type I and type II PKA are present in steroidogenic tissues, we
have utilized cAMP analog pairs that preferentially activate each PKA subtype in order to examine
their impact on STAR synthesis and activity. In MA-10 mouse Leydig tumor cells Star gene
expression is more dependent upon type I PKA, while the post-transcriptional regulation of STAR
appears subject to type II PKA. These experiments delineate the discrete effects that type I and type
II PKA exert on STAR-mediated steroidogenesis, and suggest complimentary roles for each subtype
in coordinating steroidogenesis.
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Introduction
Following challenge with tropic hormone, steroidogenic tissues utilize activated cAMP-
dependent protein kinase (PKA) to phosphorylate unique subsets of cellular proteins necessary
to facilitate acute steroidogenesis (Pon and Orme-Johnson, 1986,Koroscil and Gallant,
1981,Neher et al., 1982). Important among these is the steroidogenic acute regulatory protein
(STAR), a nuclearly-encoded, mitochondrially-targeted protein that is both expressed and
activated in response to PKA (Stocco and Clark, 1996,Miller, 2007c). STAR is presently
understood to play an indispensable role in acute steroidogenesis by inducing and regulating
the rate-limiting step of the process, the transfer of cholesterol from the outer to the inner
mitochondrial membrane, and disruption of this gene leads to the potentially lethal disease
congenital lipoid adrenal hyperplasia (CLAH) (Miller, 2007b).
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Steroidogenic cells govern steroid production by employing PKA signaling to regulate STAR
expression and activity through multiple mechanisms. This occurs fundamentally at the level
of gene expression, and Star mRNA transcription in steroidogenic tissues can increase within
minutes in response to treatment with tropic hormones or cAMP analogs (Ariyoshi et al.,
1998,Manna et al., 2004b). This is accomplished through a sophisticated array of transcription
factors such as CRE-binding protein (CREB), c-Jun (JUN), steroidogenic factor-1 (SF-1), and
GATA binding protein 4 (GATA4) that are recruited to the proximal Star promoter and confer
both potent and exact cAMP-responsiveness (Manna et al., 2003,Stocco et al., 2005). Once
transcribed, Star mRNA is also regulated by PKA as it is differentially polyadenylated in
response to cAMP signaling. A shorter, more stable mRNA is transcribed under basal
conditions, whereas cAMP stimulation induces a longer, but more ephemeral transcript (Duan
and Jefcoate, 2007). PKA exerts an additional level of control over STAR once it is translated,
since STAR itself is a substrate for PKA. The early studies leading to the discovery of STAR
identified it as a phosphoprotein, and the sequence of STAR confirms the presence of at least
two consensus PKA phosphorylation sites that are conserved among mammals (Pon et al.,
1986,Arakane et al., 1997). Of these two sites, the phosphorylation of STAR within its
cholesterol binding domain (serine 194 in mouse; 195 in humans) by PKA is essential in order
to render the protein fully active in its capacity to support cholesterol transfer, and the mutation
of serine 195 is one of many point mutations in human STAR that reportedly gives rise to
congenital lipoid adrenal hyperplasia (Katsumata et al., 2000,Fleury et al., 2004).

PKA itself is a heterotetramer consisting of two regulatory subunits present as a dimer, and
two catalytic subunits, each bound to one of the regulatory subunits (Taylor et al., 1990). The
holoenzyme is inactive in the absence of cAMP, but the binding of cAMP to the dimer of
regulatory subunits permits the release of active, monomeric catalytic subunits (Chin et al.,
2002,Taylor et al., 1990). The regulatory subunits are encoded by four distinct genes that are
grouped into two families, type I and type II, with each family having two different isoforms
(Skalhegg and Tasken, 2000,Taylor et al., 1990). While each of the PKA regulatory subunits
share the same general domain architecture, there are considerable variations among their
amino acid sequences, and the individual family members show different patterns of
localization within the cell as well as unique binding affinities for cAMP (Skalhegg and Tasken,
2000). Importantly, mixed family heterodimers composed of both a type I and a type II
regulatory subunit do not appear to naturally occur in vivo, and thus holoenzymes are
conventionally classified by the family of regulatory subunit that is present. Interestingly, both
type I and type II PKA are present in the steroidogenic cells of the adrenal, ovary, and testis,
as well as in steroidogenic cell lines such as MA-10 (mouse Leydig) and Y-1 (rat
adrenalcortical) (Hunzicker-Dunn and Jungmann, 1978b,Gill and Garren, 1971,Lee et al.,
1976,Dyson et al., 2008,Mantovani et al., 2008). The compartmentalization of these different
isoforms of PKA appears to allow cAMP signaling to be focused to distinct subcellular
locations; however, it is currently unknown whether steroidogenic tissues utilize distinct PKA
isozymes to regulate the various aspects of STAR-mediated steroidogenesis.

One method for distinguishing the effects of type I and type II PKA has been to use cAMP
analogs that preferentially activate specific subtypes of the kinase. The regulatory subunits of
PKA each possess two cAMP binding sites positioned in tandem at the carboxy-terminus of
the protein. While highly conserved among all the regulatory subunits, these binding sites are
not equivalent in their affinities for cAMP, and are distinguished as sites A and B within each
regulatory subunit. Futhermore, the relative affinities of the cAMP binding sites in regulatory
subunits from type I PKA vary from those in type II. Numerous cyclic nucleotide analogs have
been developed that show enhanced affinities for one or more of the cAMP-binding sites, and
such analogs have been used to demonstrate a role for type I PKA in MA-10 and Y-1 cell
steroidogenesis (Hipkin and Moger, 1991,Moger, 1991,Whitehouse and Abayasekara, 1994).
More recently we demonstrated that type II PKA associated with the mitochondria can
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phosphorylate STAR, but the individual effects of type I and type II PKA were not closely
examined. While earlier studies have revealed that the gross impact of type I and type II PKA
on steroidogenesis varies across the steroidogenic tissues, two consistent observations have
been made: first, type I PKA consistently stimulates acute steroidogenesis in all the tissues
examined, and second, the compartmentalization of type I PKA within Leydig and granulosa
cells appears to sensitize the response of these cells to cAMP generated after tropic hormone
stimulation. We hypothesize that type I PKA signaling is closely paired to the induction and
activation of STAR, and thus serves a fundamental role in regulating acute steroidogenesis.
Here we have used pairs of cAMP analogs that can preferentially activate either type I or type
II PKA to examine the individual roles these kinases serve in regulating the transcription,
expression, and activation of STAR in MA-10 mouse Leydig tumor cells.

Materials and Methods
Chemicals and reagents

N6,2-dibutyryladenosine-3′,5′-cyclic monophosphate ((Bt)2cAMP), cAMP, phorbol 12-
myristate 13-acetate (PMA), Triton X-100 protease inhibitor cocktail, and Waymouth MB/752
medium (Waymouth) were purchased from Sigma-Aldrich (St. Louis, MO). 8-
piperidinoadenosine-3′,5′-cyclic monophosphate (PIP-cAMP), N6-mono-tert-
butylcarbamoyl-adenosine-3′,5′-cyclic monophosphate (MBC-cAMP) and 8-(6-aminohexyl)
aminoadenosine-3′,5′-cyclic monophosphate (AHA-cAMP) were purchased from BioLog
(Bremen, Germany). TRIzol, PCR primers, trypsin-EDTA, tissue culture-grade antibiotics,
PBS, OPTI-MEM I reduced serum medium, and horse serum were purchased from Invitrogen
(Carlsbad, CA). DNase, AMV-reverse transcriptase, random hexamers, and TaqMan
MasterMix were purchased from Applied Biosystems (Foster City, CA). RNasin, and other
enzymes were purchased from Promega (Madison, WI).

Cell culture
Tissue culture plates and supplies were purchased from Nunc (Rochester, NY). MA-10 cells,
provided by Dr. Mario Ascoli (Department of Pharmacology, University of Iowa College, Iowa
City) were maintained in Waymouth medium containing 15% (v/v) heat-inactivated horse
serum, and 40 μg/ml gentamicin. MA-10 cells were cultured at 37 °C in a humidified incubator
with 5% CO2. In experiments with cAMP analogs or PMA stimulation, MA-10 cells were
washed with PBS and replenished with serum-free Waymouth medium already containing the
agonist(s).

Plasmids, transfections, and luciferase assays
The analysis of Star promoter activity was conducted in MA-10 cells cotransfected with -966
pGL3 and pRL-SV40. The promoter of the mouse Star gene has been sequenced before (Caron
et al., 1997), and the 966 bp upstream of the transcriptional start site were cloned ahead of a
firefly luciferase reporter in the pGL3 basic vector (Promega, WI) to generate -966 pGL3 as
previously described (Wang et al., 2003). The pRL-SV40 plasmid expresses Renilla luciferase
under the direction of the CMV immediate-early enhancer and promoter. MA-10 cells were
transfected using Fugene HD transfection reagent (Roche Applied Science, Indianapolis, IN),
and transfected cells were cultured for 36 hours prior to treatment. Stimulated cells were rinsed
with PBS and cell lysates assayed for luciferase activity using a dual-luciferase reporter assay
(Promega). Luminescence from each form of luciferase was measured for 10 seconds using a
TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). Promoter activity is reported here
as normalized relative luciferase units (RLU) and represents the ratio of firefly luciferase
luminescence to that of Renilla luciferase.
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RNA extraction and RT-PCR
Semi-quantitative real time PCR was performed as previously described (Kowalewski et al.,
2006). Briefly, total RNA was isolated from cultured cells using TRIzol reagent according to
the directions supplied. Genomic DNA contamination was removed by DNase treatment. After
heat inactivation of the DNase, cDNA was prepared from the total mRNA using reverse
transcription reagents for TaqMan, from Applied Biosystem. The following oligos were
designed as probes and primers to detect the cDNAs for Star and Gapdh:

Star (forward): 5′-CCGGGTGGATGGGTCAA-3′

Star (reverse): 5′-CACCTCTCCCTGCTGGATGTA-3′

Star (TaqMan): 5′-CGACGTCGGAGCTCTCTGCTTGG-3′

Gapdh (forward): 5′- GCAGTGGCAAAGTGGAGATTG-3′

Gapdh (reverse): 5′-GTGAGTGGAGTCATACTGGAACATG -3′

Gapdh (TaqMan): 5′-TCAACGACCCCTTCATTGACCTC -3′

TaqMan probes were synthesized with 6-carboxyflorescein as a fluorophore on their 5′ ends
and 6-carboxytetramethyl-rhodamine as a quencher dye on their 3′ ends (Eurogentec North
America, San Diego, CA). Duplicate reactions were performed on cDNA prepared from 50 ng
of total mRNA (45 cycles; 95 C for 15 s, 60 C for 60 s) using an ABI PRISM 7000 (Applied
Biosystems). The relative gene expression for Star was determined by normalizing against
Gapdh expression using the comparative CT method (Livak and Schmittgen, 2001,Kowalewski
et al., 2006). Real time PCR results are expressed as the fold-change in Star mRNA levels
relative to untreated controls.

Western blot analysis
Whole cell lysates for Western blot analysis were prepared as previously described (Ishigaki
et al., 2001). Total protein concentrations were calculated using Bio-Rad Protein microassays
(Hercules, CA). SDS-PAGE was performed as previously described (Manna et al., 2002).
Primary antibodies directed against JUN (sc-1694), GATA4 (sc-9053), and actin (sc-1616)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-CYP11A1
antibody was from Chemicon (Temecula, CA). Primary antibodies directed against CREB
(9197), phospho-CREB (9196S), and phospho-JUN (9261S), were purchased from Cell
Signaling Technology (Boston, MA). Total STAR was detected as previously described (Clark
et al., 1994), while the rabbit antibody for the detection of phosphorylated STAR (phospho-
STAR) (Jo et al., 2005) was a gift from Dr. Steven King (Scott Department of Urology, Baylor
College of Medicine, Houston, TX). Donkey anti-rabbit IgG and Donkey anti-goat IgG
conjugated to HRP, as well as SuperSignal West chemiluminescent substrates were obtained
from Pierce Biotechnology (Rockford, IL). Anti-mouse IgG conjugated to HRP was purchased
from Promega.

Radioimmunoassay (RIA)
The synthesis of progesterone from treated MA-10 cells was quantified by examining the
recovered medium by RIA as previously described (Resko et al., 1974). Progesterone
concentrations were normalized to total cellular protein and expressed as pg of progesterone
per μg of protein.

PKA Activity
The levels of PKA activity in MA-10 cells were assessed using the SignaTECT PKA assay
system (Promega). Following culture in 6-well dishes, MA-10 cells were washed rapidly 3
times with cold PBS and then scraped in 160 mL of extraction buffer (25 mM Tris-HCl (pH
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7.4), 0.5 mM EDTA, 0.5 mM EGTA, 10 mM β-mercaptoethanol, 10 μl/ml protease inhibitor
cocktail, 0.1% Triton X-100). The suspended cells were sonicated on ice as above, but for 10
s, and then centrifuged at 14,000 × g for 5 min at 4°C. From each of the resulting supernatants,
5 μl was added immediately and without dilution to 20 μl of kinase reaction mixture that
contained no additional cAMP. Reactions were incubated at 30°C for 7 min and terminated as
directed. Reactions were processed further in accordance with the manufacturer's instructions,
and the recovered streptavidin membrane was analyzed by liquid scintillation.

Data analysis
The Western blots examining the dose response of MA-10 cells to the individual cAMP analogs
were performed in duplicate. All other experiments were repeated independently a minimum
of three times, as indicated in their respective figure legends. A representative Western blot
for each experiment is shown, while densitometry data from these analyses were normalized
against loading controls and then expressed as the mean fold change relative to the negative
controls that were arbitrarily set to 1.0 (for STAR and phospho-STAR, Western data are
expressed as the fold change relative to (Bt)2cAMP treated controls). RIA data are expressed
as the means ± SEM. Statistical analysis of multiple groups was modeled by ANOVA and
pairwise comparisons were made using Fisher's protected least significant difference test.
Groups denoted with asterisks or lower case letters within the figures were determined to be
statistically different from the other groups for p<0.05.

Results
The dose-dependent effects of cAMP analogs on STAR expression and steroidogenesis

Unlike many other steroidogenic tissues and cell lines (where the induction of acute
steroidogenesis occurs within minutes in response to cAMP), MA-10 cells have little basal
expression of STAR, and previous studies in this cell line show that cAMP analogs induce
maximal STAR expression within 6 h (Stocco and Sodeman, 1991,Wang et al., 2002). Three
analogs of cAMP were used in experiments to preferentially activate either type I or type II
PKA. PIP-cAMP preferentially binds site A of PKAR1 and site B of PKAR2, and can
complement other analogs to cooperatively activate either form of PKA (Skalhegg et al.,
1992,Christensen et al., 2003). AHA-cAMP, which prefers site B of PKAR1, or MBC-cAMP,
which binds to site A of PKAR2, were used in combination with PIP-cAMP to preferentially
activate their respective PKA isoforms (Christensen et al., 2003,Maronde et al., 1999). All of
the analogs used here are more lipophilic than cAMP and can cross the cell membrane. To
establish the highest concentration at which each analog would predominantly occupy only its
preferred site, the impact of the individual analogs on STAR expression and steroidogenesis
was evaluated. Increasing concentrations of each analog were used to treat MA-10 cells for 6
h, after which medium and cells were collected for analysis.

Concentrations of AHA-cAMP or MBC-cAMP as high as 25 μM did not significantly increase
STAR expression or steroidogenesis (Fig. 1). In contrast 50 μM of either analog increased
Star mRNA by over four-fold (Fig. 1A) and produced detectable increases in STAR protein
(Fig. 1B). Progesterone synthesis was also significantly increased relative to the controls when
using 50 μM concentrations of either of these analogs (Fig. 1C). Notably, 50 μM AHA-cAMP
treatment induced steroid than 50 μM MBC-cAMP. These increases in STAR and
steroidogenesis indicate a threshold concentration between 25 and 50 μM above which both
AHA-cAMP and MBC-cAMP become competent to individually activate PKA. No such
threshold appeared for PIP-cAMP within the range of concentrations tested. STAR expression
and steroidogenesis in MA-10 cells showed little response to PIP-cAMP at concentrations as
high as 200 μM (data not shown), fitting with previous studies showing that PIP-cAMP alone
does not efficiently activate PKA (Ogreid et al., 1985). Based upon these results, 100 μM PIP-
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cAMP was used in conjunction with AHA-cAMP or MBC-cAMP to preferentially activate
type I or type II PKA.

The relative effects of type I and type II PKA analog pairs on PKA activity in MA-10 cells
Using the threshold concentrations defined above, we evaluated the levels of PKA activity
initiated by the analog pairs. Since the peak in PKA activity induced from the analogs would
occur prior to the expression of STAR, we needed to establish the proper time frame for
observing PKA activity. To do this we examined the effect of 300 μM (Bt)2cAMP on the
specific kinase activity of PKA in MA-10 cells at different time points over a period of 4 h
(Fig. 2A). The cAMP analog (Bt)2cAMP can activate both isoforms of PKA, and 300 μM
(Bt)2cAMP can induce STAR expression and steroidogenesis in MA-10 cells to about half of
their maximum potential within 4 to 6 h (Stocco and Sodeman, 1991,Makarevich et al.,
2004,Wang et al., 2002). PKA activity was lowest at the initial time point and then rose steeply
during the first hour, reaching a maximum by 2 h. Activity then remained steady at this level
for the duration of the time course. To examine the effects of the analog pairs on PKA activity
we chose to use a 2 h incubation, during which time MA-10 cells were treated with 100 μM
PIP-cAMP in conjunction with either 25 μM AHA-cAMP (for type I) or 25 μM MBC-cAMP
(for type II). As before 300 μM (Bt)2cAMP was included as reference (Fig. 2B). Preferential
activation of type I PKA resulted in a 6.6-fold increase in PKA activity relative to the untreated
controls, while the type II analog pair yielded a 4.0-fold increase. As an additional control, a
group of cells was treated with PIP-cAMP, AHA-cAMP, and MBC-cAMP in order to activate
both type I and II PKA simultaneously. This treatment resulted in an 11.4-fold increase in PKA
activity relative to controls, levels which were effectively the same as observed with
(Bt)2cAMP. Notably, the type I and type II analog pairs induced significantly less PKA activity
than (Bt)2cAMP. The PKA activity induced by the type I pair was about 59% of that from
(Bt)2cAMP (p<0.001). The type II analog pair induced levels substantially lower that both
(Bt)2AMP (35%; p<0.0001) and the type I analog pair (60%; p<0.05). We conclude from these
data that while both the type I and type II analog pairs can synergistically activate PKA, at
these concentrations they are not activating equivalent levels of the kinase. Despite their
lipophilicity, these analogs appear to take substantially longer to elicit their activation potential
in the cell relative to what is typically observed using tropic hormone. It is presently unclear
if this is due to slow penetration into the cells, or due to these analogs having reduced affinities
for PKA relative to endogenous cAMP.

Activation of type I PKA using pairs of cAMP analogs induces STAR expression
To compare the relative effectiveness of the cAMP analogs pairs at inducing STAR-mediated
steroidogenesis, we performed 6 h dose-response experiments using the type I analog pair
(AHA-cAMP and PIP-cAMP) and the type II analog pair (MBC-cAMP and PIP-cAMP) where
the concentration of PIP-cAMP was fixed at 100 μM and the complementary analog for each
pair was then included at increasing concentrations up to 25 μM. As a reference, an additional
group of cells was treated with 300 μM (Bt)2cAMP (Fig. 3). The type I analog pair proved
effective at stimulating Star gene expression, STAR protein synthesis, and steroidogenesis in
a dose-responsive manner. In comparison, the type II analog pair did not significantly increase
any of these parameters. Consequently, type I PKA appeared more effective at inducing STAR-
mediated steroidogenesis than type II PKA. While it is possible that the concentrations or
durations of analogs used to activate type II PKA were insufficient, it should be noted that
these and lower concentrations were effective at activating PKA activity as shown in figure 2.

The differential effects of type I and type II PKA on STAR expression
To more specifically evaluate which elements in the synthesis and regulation of STAR were
being preferentially induced by type I PKA we treated MA-10 cells for 6 h with same analog
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pair concentrations used in figure 2 and proceeded to examine the transcriptional activity of
the Star promoter and the phosphorylation status of the STAR protein, along with the effects
these compounds have on Star gene expression and steroidogenesis. The results from promoter
assays following transient transfection of the -966 pGL3 construct showed that (Bt)2cAMP
induced a 5.9-fold increase in the activity of the Star promoter (Fig. 4A). Treatment with the
type I analog pair gave rise to a 3.9-fold increase in promoter activity while the type II pair did
not significantly induce activity beyond the unstimulated controls. Stimulation with the
combined mixture of type I and type II analogs elicited a 5.1-fold increase in Star promoter
activity. The expression of Star mRNA closely paralleled the pattern of promoter activity
generated by these treatments (Fig. 4B). Relative Star gene expression following treatment
with the type I pair increased by more than 10-fold over the unstimulated controls which
corresponded to about 63% of the levels seen in the (Bt)2cAMP group (p<0.003). The type II
pair did not induce significant Star mRNA expression relative to unstimulated controls, and
the Star mRNA levels following the use of both type I and type II analogs together was nearly
identical to what was seen using the type I pair alone. The results from these promoter assays
and RT-PCR studies indicate that type I PKA stimulates the transcription of the Star gene more
efficiently than type II PKA.

Using an antibody that discerns phosphorylated STAR, we examined the effects of the different
analog pairs on STAR phosphorylation to compare to total STAR expression (Fig. 4C). The
pattern of STAR expression using (Bt)2cAMP, and the individual type I and type II pairs was
the similar to what we observed during the dose response experiment. Interestingly, MA-10
cells treated with a combination of both the type I and type II analog pairs expressed
approximately the same amount of STAR as cells treated with only the type I pair. We were
surprised, however, to see that activating type I PKA did not induce phospho-STAR levels as
effectively as it could induce total STAR protein (Fig. 4C). While the type I pair consistently
induced total STAR levels to over 50% of that seen in the (Bt)2cAMP positive control
(p<0.0001), the levels of phospho-STAR generated in response to the type I analog pair were
only 15% of the positive control (p<0.0001). More intriguing was the impact of type II PKA.
Like total STAR, phospho-STAR was scarcely detectable following treatment with the type II
PKA analog pair alone; however, combining the type I and type II pairs increased phospho-
STAR levels above what either pair could do alone (p<0.0001), and matched the abundance
seen in the (Bt)2cAMP control group. From this we surmised that while type I PKA more
directly impacts STAR synthesis, type II PKA may serve a role in regulating the
phosphorylation of STAR.

Steroid production in these experiments more closely paralleled the abundance of total STAR
than phospho-STAR. As seen above, (Bt)2cAMP and the type I analog pair induced significant
progesterone production, although the type I pair generated only 64% as much progesterone
as (Bt)2cAMP (Fig. 4D; p<0.02). While activating type II PKA alone did not generate
significant levels of steroidogenesis, combining the type I and type II analog pairs induced
steroid production to an intermediate level between what was seen using the type I analog pair
alone and the (Bt)2cAMP group. While these findings might further hint of a role for type II
PKA in regulating the phosphorylation of STAR, the lack of correlation between phospho-
STAR and steroidogenesis when type I PKA is activated was perplexing. Additionally, this
suggests that another factor sensitive to type I PKA is capable of strongly enhancing
steroidogenesis.

JUN and CREB are preferentially phosphorylated by type I PKA
Since type I PKA appeared to better induce Star gene transcription, it seemed plausible that
the transcription factors governing the Star promoter could be regulated by type I PKA. As a
brief test, we examined the phosphorylation status of JUN, CREB, and GATA4. While these
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are not the only factors regulating Star expression, these transcription factors are well studied,
and known to play key roles in the Star gene transcription. MA-10 cells were stimulated with
either (Bt)2cAMP or the analog pairs, and the change in phosphorylation status of each
transcription factor was distinguished by Western blotting. All three transcription factors were
readily observed in unstimulated MA-10 cells, and the relative expression of each transcription
factor was not altered in response to any of the treatments (Fig. 5). Phospho-CREB and
phospho-JUN were strongly induced following treatment with either (Bt)2cAMP or the type I
analog pair. The type II analog pair induced phospho-CREB and phospho-JUN to levels higher
than seen in the unstimulated controls, but was not as effective as (Bt)2cAMP or the type I pair.
In contrast, all three stimulations appeared to generate equivalent amounts of phospho-GATA4.
While this does not define a specific mechanism by which different subtypes of PKA coordinate
transcriptional machinery at the Star promoter, these results reflect how a unique subset of
transcription factors including JUN and CREB could be targeted for phosphorylation by type
I PKA.

STAR is preferentially phosphorylated by type II PKA
It was previously shown that activating protein kinase C (PKC) with PMA can effectively
support Star transcription and translation in MA-10 cells; however, under these conditions
steroid production does not occur without the additional activation of PKA due to the inability
of PKC to phosphorylate and activate STAR (Jo et al., 2005). Capitalizing on this phenomenon,
the same analog pairs that we have been presently using alone were used in conjunction with
PMA to discriminate whether type I or type II PKA is more effective in phosphorylating STAR.
A portion of our previously published data (Dyson et al., 2008) has been reproduced with
permission in figure 6 in order to demonstrate the specific effects of type II PKA in activating
STAR, and we have extended these findings to include new data demonstrating the impact
these treatments have on Star gene expression. To minimize the impact of PKA on the Star
promoter we chose to use either 0.5 μM AHA-cAMP or MBC-cAMP in conjunction with 100
μM PIP-cAMP in order to preferentially activate either type I or type II PKA, respectively. At
these concentrations the type I and type II analogs pairs have little impact on Star gene
expression, producing a 1.6-fold increase in Star mRNA that was not significantly different
from unstimulated controls (Fig. 6A, lanes 4 and 6). Additionally, these concentrations were
incapable of independently inducing STAR expression or eliciting a steroidogenic response in
MA-10 cells after six hours (Fig. 6, lanes 4 and 6). In comparison, MA-10 cells treated with
either 10 nM PMA or 300 μM (Bt)2cAMP produced STAR, but PMA-induced STAR was not
phosphorylated, as seen in whole cell lysates (Fig. 6B). When used in combination with PMA,
the type I pair did not enhance Star mRNA levels, STAR expression, phosphorylation, or
activity beyond what was seen with PMA alone (Fig.6, lanes 3 and 5). The type II pair, however,
resulted in the phosphorylation of PMA-induced STAR to levels comparable with those seen
in the group treated with 0.3 mM (Bt)2cAMP (Fig. 6B), and stimulated about half as much
progesterone (Fig. 8C). Notably, the steroidogenic response from cells treated with PMA and
the type II analog pair was 6.2 times greater than when PMA was used with the type I pair
(Fig. 6C, lanes 5 and 7, p<0.001). In this context, type II PKA appears more effective at
phosphorylating STAR than type I PKA.

Discussion
Understanding the central role that cAMP-signaling plays in the adrenal and the gonads has
been crucial to developing the current theories regarding how steroidogenesis is regulated. In
particular, the discovery and characterization of STAR stemmed from novel breakthroughs
related to PKA. This current work delineates how the two primary subtypes of PKA are
involved in regulating STAR-mediated steroidogenesis in MA-10 Leydig cells. While we and
others have supposed that type I PKA is primarily responsible for regulating the synthesis and
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activation of STAR, our current data suggest that type I and type II PKA serve distinct but
complementary roles that coordinate the production of biologically active STAR in response
to cAMP. Specifically, type I PKA appears to operate upstream of STAR, by activating the
transcription factors necessary to induce Star transcription, while type II PKA appears to be
responsible for phosphorylating and activating STAR, and this is summarized in figure 7.

The transcriptional regulation of Star largely dictates both the quantity and tissue-specific
distribution pattern of STAR expression, and signaling through cAMP indisputably plays a
key role in regulating this process (Clark et al., 1995,Kallen et al., 1998,Caron et al., 1997).
While several cAMP-independent signaling pathways can potently enhance Star gene
transcription, the recurring observation has been made that a minimal level of PKA activity is
necessary to induce the Star promoter (Stocco et al., 2005). Although this tacitly suggests an
obligatory role for cAMP signaling in the induction of Star transcription, it does not prove that
PKA activity is a necessity. More likely, the varying degrees of cAMP-dependency
demonstrate that PKA intercedes at multiple points in regulating Star promoter activity, and
that some regulatory elements of the Star promoter are more sensitive to PKA than are others.
One proposed explanation for such a phenomenon is that PKA can be compartmentalized
within the cell prior to its activation by cAMP, substantially increasing the opportunity for the
kinase to phosphorylate its nearest substrates (Stocco and Chaudhary, 1990,Hunzicker-Dunn
and Jungmann, 1978a,Moger, 1991,Wong and Scott, 2004). The organization and positioning
of PKA is presently known to be heavily influenced by A kinase anchoring proteins, which
can target distinct forms of PKA to specific locations within the cell (Feliciello et al., 2001).
Based on our findings here the transcriptional regulation of Star appears to be much more
sensitive to the actions of type I PKA than type II, and this may be partly due the activation of
several key transcription factors by type I PKA. Namely, CREB and JUN both appeared to be
phosphorylated more effectively in response to cAMP analogs that prefer type I PKA. While
we have not examined the sub-cellular organization of PKA in MA-10 cells in these studies,
it has recently been shown that the compartmentalization of type I and type II PKA in
neuroblastoma × glioma hybrid cells results in the differential phosphorylation of CREB and
CREB-binding protein (CBP), and this mechanism is hypothesized to play a role in CRE-
mediated gene expression in the nucleus accumbens (Constantinescu et al.,
2002,Constantinescu et al., 2004). In the Leydig cell the interplay between in CREB, JUN and
CBP are involved in conferring cAMP-responsiveness to the Star promoter, and the
phosphorylation of all three of these proteins is known to accompany hormone-induced
steroidogenesis (Manna and Stocco, 2007,Manna et al., 2004a,Manna et al., 2003). These
results build upon earlier observations in Leydig cells where cAMP analogs preferring type I
PKA synergized with LH and forskolin to activate steroidogenesis (Hipkin and Moger,
1991,Moger, 1991). Based upon these observations, it is possible that type I PKA is positioned
either in or near the nucleus and that these kinases are responsible for mediating cAMP-induced
signals to the nucleus.

In comparing the effects of the analog pairs, it is clear that the activation of type I PKA also
results in a significant increase in STAR protein expression relative to what was seen following
the activation of type II PKA. This increase, however, appears to correlate with the increased
availability of Star mRNA rather than being due to a change in translational efficiency. In the
work presented here we have not directly assessed the independent roles of type I and type II
PKA on the translation of STAR since it is likely that endogenous levels of cAMP are sufficient
to permit translation of Star mRNA. The growing number of transfection studies where Star
cDNA has been successfully expressed in multiple cell types without further manipulation
suggests there is no need for elevated PKA activity in order to properly translate Star mRNA
(Clark et al., 1994,Bose et al., 2002,Zhao et al., 2005,King and Stocco, 1996). More compelling
evidence has come from observations where MA-10 cells treated with PMA show both
enhanced transcription and translation of STAR protein. PMA, which decreases cAMP levels
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in both adrenocortical cells and in Leydig cells (Fong and Wang, 1997,Chaudhary and Stocco,
1988), also leads to the robust activation of the PKC pathway that is now known to also drive
Star gene expression (Jo et al., 2005). Thus in the experiments where PMA is used alone, STAR
is effectively translated despite reduced cAMP concentration. While these observations do not
eliminate the possibility that PKA is regulating STAR translation, they do suggest that STAR
translation is not dependent upon further PKA activation in MA-10 cells.

An interesting result from our current work was the discovery that STAR may be predominantly
phosphorylated by type II PKA rather than type I PKA. This result stands in contrast to earlier
reports suggesting that type I PKA relays cAMP signaling to the steroidogenic machinery in
Leydig cells (Moger, 1991). To specifically address this issue, we examined how the analog
pairs affect the phosphorylation of PMA-induced STAR expression. Although both PKA
subtypes are readily detected at the mitochondria of MA-10 cells (Liu et al., 2006,Dyson et al.,
2008), type II PKA appears to be far more effective at phosphorylating STAR. Consequently,
under conditions where STAR availability is not rate-limiting (i.e. where PMA was used to
drive STAR synthesis), the activation of type II PKA permitted more steroid hormone synthesis
than the stimulation of type I PKA. This observation dovetails nicely with our previous work
examining the compartmentalization of PKA in Leydig cells, and supports the hypothesis that
type II PKA localized to the mitochondria is important for the phosphorylation of STAR. In
previous studies we and others have suggested that AKAPs may recruit PKA to the outer
mitochondrial membrane to ensure the efficient phosphorylation of STAR, and we have been
able to successfully demonstrate a physical association between mitochondrial AKAP121 and
type II PKA regulatory subunits (Liu et al., 2003,Carlson et al., 2006,Dyson et al., 2008).
Furthermore, studies by Liu et al have shown that peptides known to bind type II PKA and
disrupt their ability to bind their cognate AKAPs can block hormone-induced steroidogenesis
in MA-10 cells (Liu et al., 2006). Fitting with these previous observations, our present suggests
that the post-translational activation of STAR is mediated by type II PKA anchored to the
mitochondria.

Given the seemingly discrete effects initiated by type I and type II PKA on STAR expression
and activity, it was intriguing to see that type I PKA was able to induce significant levels of
steroidogenesis when STAR itself was not proportionally phosphorylated. While it is possible
that the type I analog pair is non-specifically activating type II PKA, several of our observations
here suggest that type I PKA is functioning in an additional capacity related to acute
steroidogenesis that is yet to be defined. For example, although the type II PKA agonists more
readily activated STAR and permitted greater steroidogenic output than the type I pair when
used in conjunction with PMA, type II PKA did not appear to induce high levels of
steroidogenesis despite having produced levels of STAR and phospho-STAR comparable to
those seen following treatment with (Bt)2cAMP, suggesting that some other factor was still
rate-limiting. Moreover, the combined use of the type I and type II analog pairs increased the
phosphorylation of STAR, but without a corresponding increase in steroidogenesis. This latter
observation is made more interesting by our PKA activity data which shows that the combined
use of all the analogs increased PKA-activity above what either pair did alone. Although we
activated type II PKA and allowed more STAR to be phosphorylated, the small about of
phospho-STAR that was produced by the type I pair alone appeared sufficient for
steroidogenesis. Consequently, the phosphorylation of STAR by type II PKA may be more of
a permissive event, than a graded event. Furthermore, this leads us to question what other events
type I PKA could be regulating in order to initiate steroidogenesis.

One interpretation of the data presented in figures 2 and 4 is that type I PKA regulates other
events that impinge upon the ability of STAR to induce cholesterol transfer. Thus, even when
STAR is phosphorylated in the group treated with all three analogs (AHA-, MBC-, and PIP-
cAMP) to activate both types of PKA, and even though total PKA activity is greater, no
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additional type I PKA has been activated relative to the group treated with the type I analog
pair alone. While we have not fully investigated this observation, preliminary studies in our
lab suggest that type I PKA agonists more effectively phosphorylate hormone sensitive lipase
(HSL) in MA-10 cells. In response to PKA and other signaling pathways, HSL regulates the
hydrolysis of acylglycerides and cholestryl esters and serves numerous roles in regulating lipid
metabolism including steroidogenesis (Belfrage et al., 1981,Stralfors and Belfrage,
1983,Yeaman, 2004). The effect HSL has on steroidogenesis has been best studied in the
adrenal, where ACTH- and (Bt)2cAMP-stimulated steroidogenesis are strongly reduced in
Lipe -/- mice (Kraemer et al., 2004,Kraemer et al., 2007). Additional insight into the role of
HSL in steroidogenesis came following the discovery that it physically interacts with STAR
in the adrenal, an interaction which increases cholesterol ester hydrolase activity of HSL (Shen
et al., 2003). It is feasible that HSL is serving in a similar capacity in the Leydig cell, whereby
the phosphorylation and activation of HSL by type I PKA increases the pool of free cholesterol
available to STAR. Such a mechanism is made more attractive by recent studies showing that
PAP7, a type I AKAP that is localized to the mitochondria, can also enhance steroidogenesis
in MA-10 cells (Liu et al., 2006). PAP7 physically associates with the peripheral
benzodiazepine receptor, an outer mitochondrial membrane protein that may also control the
labile pools of cholesterol accessed by STAR (Miller, 2007a). From this we speculate that type
I PKA may serve an important role in coordinating the cholesterol traffic to and from stores at
or near the outer mitochondrial membrane by regulating a functional interaction between HSL,
STAR, and PBR.

Our present evidence demonstrates that the individual actions of both type I and type II PKA
in Leydig cells can influence discrete steps leading to the induction and activation of STAR.
Observations such as the preferential phosphorylation of JUN and CREB, by type I PKA, and
STAR, by type II PKA, suggest that these subtypes of PKA are uniquely positioned in the
Leydig cell, fitting with the concept that PKA compartmentalization within the cell can affect
the regulation of STAR-mediated steroidogenesis. Such compartmentalization is likely to
enhance the sensitivity of the steroidogenic machinery to cAMP signaling, however, we also
predict the unique organization of PKA to be a defining characteristic of steroidogenic cells.
As such it will be interesting to determine if AKAPs and other scaffolding proteins that affect
signal transduction networks serve in roles that are distinct or permissive for acute
steroidogenesis.
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Figure 1. The dose response relationship between AHA-cAMP, MBC-cAMP and STAR-mediated
steroidogenesis in MA-10 cells
MA-10 cells were cultured for 6 h with increasing concentrations of AHA-cAMP or MBC-
cAMP to determine the threshold concentration at which this analog independently activates
PKA. (A) Star mRNA levels were determined by real time PCR and reported as the fold change
relative to unstimulated controls. (B) STAR and CYP11A1 protein levels were examined by
Western blot analysis. (C) Progesterone concentrations in recovered media were determined
by RIA and reported ± SEM. Statistically significant increases in mRNA abundance and
progesterone levels within dose response groups are denoted with an asterisk (*). 25 μM of
either AHA-cAMP or MBC-cAMP was the highest concentration tested that did not induce
STAR or steroidogenesis, and this concentration was not exceeded in subsequent experiments.
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Figure 2. The effects of cAMP analogs on PKA activity in MA-10 cells
(A) The effect of 300 μM (Bt)2cAMP on PKA activity on cultured MA-10 cells is shown over
a period of 4 h (n=3). (B) PKA activity is shown for MA-10 cells cultured for 2 h with either
the type I (100 μM PIP-cAMP, 25 μM AHA-cAMP) or type II (100 μM PIP-cAMP, 25 μM
MBC-cAMP) analog pair, or a mixture of all three analogs at the same concentrations. 300
μM (Bt)2cAMP serves as a positive control. Lower case letters are used to designate groups
that are significantly different from each other (a, b, c; n=4).
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Figure 3. The dose response relationship between pairs of cAMP analogs and STAR-mediated
steroidogenesis in MA-10 cells
MA-10 cells were cultured for 6 h in 100 μM PIP-cAMP along with increasing concentrations
of either AHA-cAMP, to activate type I PKA, or MBC-cAMP, to activate type II PKA. 300
μM (Bt)2cAMP serves as a positive control. (A) Real time PCR results show Star mRNA levels
relative to the unstimulated control. (B) STAR and CYP11A1 protein levels were examined
by Western blot analysis. (C) Progesterone concentrations in recovered media were determined
by RIA and reported ± SEM. For differences in mRNA or progesterone levels, lower case
letters are used to designate groups that are significantly different from each other (a, b, c;
n=5). Only the type I pair induced a steroidogenic response.
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Figure 4. The differential effects of type I and type II PKA on STAR expression and activation in
MA-10 cells
MA-10 cells were cultured for 6 h with either the type I (100 μM PIP-cAMP, 25 μM AHA-
cAMP) or type II (100 μM PIP-cAMP, 25 μM MBC-cAMP) analog pair, or a mixture of all
three analogs at the same concentrations. 300 μM (Bt)2cAMP serves as a positive control.
(A) Star promoter activity was determined using a luciferase assay and reported as the fold
change relative to unstimulated controls. (B) RT-PCR results show Star mRNA levels relative
to the unstimulated control. (C) STAR, phospho-STAR, and CYP11A1 protein levels were
examined by Western blot analysis. (D) Progesterone concentrations in recovered media were
determined by RIA and reported ± SEM. For differences in mRNA or progesterone levels,
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lower case letters are used to designate groups that are significantly different from each other
(a, b, c; n=4). Type I PKA better induced STAR expression while type II PKA appeared to
phosphorylate STAR.
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Figure 5. The effects of type I and type II PKA on transcription factors targeting the Star promoter
MA-10 cells were cultured for 6 h with either 300 μM (Bt)2cAMP, the type I PKA agonists
(100 μM PIP-cAMP, 25 μM AHA-cAMP), or the type II PKA agonists (100 μM PIP-cAMP,
25 μM MBC-cAMP). The expression of CREB, JUN, and GATA4, as well as the
phosphorylation status of each transcription factor was examined by Western blot analysis.
PKA activation did not alter the expression of these proteins, but type I PKA phosphorylated
JUN and CREB more efficiently than type II PKA. GATA4 phosphorylation increased with
both type I and type II PKA. (n=3)
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Figure 6. The induction of STAR phosphorylation in response to type I or type II PKA
MA-10 cells were treated for six hours with pairs of cAMP analogs that preferentially activate
type I or type II PKA using concentrations that alone could not induce STAR synthesis or
steroidogenesis. These pairs were used either alone or in conjunction with PMA (lanes 4-7).
Untreated cells (lane 1), (Bt)2cAMP stimulated cells (lane 2), and cells treated with PMA alone
(lane 3) are shown as controls. (A) RT-PCR results show Star mRNA levels relative to the
unstimulated control. (B) Western blots on whole cell lysates are shown for STAR, phospho-
STAR, and actin. (C) The average progesterone concentrations in medium from each group
after stimulation is shown ±SEM. For mRNA levels and progesterone production, lower case
letters are used to designate the groups that are statistically different from each other (a, b, c;
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n=4; panels B and C were reproduced with permission from (Dyson et al., 2008)). PMA induces
STAR but not its phosphorylation. Only type II PKA appeared to phosphorylate STAR
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Figure 7. The roles of type I and type II PKA in regulating STAR
In response to tropic hormone, G-protein coupled receptors activate adenylate cyclase to
generate cAMP. In turn, cAMP appears to activate both PKA subtypes, but each subtype
preferentially fulfills distinct tasks necessary for steroidogenesis to proceed. Type I PKA
appears more capable of inducing the Star gene, which leads to the synthesis of new STAR
protein, while type II PKA serves a more prominent role in phosphorylating STAR near or at
the outer mitochondrial membrane, ensuring maximal STAR activity. While the mechanism
remains unclear, type I PKA also appears to serve an additional role that specifically and
potently enhances steroidogenesis, possibly though modulating cholesterol trafficking in the
cell. (RI/RII = type I/type II PKA regulatory subunits, C = PKA catalytic subunits,
CYP11A1=p450 side chain cleavage)
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