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Abstract

Recent evidence has shown a role for the serine/threonine protein kinase D (PKD) in the
regulation of acute aldosterone secretion upon angiotensin 11 (Angll) stimulation. However, the
mechanism by which Angll activates PKD remains unclear. In this study, using both
pharmacological and molecular approaches, we demonstrate that Angll-induced PKD activation is
mediated by protein kinase C (PKC) and Src family kinases in primary bovine adrenal
glomerulosa cells and leads to increased aldosterone production. The pan PKC inhibitor Ro
31-8220 and the Src family kinase inhibitors PP2 and Src-1 inhibited both PKD activation and
acute aldosterone production. Additionally, like the dominant-negative serine-738/742-to-alanine
PKD mutant that cannot be phosphorylated by PKC, the dominant-negative tyrosine-463-
tophenylalanine PKD mutant, which is not phosphorylatable by the Src/Abl pathway, inhibited
acute Angll-induced aldosterone production. Taken together, our results demonstrate that Angl|
activates PKD via a mechanism involving Src family kinases and PKC, to underlie increased
aldosterone production.
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1. INTRODUCTION

Aldosterone is produced by the glomerulosa cells of the adrenal cortex to regulate salt and
water balance. However, excessive aldosterone production can result in primary
aldosteronism (PA) which affects 5-10% of hypertensives (Funder, et al. 2009). Patients
with primary aldosteronism have an increased prevalence of cardiac fibrosis and congestive
heart failure (Funder et al. 2009; Milliez, et al. 2005), and aldosterone increases collagen
synthesis in rat cardiac fibroblasts after myocardial infarction (Mill, et al. 2003). About 35%
of PA cases are caused by an aldosterone-producing adenoma, a condition also known as
Conn’s syndrome, whereas approximately 60% of PA results from bilateral idiopathic
hyperaldosteronism (IHA) [reviewed in (Young 2007)]. Although patients with Conn’s
syndrome tend to have higher blood pressures than those with IPA (Young 2007), the
mechanisms underlying these two disorders are still poorly understood.

In addition to angiotensin-converting enzyme inhibitors, calcium channel blockers, low-dose
diuretics, and beta blockers have been used as treatment options for primary hypertension.
Nevertheless, patients with hypertension still require combination therapy to achieve optimal
blood pressure goals. Thus, there is great interest in the development of medical
interventions to reduce the incidence of hypertension and its associated complications.

We have previously shown that the serine/threonine protein kinase D (PKD) mediates
Angll-induced aldosterone synthesis acutely (Shapiro, et al. 2010), and there is also
evidence for its role in chronic aldosterone secretion (Romero, et al. 2006). Thus, work from
the laboratory of Gomez-Sanchez demonstrated that Angll-induced PKD activation is able
to increase the expression of the aldosterone-synthesizing enzyme, CYP11B2 (Romero et al.
2006). Additionally this group suggested the importance of novel PKCs in PKD activation
and chronic Angll-mediated aldosterone production. Our previous data also suggest a role
for phospholipase D in Angll-induced PKD activation and aldosterone production (Olala, et
al. 2013). However, the complete mechanisms underlying this PKD activation are not
entirely clear.

PKD belongs to a family of three isozymes within the calcium/calmodulin-dependent
protein kinase (CaMK) family (Hanks 2003): PKD1/PKCu (Valverde, et al. 1994), PKD2
(Sturany, et al. 2001) and PKD3/PKCv (Rey, et al. 2003), which are activated by phorbol
esters, diacylglycerol, growth factors and hormones (Zugaza, et al. 1997). Novel PKCs
activate mouse PKD by phosphorylating serines 744 and 748 in the activation loop (serines
738 and 742 in human) (Waldron and Rozengurt 2003), with inhibition of PKC activity
abrogating PKD transphosphorylation and thus its activation (Waldron, et al. 1999). In other
systems, PKD has also been shown to be activated by tyrosine kinases of the Src family via
an Abl-mediated phosphorylation of tyrosine 463 (tyrosine 469 in mouse) (Storz, et al.
2003). A role for Src family kinases in aldosterone production was suggested by studies in
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rat adrenal glomerulosa cells treated with the Src kinase inhibitor tyrphostin 23 (Kapas, et al.
1995), as well as in the adrenocortical tumor cell line NCI-H295R cells treated with the Src
kinase inhibitor PP2 (Sirianni, et al. 2001). Activity of PKD leads to autophosphorylation at
serine 916 (910 in human), which can be used as a marker of PKD activation status
(Matthews, et al. 1999). In this study, we investigated the mechanisms by which Angll
activates PKD to underlie acute aldosterone production.

2. MATERIALS AND METHODS

2.1. Adrenal glomerulosa cell culture and treatment

Glomerulosa cell slices were prepared from near-term fetal bovine adrenal glands obtained
from a local meat-packing plant, and the cells were dispersed from collagenase-digested
slices by mechanical agitation. Freshly isolated cells were cultured overnight in Falcon
Primaria dishes in a Dulbecco’s modified Eagles’s medium—Ham’s F-12 medium (1:1)
containing 10% horse serum (v/v), 2% fetal bovine serum (v/v), ascorbate (100 uM), a-
tocopherol (1.2 uM), Na,SeO3 (0.05 puM), butylated hydroxyanisole (50 pM), metyrapone (5
uM), penicillin (100 U/ml), streptomycin (100 pg/ml), and amphotericin-B (0.25 pg/ml).
After replacement of the serum-containing medium with serum-free medium plus 0.2%
bovine serum albumin (BSA), the cells were incubated for an additional 20-24 hours before
treatment. Prior to stimulation, the medium was removed and the cells washed three times
with Krebs-Ringer bicarbonate-buffered (KRB™) solution containing sodium acetate (120
mM NaCl, 24.9 mM NaHCOg3, 3.5 mM KClI, 1.2 mM MgSQOy, 1.2 mM NaH,POy4, 1.25 mM
CaCly, 0.1% dextrose, 0.2% BSA and 2.5mM sodium acetate) and incubated at 37°C in
KRB™* equilibrated with 5% CO, for 30-60 minutes (eqKRB*). Angll and 22(R)-
hydroxycholesterol were obtained from Sigma (St. Louis, MO) as were the inhibitors PP2
and Src-1. Ro 31-8220 was obtained from EMD Biosciences (San Diego, CA).

2.2 Measurement of aldosterone production

Cultured adrenal glomerulosa cells were incubated with egKRB™ containing the appropriate
agents for the indicated times, and the supernatants collected and stored frozen until
aldosterone was assayed using a solid-phase radioimmunoassay kit (Siemens, Los Angeles,
CA).

2.3. Plasmid constructs

Recombinant DNA techniques were performed as described in (Luo, et al. 2007). The
human tyrosine-463-to-phenylalanine PKD mutant was kindly provided to us by Dr. Alex
Toker (Harvard Medical School, Boston, MA), and has been previously described (Storz et
al. 2003). The recombinant adenovirus construct was generated by homologous
recombination between the pAdTrack-CMV shuttle plasmid and an adenoviral backbone
vector, pAdEasy-1, in electrocompetent BJ5183 cells. Recombinant plasmids were then
transfected into Ad-293 cells to generate the replication-deficient adenovirus. Large-scale
virus production was achieved by amplification in Ad-293 cells and purification using
cesium chloride gradient banding followed by dialysis with storage buffer [10% glycerol, 10
mM Tris, 0.9% NaCl (pH 8.1)] for an hour, with multiple changes of buffer. Titers were
determined by measuring OD260. Primary cultures were infected with the adenoviral

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 July 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Olala et al.

Page 4

constructs at a multiplicity of infection (MOI) of 25 in serum-free medium. After 4-hours of
incubation at 37°C, GFP expression was observed using confocal microscopy to confirm
infection, and media were replaced with serum-free media for 20 hours.

2.4. Western blot analysis

Cultured adrenal glomerulosa cells were incubated with egKRB™ containing the appropriate
agents for the indicated times. Cells were solubilized with warm lysis buffer containing
Tris—HCI (0.175 M, pH 8.5), SDS (3%, v/v) and EGTA (1.5 mM) and scraped, and buffer
containing 30% (v/v) glycerol, 15% 2-mercaptoethanol (v/v) and 0.1% bromophenol blue
(v/v) was added to the lysates to constitute Laemmli buffer. Since the protein concentrations
measured were within 5% in individual experiments, equal volumes of sample were
subjected to (8%) SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
Immobilon-P or Immobilon-FL membranes and incubated with the appropriate primary and
secondary antibodies. Antibodies used were anti-PKD and anti-phosphoserine 916 (serine
910 in human) PKD antibodies from Cell Signaling (Danvers, MA), anti-phosphotyrosine
from Millipore (Billerica, MA), anti-GFP from Epitomics (Burlingame, CA), and anti-actin
antibody from Sigma (St. Louis, MO). Immunoreactivity was visualized using the ECF
system (Amersham, Piscataway, NJ) and imaged on a Typhoon imager (Molecular
Dynamics, Sunnyvale, CA). Alternatively, we performed infrared imaging on an Odyssey
imaging system (L1-COR Biosciences, Lincoln, NE).

2.5. Immunoprecipitation (IP)

Cultured adrenal glomerulosa cells on Falcon Primaria dishes were incubated with egKRB+
in the presence or absence of Angll for 30 min. The supernatants were collected for
aldosterone assay, and the cells were washed at least three times with ice cold 0.9% NaCl,
after which the cells were collected on ice in 500 pl of IP lysis buffer. The IP lysis buffer
was composed of the following: 50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, 1 mM
MgCl,, 5 mM NaF, 1 mM NazVOs3, and 1 Complete Protease Inhibitor Cocktail Tablet
(Roche Pharmaceuticals, San Francisco, CA) per 7 mLs of buffer. The cells were incubated
with either anti-PKCU/PKD (Santa Cruz) or anti-phosphotyrosine antibody (Millipore) for 2
hours at 4°C, after which the samples were incubated with Tru-blot anti-rabbit 1gG beads
(eBioscience) for 1 hour. The samples were then subjected to SDS-PAGE as described
above.

2.6. Immunohistochemistry (IHC)

Adrenal tissue was fixed in 10% formalin. The tissues were then dehydrated and paraffin
embedded. 10-um thick sections of paraffin-embedded tissues were dewaxed, and antigen
retrieval was performed in boiling 10 mM citrate buffer (pH 6). Endogenous peroxidases
were quenched in 0.3% hydrogen peroxide (Sigma, UK) before blocking in normal serum
(VectorLabs, UK). Sections were incubated with the PKD primary antibody [a mouse
monoclonal that cross-reacts with human and bovine (Abcam, catalog no. ab57114)] for 45
min at room temperature followed by two changes of 1X phosphate-buffered saline.
Sections were incubated with a peroxidase-conjugated AffiniPure F(ab”) fragment donkey
anti-mouse (Jackson ImmunoResearch Laboraties, Inc., West Grove, PA) and the bound
antibody was detected with a 3,3’-diaminobenzidine (DAB) substrate kit (Dako North
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America Inc., Carpinteria, CA). Sections incubated in the absence of primary antibody
served as negative controls. For assessment of staining intensity, three regions
corresponding to the capsule, the zona glomerulosa and the zona fasciculata were marked
(with the letters A, B and C) on photomicrographs of stained human adrenal glands. The
regions were assigned a score of 0 (no staining), 1 (minimal staining), 2 (moderate staining)
or 3 (intense staining) by three uninvolved observers. Values were then averaged for the
three observers and presented as the means = SEM of the average staining of three glands.
Deidentified cadaver adrenal glands were obtained as discarded tissue during kidney
transplantation procedures; consent for the use of tissue for research was obtained from the
organ donor’s family by the organ procurement team.

2.7. Statistical analysis

All experiments were repeated a minimum of three times, and within each experiment,
variables were performed at least in duplicate. Statistically significant differences were
determined by ANOVA with a Newman-Keuls post-hoc test using the computer program
Prism (GraphPad Software, San Diego, CA).

3. RESULTS

3.1. PKD was expressed in the zonae glomerulosa and fasciculata of near-term fetal bovine
and in adult human adrenal glands

Previous work in our laboratory has demonstrated that both Angll and the PKC activator
phorbol 12-myristate 13-acetate (PMA) time- and dose-dependently increase PKD activation
and acute aldosterone secretion (within 60 minutes) (Shapiro et al. 2010) in bovine adrenal
glomerulosa cells in vitro. Gomez-Sanchez and colleagues have also shown that Angll
promotes PKD activation, as well as chronic aldosterone and cortisol production, in the
human adrenocortical carcinoma cell line NCI H295R (Romero et al. 2006). PKD may thus
play a role in both aldosterone and cortisol production. To determine PKD’s distribution in
the intact gland in situ, we used immunohistochemical analysis and found that PKD was
expressed not only in the zona glomerulosa, but also in the zona fasciculata in the adult
human adrenal (Figure 1). PKD was also expressed in near-term fetal bovine adrenals in
areas consistent with localization in zonae glomerulosa and fasiculata; however, the adrenal
cortex of the near-term fetal adrenal may not be fully differentiated and the cells stained may
be progenitor cells that express phenotypic characteristics of the fully differentiated zones.

3.2. Angll-induced PKD activation and aldosterone production is mediated, in part, by PKC

Several reports have demonstrated a role for PKC in the expression of different
steroidogenic enzymes (Manna, et al. 2009, 2011; Romero et al. 2006). In addition, we have
also demonstrated that PMA not only time- and dose-dependently promotes PKD activation,
but also acute aldosterone secretion (Shapiro et al. 2010). Therefore, we tested whether
inhibition of Angll-induced PKC activation decreased PKD phosphorylation/activation and
acute aldosterone production in primary bovine adrenal glomerulosa cells. Primary bovine
adrenal glomerulosa cells were treated with or without Angll (10 nM) in the presence or
absence of the pan-PKC inhibitor Ro 31-8220 (3 uM) for 30 minutes. Cell lysates were
analyzed by western blotting for PKD autophosphorylation, as measured by increased
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immunoreactivity of phosphoserine 910, a marker for PKD activation (Matthews et al.
1999). The supernatants were assayed for aldosterone production as previously described
(Betancourt-Calle, et al. 1999). The PKC inhibitor, Ro 31-8220 alone had no significant
effect on basal PKD autophosphorylation but reduced Angll-induced PKD activation
(Figure 2A and B), suggesting that PKC modulates PKD activity in primary bovine adrenal
glomerulosa cells. Ro 31-8220 also inhibited Angll-stimulated aldosterone production
(Figure 2C). No inhibition by Ro 31-8220 was observed with 22(R)-hydroxycholesterol-
mediated aldosterone production (Figure 2D). 22R-hydroxycholesterol is a synthetic
cholesterol analog that readily permeates into the mitochondria in the absence of
steroidogenic acute regulatory (StAR) protein (Pezzi, et al. 1996), thus bypassing signaling
mechanisms, and can be used to determine the non-specific effects of inhibitors. Thus, these
results indicated that Ro 31-8220 exhibited neither cytotoxicity to the cells nor non-specific
effects on steroidogenic enzyme activities.

3.3. Tyrosine phosphorylation of PKD is increased by Angll

Results from Toker’s group have demonstrated that phosphorylation by a Src/Abl tyrosine
kinase pathway at tyrosine 463 is important for PKD activation in HeLa cells (Storz et al.
2003). Additionally, work from our laboratory has demonstrated that Src family kinase
pathway-mediated phosphorylation at the tyrosine 463 residue is involved in ultraviolet
light-induced PKD activation in keratinocytes (Arun, et al. 2011). To determine whether
Angll increased tyrosine phosphorylation of PKD, glomerulosa cells were treated with or
without 10nM Angll for 30 minutes, immunoprecipitated with a PKD antibody, and the
immunoprecipitates analyzed by western blotting with an anti-phosphotyrosine antibody.
Tyrosine phosphorylation of PKD was upregulated in Angll-treated cells (Figure 3A and B),
confirming our hypothesis that PKD is tyrosine phosphorylated in primary bovine AG cells
in response to Angll treatment. Thus, we next sought to determine if tyrosine-
phosphorylating Src family kinases mediated this Angll-stimulated PKD activation and
subsequent aldosterone production.

3.4. Src family kinases mediate Angll-induced PKD activation and aldosterone production

Angll has been shown to activate Src family kinases in vascular smooth muscle cells
(Ushio-Fukai, et al. 1999) as well as in the adrenocortical cell line NCI-H295R cells
(Sirianni et al. 2001). In addition, Src/Abl family kinases induce PKD activation by
phosphorylating the enzyme at tyrosine 463 (tyrosine 469 in mouse), as has been
demonstrated in several cell types including Swiss 3T3 fibroblasts and HeLa cells (Storz et
al. 2004; Waldron et al. 2004). Therefore, we sought to determine whether inhibition of the
Src/Abl pathway, using the selective Src family kinase inhibitors Src-1 and PP2, attenuates
Angll-stimulated PKD activation and aldosterone production. Primary bovine adrenal
glomerulosa cells were pretreated with or without 10 uM PP2, a Src family kinase inhibitor,
followed by stimulation with or without 10 nM Angll. PP2 inhibited Angll-elicited PKD
activation (Figure 4A and B) by about 30% and aldosterone production by approximately
25% (Figure 4C). To rule out non-specific effects of the inhibitor, we incubated the cells
with 25 pM 22(R)-hydroxycholesterol and observed that the resulting aldosterone
production was unaffected by 10 uM PP2 (Figure 4D). Additionally, another Src family
kinase inhibitor, Src-1, was used to verify the role of Src family kinases in Angll-elicited
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PKD activation and aldosterone production. Cells were pretreated with 0.75 pM Src-1, and
then incubated in the presence or absence of 10 nM Angll. Src-1 also attenuated AnglI-
induced PKD activation (Figure 5A and B) and blunted Angll-stimulated aldosterone
production by approximately 70% (Figure 5C). To determine if the concentration of Src-1
used exerted non-specific cytotoxic effects on the cells, primary bovine adrenal glomerulosa
cells were incubated with 25 pM 22R-hydroxycholesterol in the presence of the inhibitor.
Src-1 had no effect on 22(R)-hydroxycholesterol-mediated aldosterone secretion (Figure
5D).

3.5. Overexpression of the tyrosine-463-to-phenylalanine PKD mutant inhibited Angll-
induced aldosterone production

Since tyrosine 463 is critical for Src family kinase-mediated PKD activation in other cell
types, we anticipated that mutation of this residue would inhibit the activation of PKD by
Angll and decrease Angll-induced aldosterone production. Primary bovine adrenal
glomerulosa cells were mock-infected, or infected with empty vector (pAdtrackCMV) or the
tyrosine-463-tophenylalanine PKD mutant for 4 hours, after which time the media was
replaced with serum-free media for an additional 16-20 hours and the cells stimulated with
or without Angll. Western blot analysis of cell lysates confirmed overexpression of the PKD
construct and demonstrated expression of GFP as a marker of adenoviral infection (Figure
6A). Supernatants were collected and assayed for aldosterone content. Overexpression of the
tyrosine-463-to-phenlyalanine PKD mutant decreased Angll-stimulated aldosterone
production (Figure 6B). Our results demonstrate that phosphorylation of tyrosine 463
residue of PKD was important for PKD activation, suggesting the involvement of Src family
tyrosine kinases in Angll-mediated acute aldosterone production. To determine if the
concentration of the tyrosine-463-to-phenylalanine PKD adenovirus used exerted non-
specific cytotoxic effects on the cells, mutant PKD-infected primary bovine adrenal
glomerulosa cells were incubated with 22(R)-hydroxycholesterol. The tyrosine-463-to-
phenylalanine PKD adenovirus did not inhibit 22(R)-hydroxycholesterol-mediated
aldosterone secretion compared to vector-infected cells (Figure 7).

3.6. Inhibition of both PKC and Src family kinases additively attenuated Angll-induced PKD
activation and aldosterone production

To further understand the regulation of Angll-induced PKD activation and aldosterone
secretion by PKC and Src family kinase pathways, we sought to determine if the
combination of both the PKC inhibitor, Ro 31-8220 (3 uM), and the Src family kinase
inhibitor, PP2 (10 uM), would enhance the inhibitory response observed with either inhibitor
alone. Indeed, Ro 31-8220 and PP2 had an additive inhibitory effect on Angll-induced PKD
activation and aldosterone production (Figure 8A-C), and did not elicit any cytotoxicity
(Figure 8D), suggesting the importance of both PKC and Src family kinases to AnglI-
induced PKD activation and aldosterone production.

4. DISCUSSION

Several studies have demonstrated that PKD, a novel diacyglycerol/phorbol ester-responsive
enzyme, is regulated by PKC-mediated transphosphorylation, and that this regulation is
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important for its role in modulating several cellular processes (Abedi, et al. 1998; Iglesias, et
al. 1998; Rozengurt, et al. 2005; Waldron et al. 2004; Zugaza, et al. 1996). PKD possesses a
pleckstrin homology domain that regulates its activity, as well as a highly hydrophobic
stretch of amino acids in its N-terminal region (Lint, et al. 2002; Storz et al. 2003; Van Lint,
et al. 2002). PKD has been implicated in the regulation of a variety of cellular functions,
including signal transduction, Golgi trafficking, protein transport, cell survival, migration,
differentiation, and proliferation (Arun et al. 2011; Guha, et al. 2010; Haworth, et al. 1999;
Jamora, et al. 1999). We have recently demonstrated a role for PKD in Angll-induced acute
(within 30 minutes) aldosterone production in primary bovine adrenal glomerulosa cells
(Shapiro et al. 2010). Overexpression of the constitutively active serine 738/742-to-
glutamate PKD mutant increased acute Angll-elicited aldosterone production, whereas the
effect of Angll on aldosterone production was inhibited by overexpression of a dominant-
negative serine-toalanine PKD mutant in which serines 738 and 742 were mutated to
alanines, and thus could not be phosphorylated by PKC (Shapiro et al. 2010). Additionally,
others have reported that PKCe-mediated PKD transphosphorylation in response to Angll is
involved in Angll-induced chronic (within 24 hours) aldosterone production (Romero et al.
2006). In this study, overexpression of PKCe increased PKD activation as well as CYP11B2
MRNA expression. Thus, data in the literature support a role for PKC and PKD in
aldosterone production in glomerulosa cells.

The ability of PKC/PKD to modulate steroidogenesis has also been demonstrated in MA-10
mouse Leydig tumor cells, in which the PKC-stimulating diacylglycerol analog PMA
increases the phosphorylation of (i.e., activated) novel PKCs as well as PKD. In this report
an increase in the levels of steroidogenic acute regulatory protein and progesterone synthesis
was also observed (Manna et al. 2011). The StAR protein shuttles cholesterol from the outer
to the inner mitochondrial membrane and is the rate-limiting step in steroid production.
StAR protein expression and phosphorylation regulate its cholesterol-transporting activity
(Clark, et al. 1994; Stocco and Clark 1993, 1996). Our recent studies also support a role for
Angll-activated PKD-mediated StAR expression, induced through activation of transcription
factors of the activating transcription factor/cAMP response element binding protein family,
in regulating aldosterone secretion (Olala, et al. 2014). Nevertheless, the role of PKC/PKD
signaling in aldosterone production remains controversial. Rasmussen and colleagues have
previously shown a synergistic effect of the PKC/PKD-activating PMA and agents that
increase calcium to trigger steroidogenesis (Barrett, et al. 1989; Rasmussen, et al. 1995). As
discussed above, chronic Angll-elicited aldosterone production has also been shown to be
mediated by PKD in the NCIH295R cells (Chang, et al. 2007; Romero et al. 2006). On the
other hand, it has been reported that aldosterone production is enhanced in diacylglycerol-
stimulated rat glomerulosa cells pre-treated with the non-selective PKC/PKD inhibitor
staurosporine (Hajnoczky, et al. 1992), suggesting an aldosterone inhibitory role for this
pathway. Likewise, another study has shown that CYP11B2 promoter activity is increased in
hamster adrenal glomerulosa cells treated with the selective PKC inhibitor
bisindolymaleimide I as well as the selective PKC/PKD inhibitor Gédecke 6976 (LeHoux, et
al. 2001). These authors also showed that overexpression of some isoforms of PKC inhibited
CYP11B2 promoter activity (Lehoux and Lefebvre 2007). Thus, additional studies must be
performed to fully understand the mechanism through which PKC and PKD modulate
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aldosterone production. However, in our hands, Angll-mediated PKD activation increases
aldosterone production, as we have demonstrated here and elsewhere (Shapiro et al. 2010),
using adenoviral-mediated downregulation and upregulation of PKD activity as well as
selective PKC inhibitors (Figure 2).

The PKC signaling pathway has also been recently implicated in regulating adrenocortical
zonation (Hofland, et al. 2013). These authors demonstrated that in human adrenocortical
carcinoma and primary adrenocortical cells PMA and Angll-induced PKC signaling results
in increased activin A expression and levels, thereby attenuating CYP17A1 expression and
function. These authors also demonstrated, in contrast, that ACTH- or forskolin-activated
PKA increases inhibin expression. PKA signaling also blocks the downregulation of
CYP17A1 expression, presumably because inhibin inhibits activin A action. Indeed,
CYP17ALl is differentially expressed in the adrenal, with more expression detected in the
zonae fasciculata and reticularis (Briere, et al. 1997). P450c17 catalyzes two distinct steroid
biosynthetic activities, 17alpha-hydroxylase and 17,20-lyase activities (leading to cortisol
synthesis in the fasciculata and androgen production in the reticularis) (Miller 2008). Thus,
PKC may help to promote aldosterone synthesis in the glomerulosa by decreasing the
expression and activity of CYP17A1, which would otherwise direct steroidogenesis away
from aldosterone production and towards the synthesis of cortisol and adrenal androgens.

We were also interested in determining the role of Src family kinases in Angll-mediated
PKD activation and aldosterone production, since Toker and colleagues have demonstrated
that Src/Abl can activate PKD in HelLa cells (Storz et al. 2003). These authors reported that
PKD is tyrosine-phosphorylated within the PH domain at tyrosine 463 (tyrosine 469 in
mouse) via a pathway consisting of the Src/Abl tyrosine kinases, leading to activation in
response to pervanadate stimulation and oxidative stress. Studies in the adrenocortical cell
line NCI-H295R cells also demonstrated the involvement of the Src family kinases in
aldosterone production (Sirianni et al. 2001). Here, we describe for the first time that Src
family kinases activate PKD in primary bovine adrenal glomerulosa cells to underlie acute
aldosterone production. This involvement was demonstrated using the Src family kinase
inhibitors, PP2 and Src-1 to inhibit Angll-induced PKD activation (Figures 4 and 5), as well
as the tyrosine-463-to-phenylalanine PKD mutant that cannot be phosphorylated by the Src
family kinase cascade (Figure 7). Importantly, all of these manipulations inhibited AnglI-
stimulated acute aldosterone secretion in bovine adrenal glomerulosa cells (Figures 4-7).
Given the studies by Rainey and colleagues suggesting that Src family kinases inhibit
CYP17AL1 expression (Sirianni et al. 2001) and the work by Hofland et al. (Hofland et al.
2013) demonstrating similar effects for PKC, we would hypothesize that Angll-mediated
PKD activation, through Src family kinases and PKC, may regulate the activin-inhibin
signaling cascade, which appears to play a role in Angll-mediated adrenal zonation (Hofland
et al. 2013).

In summary, our results demonstrate that PKD is activated through two mechanisms
involving PKC and Src family kinases to mediate acute Angll-induced aldosterone
production. Thus, PKD, or its upstream activators or downstream effectors, may be potential
pharmaceutical targets for the development of drugs to decrease the production of
aldosterone, which is implicated in the development or exacerbation of several
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cardiovascular diseases, such as congestive heart failure. Clearly, additional studies are
necessary to fully understand the entire pathway regulating aldosterone production in the
adrenal gland as well as the role and mechanisms by which this steroid hormone contributes
to cardiovascular diseases.
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Figure 1. PKD distribution in human and bovine adrenal glands
(A) PKD distribution was determined in the positive control, human tonsillar tissue (a) and

in human [(b) through (d)] and bovine [(e) through (d)] adrenal gland as described in
Methods. PKD is present both in the zona glomerulosa and zona fasciculata regions.
Sections incubated in the absence of primary antibody served as negative controls [(b) and
(e)]. Panels (c) and (f) show PKD immunoreactivity, noted as the brown staining in these
tissue sections, photographed at a 10x magnification and panels (d) and (g) show a 40x
magnification. (B) The intensity of PKD staining in different regions of human adrenal
gland sections was assessed as described in the Methods and presented as the means + SEM
of the values obtained in three glands.
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Figure 2. The PKC inhibitor Ro 31-8220 inhibited Angll-induced PKD activation and
aldosterone secretion

Primary cultures of bovine adrenal glomerulosa cells were pretreated for 30 minutes with 3
UM Ro 31-8220 prior to a 30-minute stimulation with or without 10 nM Angll. Panel (A)
illustrates a representative blot. Note that the lower band in this blot appears to be non-
specific, as it is only observed with certain lot numbers of the polyclonal antibody. (B) Band
intensities from multiple experiments were quantified and normalized to actin. (C)
Supernatants from the PKD activation experiments were assayed for aldosterone content.
Values are expressed relative to the maximal response (in the presence of Angll) and
represent means = SEM from three experiments performed in duplicate; ***p<0.001 vs. the
control, tp<0.05 vs. Angll. (D) Cells were pretreated for 30 minutes with 3 UM Ro 31-8220
prior to a 30-minute incubation with or without 25 uM 22(R)-hydroxycholesterol after
which supernatants were assayed for aldosterone content. Values represent the means +
SEM of three separate experiments performed in duplicate.
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Figure 3. Angll increased tyrosine phosphorylation of PKD
Primary cultures of bovine adrenal glomerulosa cells were stimulated with or without 10 nM

Angll and immunoprecipitated with total PKD antibody (Santa Cruz). Immunoblot analysis
was performed using an antibody recognizing phosphotyrosine (Millipore). Panel (A)
illustrates a representative blot. Immunoblot analysis with total PKD antibody was
performed on one-tenth of the immunoprecipitated protein, which served as loading control
(input). Panel (B) illustrates band intensities from multiple experiments quantified and
normalized to the loading control and are expressed as fold over control values. Values
represent means = SEM from four experiments performed in duplicate; *p<0.05 vs. control.
Note that similar results were observed when lysates were immunoprecipitated with anti-
phosphotyrosine antibody and the immunoprecipitate probed with anti-PKD antibody (data
not shown).
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Figure 4. PP2 inhibited Angll-induced PKD activation and aldosterone secretion
Primary cultures of bovine adrenal glomerulosa cells were pretreated for 30 minutes with 10

UM PP2 prior to a 30-minute stimulation with or without 10 nM Angll. Panel (A) illustrates
a representative blot. (B) Band intensities from multiple experiments were quantified and
normalized to actin. (C) Supernatants from the PKD activation experiments were assayed for
aldosterone content. Values represent means = SEM from four experiments performed in
duplicate and are expressed relative to the maximal response (in the presence of Angll);
**p<0.01 vs. the control, ***p<0.001 vs. the control, Tp<0.05 vs. AnglI. (D) Cells were
pretreated for 30 minutes with 10 uM PP2 prior to a 30-minute incubation with or without
25 UM 22(R)-hydroxycholesterol, after which supernatants were assayed for aldosterone
content. Values represent the means + SEM of four separate experiments performed in
duplicate.
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Figure 5. Src-1 decreased Angll-mediated PKD activation and aldosterone secretion
Primary cultures of bovine adrenal glomerulosa cells were pretreated for 30 minutes with

0.75 uM Src-1 prior to a 30-minute stimulation with or without 10 nM Angll. Panel (A)
illustrates a representative blot. (B) Band intensities from multiple experiments were
quantified and normalized to actin. (C) Supernatants from the PKD activation experiments
were assayed for aldosterone content. Values are expressed relative to the maximal response
(in the presence of Angll) and represent means £ SEM from three experiments performed in
duplicate; *p<0.05 vs. the control, ***p<0.001 vs. the control, TTp<0.01 vs. Angll. (D) Cells
were pretreated for 30 minutes with 0.75 uM Src-1 prior to a 30-minute incubation with or
without 25 uM 22(R)-hydroxycholesterol after which supernatants were assayed for
aldosterone content. Values represent the means + SEM of four separate experiments
performed in duplicate.
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Figure 6. The tyrosine-463-to-phenylalanine PKD mutant decreased aldosterone production
Primary cultures of bovine adrenal glomerulosa cells were infected with pAdtrackCMV

(empty vector), or the tyrosine 463-to-phenylalanine PKD mutant (PKDY463F) for 4 hours,
and media was replaced with serum-free media for an additional 16-20 hours before
treatment with or without 10nM Angll. Panel (A) illustrates a representative experiment
showing PKDY463F (and GFP) overexpression in adenovirus-infected cells 20-24 hours
post-infection. (B) Supernatants from the PKD overexpression experiments were assayed for
aldosterone content. Values represent means = SEM from three experiments performed in
duplicate and are expressed relative to the maximal response (in the presence of Angll);
*p<0.05 vs. the control, ***p<0.001 vs. the control (vector), Tp<0.05 vs. vector + AnglI.
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Figure 7. The tyrosine-463-to-phenylalanine PKD mutant did not inhibit 22(R)-
hydroxycholesterol-mediated aldosterone production

Primary cultures of bovine adrenal glomerulosa cells were incubated for 4 hours with
adenovirus expressing pAdtrackCMV (empty vector) or tyrosine-463-to-phenylalanine PKD
(PKDY463F) and media was replaced with serum-free media for an additional 16-20 hours
before treatment with or without 25 pM 22(R)-hydroxycholesterol for one hour and assay of
aldosterone content in the media. 22(R)-Hydroxycholesterol-mediated aldosterone secretory
rates were not stat istically different. Data represent means + SEM from three experiments

performed in duplicate.
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Figure 8. Ro 31-8820 and PP2 additively decreased Angll-mediated PKD activation and

aldosterone secretion
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Primary cultures of bovine adrenal glomerulosa cells were pretreated for 30 minutes with 3
UM Ro 31-8220, 10 pM PP2, or a combination of Ro 31-8220 and PP2 prior to a 30-minute
stimulation with or without 10 nM Angll. Panel (A) illustrates a representative blot. (B)
Band intensities from multiple experiments were quantified and normalized to actin. (C)
Supernatants were assayed for aldosterone content. Values represent means + SEM from six
experiments performed in duplicate and are expressed relative to the maximal response (in
the presence of Angll); *p<0.05 vs. the control, ***p<0.001 vs. the control, Tp<0.05 vs.
Angll, T7p<0.001 vs. Angll $8p<0.01 vs. PP2 + Angll, #p<0.05 vs. Ro 31-8220 + AnglI.
(D) Cells were pretreated for 30 minutes with 3 uM Ro 31-8220 and 10 uM PP2 prior to a

30-minute incubation with or without 25 pM 22(R)-hydroxycholesterol, after which

supernatants were assayed for aldosterone content. Values represent the means + SEM of

three separate experiments performed in duplicate.
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