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BRIAN A. SHAPIRO 
Protein Kinase D Restrains Angiotensin !!-Induced Aldosterone Secretion In Primary 
Adrenal Glomerulosa Cells 
(Under the direction of WENDY B. BOLLA G) 

Misregulation of the renin-angiotensin II (Angll)-aldosterone (Aldo) system is a key 

feature of cardiovascular disease. A focus of study in this system is the Angll-elicited 

secretion of Aldo from the adrenocortical zona glomerulosa. An excellent model in 

which to study this phenomenon is primary cultures of bovine adrenal glomerulosa (AG) 

cells. These cells secrete detectable quantities of Aldo in response to secretagogues, such 

as Angll, elevated potassium (K+), adrenocorticotrophic hormone (ACTH) and phorbol 

12-myristate 13-acetate (PMA), within 30 minutes. The serine (Ser)/threonine kinase 

protein kinase D (PKD) is reported to be activated by Angll in several systems, including 

the adrenocortical carcinoma cell line NCI H295R, and is thought to have a positive role 

in chronic (24 hours) Angll-evoked Aldo secretion. Because the role ofPKD in acute 

Angll-elicited Aldo secretion has never been examined in a primary culture system, we 

undertook to study the role of PKD in acute (minutes to one hour) Aldo secretion. Thus, 

Angll (10 nM) and PMA (100 nM), but not elevated K+ (15 mM) and ACTH (10 nM), 

induced phosphorylation of PKD on Ser9l 0, a marker of PKD activation, in primary 

bovine AG cells. This finding was confirmed by an in vitro kinase activity assay. Angll 

and PMA were also able to induce PKD activation in H295R cells. Furthermore, this 

activation was concentration dependent, and was rapidly induced (by 5 min). PKD 

activation was dependent on Angll type 1 (AT-I), but not AT-2 receptor, signaling, and 

was independent of tyrosine kinase signaling. Finally, we introduced, via adenovirus 

transduction, wild-type PKDw' imd dominant negative PKDs738n4
zA constructs into 

primary AG cells and monitored Angll-evoked Aldo secretion. PKDw' -transduced AG 



cells exhibited decreased Angll-stimulated Aldo secretion, while in the PKDs738n42
A

infected AG cells Angll-stimulated Aldo was enhanced. Thus, we hypothesize that PKD 

has an anti-secretory role in Angll-induced acute Aldo secretion. 
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Chapter 1. Literature Review 

Introduction to Adrenal Glomerulosa Biology 

Aldosterone (Aldo) has been well documented as being important in the 

pathogenesis of cardiovascular diseases. Indeed, it is estimated that 8% of moderate 

hypertensive and 13% of severe hypertensive patients exhibit primary 

hyperaldosteronism (1). This hormone is secreted from cells of the zona glomerulosa of 

the adrenal cortex. Aldo regulates blood volume by regulating sodium excretion from the 

kidney. When this system malfunctions, as in the case of apparent mineralocorticoid 

excess, such problems as hypertension, severe hypokalaemic alkalosis, and pre-and post

natal growth failure are evidenced (2, 3 ). In addition, recent reports implicate Aldo in 

fibrosis of the cardiovascular system in the presence of a high sodium diet ( 4 ), and in 

congestive heart failure (5-7). Finally, the randomized aldactone evaluation study 

(RALES) and the eplerenone neurohormonal efficacy and survival study (EPHESUS) 

indicated that Aldo inhibitors in the presence of ACE inhibitors were able to reduce 

mortality in congestive heart failure patients by 30% (8). 

Aldo, a steroid, is synthesized from cholesterol through a multistep pathway that 

begins with transport of free cholesterol (9) from lipid droplets to the 

outer mitochondrial membrane ( 10). It has been hypothesized that changes in the 

cytoskeleton mediated via conventional calcium-dependent protein kinase Cs ( cPKCs) 

1 
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and myristoylated alanine-rich C-kinase substrate (MARCKS), as well as cAMP

dependent protein kinase A (PKA)-mediated changes in the cytoskeleton, are involved in 

this step (11). Cholesterol is then transferred from the outer to the inner mitochondrial 

membrane through a steroidogenic acute regulatory (StAR) protein-dependent process 

(12), where it is cleaved to pregnenolone by P450scc (Cyp11A1). Pregnenolone is 

transported to the endoplasmic reticulum, where 3-hydroxysteroid dehydrogenase 

converts it to progesterone (12). P4502t (CYP21) hydroxylates progesterone to 11-

desoxycorticosterone, which is then converted to corticosterone in the mitochondria by 

11~-hydroxylase (12). Aldo synthase (CYP11B2) converts corticosterone to Aldo (12). 

The rate-limiting step for Aldo secretion, mediated by angiotensin II (Ang II), elevated 

potassium (K~ levels and adrenocorticotrophic hormone (ACTH), is at the point of 

transfer of cholesterol from the outer to the inner mitochondrial membrane, although 

expression and activity of CYP11B2 in the tissue (i.e. appropriate zonal identity) is 

required for the final Aldo product (12, 13). 

Angii is the most important physiological stimulus for the secretion of Aldo, 

mediating both acute and chronic steroidogenesis (14). Angii's mechanism of action in 

acute steroidogenesis is initiated via its binding to Angii receptor type 1 (AT-1) G

protein coupled receptors. The result of this receptor binding is phosphatidylinositol-4,5-

bisphosphate (PlP2) hydrolysis resulting in diacylglycerol (DAG) generation and inositol 

1 ,4,5-trisphosphate (lP3) production, with resultant activation of protein kinase C (PKC) 

and calcium (Ca2~ release from intracellular stores. Increased cytosolic calcium levels 

activate both Ca2+/calmodulin-dependent protein (CaM) kinases, such as CaM kinase II, 
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and conventional protein kinase C ( cPKC), enzymes, which are thought to increase Aldo 

biosynthesis, in part, through enhancing phosphorylation of MARCKS (presumably 

increases available cholesterol through control of the actin cytoskeleton) (15) and of 

StAR protein (facilitates cholesterol transfer across the mitochondrial double bilayer) (11, 

16-18). Chronic actions of Angii include cAMP response element-binding (CREB)

mediated transcriptional activation of Aldo synthetic factors such as CYP11A1 and 

CYP11B2 (19) and StAR protein (20), as well as changes in the expression of other genes 

(21). 

Elevated serum K+ levels are next in terms of their physiological importance in 

regulating Aldo secretion, and are thought to induce acute Aldo secretion through 

depolarization of the plasma membrane ( 17). This event brings about an activation of 

voltage-dependent Ca2+ channels and Ca2+ influx ( 17). The increased intracellular 

calcium can then activate CaM kinase II, and increase steroidogenesis (22). Recently, 

our laboratory has also demonstrated that elevated K+ can activate PKC without 

increasing PIP2 hydrolysis, presumably through the activation of another phospholipase, 

phospholipase D (22). 

ACTH, an important positive regulator of acute, but not chronic, Aldo 

biosynthesis, activates adenylate cyclase, thereby increasing cAMP levels and protein 

kinase A activity (12, 13). The result is increased Ca 2+ influx (23) and phosphorylation 

of proposed cholesterol-mobilizing proteins such as StAR (24, 25). 



Angiotensin II, Aldosterone and Priming 

An important characteristic of Angii-elicited cell signaling in primary bovine 

adrenal glomerulosa (AG) cells is that this hormone can induce priming (25, 26). 

4 

Priming in this case is defined as the process by which prior treatment of primary bovine 

AG cells with Angii, followed by reintroduction of Angii, elevation of extracellular K+ 

levels, or incubation with Ca2
+ channel agonists, elicits an enhanced Aldo response (25). 

For example, Angii-induced Aldo secretion returns to basal levels after either washout of 

Angii or treatment with the Angii antagonist saralasin (Sar). Subsequent treatment with 

slightly elevated K+ concentration results in a significantly enhanced Aldo secretion (25). 

Also, succeeding treatment with the Ca2+ channel agonist Bay K 8644 following washout 

of Angii rescues the decrease in Aldo levels, suggesting a possible role for a Ca2+

sensitive protein kinase (25, 27, 28). In addition to having the ability to increase Ca2
+ 

influx into the cell, Angii can also induce PIP2 hydrolysis through activation of 

phospholipase C (PLC) and phosphatidylcholine breakdown by phospholipase D (PLD), 

resulting in the formation ofDAG (26). Interestingly, Angii triggers a biphasic increase 

in DAG (29), consistent with the idea that the DAG source may change from acute Angii 

induction (phosphoinositide hydrolysis, catalyzed by PLC) to sustained Angii exposure 

(phosphatidylcholine hydrolysis, catalyzed by PLD) (26). Thus, Bollag et a!. 

hypothesized that PLD was central to the Ang II priming phenomenon (26). Supporting 

this line of thought were the observations that increasing PIPz hydrolysis by carbachol 

treatment only transiently increased DAG and PLD activity and was unable to prime AG 

cells (26). Additional evidence supporting this hypothesis was generated in experiments 
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showing that inhibition of PLD-mediated signal generation with !-butanol during Angll 

stimulation blocked Aldo secretion during the initial phase and also inhibited the 

subsequent induction. of priming (26). 

Other work suggests that an as-yet unrecognized protein kinase may be part of the 

signaling cascade leading up to priming (11). For example, it was observed that blocking 

the Angll signal with Sar also blocked MARCKS phosphorylation, an event thought to be 

required for Aldo secretion (11, 15). Surprisingly, Bay K8644 was unable to rescue this 
. . 

phenotype, suggesting that MARCKS phosphorylation is independent of Ca2+ influx at 

least under these conditions (25). On the other hand, the cPKC inhibitor 066976 was 

able to downregulate Angll-stimulated MARCKS phosphorylation (25). These data 

suggest the presence of a DAG-sensitive, Ca2+-insensitive protein kinase upstream of 

MARCKS. A candidate that fits this description is protein kinase D (PKD). PKD, as 

detailed below, can be activated by DAG and does not require Ca2+ for activation (30-

33). Also in this study Betancourt-Calle et a!. (25) examined whether or not 

steroidogenic acute regulatory (StAR) protein may be involved in Angll-mediated 

priming. They observed that Angll-stimulated StAR phosphorylation was unaffected by 

a 30-minute Sar treatment. This observation could be interpreted to mean that StAR is 

phosphorylated by a protein kinase that remains persistently active after the initial signal 

is removed (25), or that StAR phosphorylation in the mitochondria is stable. Again, 

PKD can remain active after the initial signal is removed (34), as mentioned in both 

Chapter 1 and Chapter 2 ofthis thesis. 
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Introducing Protein Kinase D 

Our long-range objective is to determine the role of protein kinase D (PKD), also 

known as PKC)l, in various cell signaling pathways. Two groups originally described the 

enzyme now known as PKDI:· as PKD, from Swiss 3T3 fibroblasts (35), and PKC)l, 

from human YT cells (36). Mouse PKD and human PKD are comprised of 918 and 912 

amino acids, respectively, and are over 90% homologous (33). In fact, PKD is now 

classed as a family of phorbol ester- and diacylglycerol (DAG)-sensitive enzymes that 

includes also PKD2 and PKD3 [aka PKCv; (30, 33)] in humans and in mice. There also 

exists in the NCBI database a Bos taurus sequence that possesses 93% homology to 

human PKD (accession# XM612625), suggesting the presence of at least one bovine 

PKD isoform. 

The PKD family members contain the following motifs: two cysteine-rich 

regions that bind DAG and phorbol esters [cysteine (Cys)l and Cys2, aka Cia and Clb], 

an N-terminal hydrophobic domain, an autoinhibitory pleckstrin homology (PH) domain, 

an activation loop, and a C-terminal catalytic domain (37). PKD has some similarities to 

the classical and novel PKC isoforms, such as sequence homology, particularly in the 

Cys-rich domains (35). However, there are also profound differences. PKD lacks the 

pseudosubstrate domain extant in cPKCs, and also differs from cPKC and nPKC in that 

the Cysl and Cys2 domains in PKD are divided by a longer stretch of amino acids (36): 

79 in PKD versus 15 in cPKCs and 22 amino acids in nPKCs (36). PKD does not 

phosphorylate the typical PKC substrates such as histone or pseudosubstrate-e; because it 

is more homologous to the CaMKs in catalytic domain, rather it phosphorylates the 
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typical calcium/calmodulin kinase II substrate, syntide 2 (38). In addition, like CaMKs, 

PKD can be persistently activated (37): when PKD is phosphorylated on serines (Ser) 

738n42 in human or Ser744n48 in mouse by PKCs it can then autophosphorylate 

Ser910 (human) or Ser916 (mouse) (39), thus rendering the enzyme persistently active 

(40, 41). In addition, there is a correlation with autophosphorylation of Ser910/916 and 

PKD's activation status (42), such that phosphorylation at Ser910/916 is often used as a 

marker for PKD activation (43). Also, PKD Ser738n42 and Ser744n48 double alanine 

(PKDs738n42
A) mutants are nonactivatable, and often act as dominant negatives (44, 45). 

PKD's auto-inhibitory PH domain is also of great interest (46). This domain ordinarily 

keeps PKD in a non-activated state, while phosphorylation of Tyr463/469 ofthe PH 

domain relieves this autoinhibition (45, 47). Indeed, PH domain constructs of PKD are 

often used in experiments as dominant negatives, while PKD constructs lacking the PH 

domain are constitutively active and used to show effects of enhanced PKD function (45, 

48). 

Early studies of PKD indicate that this kinase is activated by the addition of 

mitogenic peptides such as bombesin, vasopressin and platelet -derived growth factor 

(PDGF) in Swiss 3T3 cells ( 49), and that overexpression of PKD in fibroblasts increases 

DNA synthesis in response to mitogens (50). As mentioned above, PKD activation can be 

initiated through phosphorylation of the activation loop at Ser738n42 (744n48 in 

mouse) (40, 41). This event has been observed to be mediated by the nPKCs PKC1i (51, 

52), PKCE and PKCr](31, 41), as well as PKC9 (53). In addition, this activation event is 

made more efficient by phosphorylation ofTyr463 by Src and Abl signaling (47). These 



phosphorylation events may also mediate changes in PKD's cellular localization, as 

detailed below. 
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PKD signaling can also be regulated by interaction with other proteins. For 

example, PKD can interact with 14-3-3 proteins. (54-57). Interaction ofPKD with 14-3-

31: protein causes PKD downregulation in Jurkat cells (58). Another group observed that 

phosphorylation of PKD Ser2051208 and Ser219/223 is required for PKD to interact with 

14-3-3 proteins in ~ndothelial cells (55). PKD can also induce transcription of JNKc 

regulated factors and myocyte enhancement factor (MEF) (59, 60), as mentioned below. 

Also, Carnegie and colleagues previously found that A-kinase anchor protein lymphoid 

blast crisis gene (AKAP-Lbc) binds PKD, PKCr1, and PKA(61) in a complex found in· the 

Golgi. This complex functions to activate and then release PKD into the cytoplasm(61). 

PKD is also regulated by manipulation of its subcellular localization. In 

unstimulated cells PKD1 is primarily found in the cytosol and to a lesser extent the Golgi 

and mitochondria (62). Once a receptor upstream of PKD is activated, various binding 

and phosphorylation events can occur that influence PKD' s distribution. For example, 

PLC-generated DAG can bind the PKD Cys2 domain, resulting in translocation to the 

cis-plasma membrane ( 45, 63). Interestingly, it has been observed that Cys2 and flanking 

sequences can also bind to Getq (34), in order to retain DAG-recruited PKD at the plasma 

membrane. Once at the membrane, nPKC-mediated phosphorylation of Ser7441748 

returns PKD to a cytosolic distribution. nPKC-activated PKD can then accrue in the 

nucleus by means of its Cys2 motif until its chromosome region maintenance 1 

(CREM1)-dependent export involving its PH domain (64). Other studies suggest that the 
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Cysl/Cla domain is responsible for recruiting PKD to the Golgi (65). 

Other PKD isoforms also respond to stimuli by changing their intracellular 

localization. For example, PKD2 remains in the cytoplasm after dissociation from the 

plasma membrane (66). Recently, PKD2 has also been shown to have a similar effect on 

mitogen-stimulated proliferation as PKD 1, suggesting that these two isoforms may 

function redundantly and be regulated similarly (67). PKD3, ordinarily found in the 

nucleus of unstimulated cells, can be induced to undergo a rapid and reversible plasma 

membrane translocation by either a G protein-coupled receptor (GPCR) stimulus orB 

cell antigen activation (68, 69) .. These upstream effectors can also enhance.PKD3 entry 

into the nucleus (68). 

Although PKD lacks a Ca2+ -sensitive domain, recent work suggests that 

activation of PKD may be sensitive to changes in cytosolic Ca2+ levels via its activation 

by Ca2+-sensitive PLC isoforms (70). Kunkel and colleagues designed a fluorescence 

energy resonance transfer (FRET)-based kinase activity assay in which a PKD substrate 

motif and an FHA2 phosphothreonine-binding domain is cloned between the FRET pair 

mCFP and m YFP (70). When PKD is activated it phosphorylates the threonine residue 

of the substrate sequence resulting in changes in the FRET ratio, which is interpreted as 

PKD activity (70). Interestingly, it was observed in this system that thapsigargin caused 

an increased FRET ratio that could be blocked by the PLC inhibitor edelfosine, indicating 

the presence of at least one Ca2+ -sensitive PLC isoform in COS 7 cells, as well as an 

ability of Ca2+ signals to activate PKD, at least in certain cell types with Ca2+-sensitive 

PLC isoforms (70). 



10 

PKD as a downstream effector of extracellular signaling events is an emerging 

field in cell biology and physiology. PKD has thus far been implicated in such cellular 

processes as keratinocyte proliferation (33, 71-74), Golgi maintenance and trafficking 

(62, 65, 75-81), and mitogen-activated protein kinase (MAPK) signaling (82-84). In 

addition, PKD is involved in cell survival in response to oxidative stress (47, 85-90), 

transcriptional repression (60, 91), cardiac hypertrophy (59), and steroid secretion (48, 

92). Thus, the study of PKD results not only in an enhanced knowledge of signal 

transduction but also may yield treatments for pathologies such as non-melanoma skin 

cancer, psoriasis, hypertension and cardiac fibrosis. In the following sections we review 

the literature regarding PKD's role in various cell processes. 

Protein kinase D and Cellular Functions 

PKD and the Golgi Apparatus 

PKD has been observed to translocate to the Golgi in a fashion dependent on the 

functioning of the Cysl/Cla domain (62). Thus, PKD has been observed to be activated 

by G protein subunits ~y (G~1) through interaction with the PH domain or via the Cl 

domain binding to DAG, which results in PKD's relocation to the Golgi apparatus (65, 

76, 78). Jamora et al. (76) used the marine sponge compound ilimaquinone (IQ), which is 

known to induce vesiculation of the Golgi by activating G~r· to study PKD's role in 

regulating Golgi architecture. Stimulation of ~y with IQ, thereby increases PKD activity 
, .. 

at the Golgi (76), and these investigators have shown that IQ activates PKD through Gp1, 
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triggering dissolution of the Golgi (76). On the other hand, normal rat kidney (NRK) 

cells treated with IQ and the PK.D specific substrate J.t peptide (acts to inhibit PKD) 

exhibited normal Golgi cisternal structure compared with IQ-treated cells. DAG can also 

trigger PKD to translocate to the Golgi (78). Baron and colleagues (78) observed that 

DAG increased PKD association with phosphatidylserine liposomes [it has been 

established that PKD associates with phosphatidylserine-containing liposomes (38)]. 

Also, depleting HeLa cells of DAG with either fumonisin B 1 or propanolol resulted in 

reduced PKD association with the Golgi (78). Therefore, this represents one mechanism 

by which PKD translocates to the Golgi and is then activated: hydrolysis of 

phospholipids, presumably by a PLC or PLD, results in creation of DAG which binds to 

the PKD Cla domain and induces PKD to translocate to the Golgi (78), where G~r 

binding to the autoinhibitory PKD PH domain activates the enzyme (76). 

Other studies indicate that PKD is required for Golgi-mediated secretion. For 

example, permeabilized vesicular stomatitis virus G-proteinVSV-G-infected NRK cells 

incubated with the PKD inhibitors H89, the mu peptide or the purified PH domain, 

exhibited inhibited VSV-G transport (77). Interestingly, in HeLa cells expressing the 

catalytically dead PKD-Lysine 618Asparagine (Lys618Asn) mutant incubated at 20°C (to 

decrease Golgi transport and accentuate the effects of PKD-Lys618Asn), tubulation of 

the trans-Golgi network (TON) was observed (77). Also, CD4, a marker of Golgi to 

surface transport, did not appear on the cell surface until cells were incubated at higher 

temperatures (25-37°C) to allow function of the endogenous wild-type PKD (77). 

PKD's ~y-mediated Golgi vesiculation was found to be nPKC-mediated: 
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cotransfection of PKCT] and ~ 112 resulted in activated PKCT], which in tum triggered 

activation of cotransfected PKD (80). Also, introduction of a constitutively active PKCT] 

construct (PKCT]-CA) into the cells caused fragmention of the Golgi, which could be 

blocked by the coexpression of kinase-dead PKD (80). Thus, the Malhotra model of PKD 

in the Golgi proposes: agonist-induced GPCR activation releases G~112, causing PLC to 

produce DAG and PKCT] to become active, as well as PKD to translocate to the Golgi. 

G~ 112 can also interact directly with the autoinhibitory PH domain of PKD. PKCT] then 

activates PKD, which results in membrane fission (80) mediated by PKD via an unknown 

mechanism. 

One role for PKD in Golgi vesicle trafficking may be to phosphorylate and 

activate the mediator of Golgi transport, phosphatidylinositol4-kinase III~ (PI4KIII~) 

(81). For example, Hausser and colleagues observed that PKD-GFP constructs 

colocalized with PI4KIII~ at the Golgi complex, and in vitro kinase (NK) assays 

determined that PKD1 and PKD2 isoforms phosphorylated PI4KIII~ on serine 294 (81). 

Overexpression of the kinase-dead PKD reduced, while overexpression of PKD 1 or the 

constitutively active mutant ofPKDllacking the PH domain (PKD~PH) enhanced, 

PI4KIII~ activation, resulting in increased VSV-G-GFP export (81). Thus, at least one 

role for PKD in Golgi vesicle trafficking may be in the regulation of the Golgi transport 

protein PI4KIII~. 

Other roles for PKD related to Golgi function may include motility (by 

influencing anterograde trafficking of membrane components) (93) and vesicle

associated membrane protein (V AMP2)-mediated vesicle fusion (PKD3 can associate 
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with V AMP2 and possibly regulate it through intermediaries) (94). Also, PKD has been 

implicated in translocation of kinase D-interacting substrate (kidins) 220 from the trans

Golgi network (TON) to the plasma membrane in neuronal cells and in AP12 cells (95). 

It has been observed that transfection of kinase-dead constructs of PKD into these cells 

caused kidins220 to be retained in the Golgi (95). 

PKD, Motility, Invasive Potential and Effects on the Cytoskeleton 

Recent work indicates that PKD may have a role in cell motility. For example, 

Mueller and colleagues (96) observed that PKD is part of a co-immunoprecipitable 

complex with cortactin/paxillin located in invadopodia in MDA-MB-231 cells (96). This 

complex functions to facilitate the linking of the actin cytoskeleton to the membrane, 

allowing the recruitment of proteases to the invadopodia, which increases the 

invasiveness of cells (96). 

The work of Qiang and colleagues focuses on insulin-like growth factor I (IGF-1) 

and its ability to promote multiple myeloma cell migration and invasion of tissue (97). 

These investigators determined that IGF-1-activated PKD was blocked by the PI-3K 

inhibitor LY294002, suggesting that PKD may be downstream of this kinase (97). 

Similar results were observed in transmigration experiments: LY294002 inhibited 

migration, as did the PKC/PKD inhibitor G6decke 6976 (066976), while the PKC 

inhibitor 066983 had no effect on transmigration (97). 

Other groups have studied PKD's role in cell movement. For example, PKD 

appears to have a role in integrin recycling, a process important in directed cell migration. 



PKD has been observed to form an immunoprecipitable complex with av~3 integrin, 

functioning to translocate both proteins to vesicular fractions in a Rab4-dependent 

manner (98). Thus, blocking the ability of PKD to interact with this protein inhibits its 

recycling, as well as fibroblast migration (98, 99). This action is not direct; however, 

rather it counters a5~1 recovery and thus the cell's ability to migrate in one particular 

direction (99). 
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PKD also appears to have a role in the phorbol-ester sensitive hyperpermeability 

of monolayers of rat lung microvascular endothelial cells through effects on the 

cytoskeleton (100). Thus, Tinsley and colleagues observed that PKD and PKCo 

antisense oligos reduce phorbol-ester sensitive MARCKS phosphorylation, which 

coincided with reduced phorbol ester-stimulated albumin-FITC flux across a monolayer 

of rat lung microvascular endothelial cells (100). 

PKD in Keratinocyte Biology 

Because of the importance of intact skin to prevent water loss, protect from 

infection and synthesize vitamin D, studies to understand its function are of importance. 

Thus, the role of PKD in the cells that comprise the epidermis, epidermal keratinocytes 

(KC), has been examined. Epidermal mouse KCs treated with the reputed cPKC and 

PKD inhibitor 066976 exhibited enhanced trans glutaminase activity (a marker of KC 

differentiation) and reduced eH]thymidine incorporation (a marker of KC proliferation) 

(71). In fact, the pro-differentiative effect on KCs was enhanced with the addition of a 

differentiating agent, 1,25-dihydroxyvitamin D3 (D3) (71). In addition, the PKC inhibitors 
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staurosporine and K252a, both of which also inhibit PKD, increased trans glutaminase 

activity. (71). Conversely, the PKC inhibitors G66983, bisindolylmaleimide I and Ro 31-

8220, known for their potency tmyards PKC but not PKD, showed no effect on DNA 

synthesis or transglutarninase activity, and inhibited D3-induced transglutaminase activity 

(71). The fact that PKC/PKD-selective inhibitors increased trans glutaminase activity and 

decreased DNA synthesis, while inhibitors selective for PKC alone had no effect on 

either parameter, indicated that PKD has an anti-differentiative, pro-proliferative role in 

epidermal KC (71). 

Additional results supporting a pro-proliferative role for PKD in KCs were 

obtained by Ristich et al. (73). PKD/PKCiJ. is expressed in the stratum basale, or 

proliferating layer of the epidermis, in normal human (73) and mouse (74) epidermal 

tissue, as well as in uninvolved psoriatic tissue (73). Interestingly, in involved (lesional) 

psoriatic skin, staining of PKD was observed in the upper layers of the epidermis, and 

basal cell carcinomas showed increased PKD expression throughout the tumor (73). 

Furthermore, PKD protein levels in the neoplastic mouse KC cell line 308 were elevated 

compared with that of normal mouse KCs (73). 

Other work also supports the original hypothesis that PKD acts in a pro

proliferative, anti-differentiative manner in KCs (74). The KC differentiating agents, 

elevated Ca2
+ (lmM) and 1,25-dihydroxyvitamin D3 reduced overall PKD levels in 

cultured KCs, as if to allow differentiation to proceed (74). Paradoxically, the phorbol 

ester PMA was able to also downregulate total PKD levels acutely, but chronic PMA 

treatment resulted in recovery of PKD levels, phosphorylation and activation (74). This 
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differential regulation of PKD was interpreted to explain the biphasic effects of phorbol 

esters in KCs: early stimulation and later reduction of transglutaminase, and early 

downregulation and later stimulation of proliferation (74). Transfection with PKD could 

also stimulate keratin 5 (a marker of the proliferative KC phenotype) promoter and 

decrease involucrin (a marker of late KC differentiation) promoter activities (74), also 

consistent with a pro-proliferative, anti-differentiative role of PKD. 

These conclusions support observations by Rennecke and coworkers (72), who 

observed that PKD levels were highest in mouse epidennis at day 2 after birth, the time 

of highest mitotic activity in KCs. The PKD signal was then attenuated over the next 5 

days, coinciding with reduced PCNA expression and proliferation (72). PKD levels were 

also seen to be highest in the proliferating fractions of epidermal KCs from disrupted 

skin, and increased in mouse epidermal carcinomas in comparison to normal mouse 

epidermis (72). Additionally, these investigators also found that PKD levels were 

decreased after 24 hours in the presence· of elevated Ca2
+ (72), similar to the findings of 

Dodd et al. (74). 

PKD in the Nucleus 

PKD has been observed in the nucleus in many cell types. Presumably, it is in 

this organelle that PKD exerts its pro-proliferative influence on cells, possibly by 

modulating histone deacetylase (HDAC)-mediated chromatin remodeling in response to 

some stimuli (101). HDACs catalyze the removal of acetyl groups from histones, thereby 

increasing the histone's affinity for DNA, promoting chromatin condensation and 
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repressing transcription of genes involved in cell growth, such as the MEF-2 transcription 

factor in cardiac myocytes (59) and the orphan nuclear receptor/transcription factor 

Nur77 in T cells (91) (101). Much recent work in the PKD field has focused on PKD's 

ability to phosphorylate class II HDACs and cause nuclear export of the enzymes, 

thereby allowing histones to remain acetylated, chromatin to be relaxed, and transcription 

of genes involved in cell proliferation to occur. For example, Vega and colleagues (59) 

observed in neonatal rat cardiac myocytes that phorbol 12-myristate 13-acetate (PMA) 

and constitutively active PKD constructs were able to induce export of GFP-HDAC5. 

Interestingly, an HDAC5 mutant Ser259/498Ala (residues that are required for 14-3-3 

protein binding) did not redistribute to the cytosol when treated with PMA. In addition, 

mutation of the leucine position -5 residues of Ser259/498 [Leu254/493Gly; leucine at 

the -5 position is absolutely required for phosphorylation by PKD (102)]' rendered 

· HDAC5 nuclear export.completely refractory to PMA-induced nuclear export. In fact, 

both of these residues are directly phosphorylated by PKD (59, 60). 

PKD-mediated nuclear export of HDAC also functions in T cell receptor-induced 

Nur77 expression and apoptosis (91 ). Dequiedt and colleagues determined that T cell 

receptor-dependent export of HDAC7, a transcription~ repressor of Nur77, was 

increased by PMA and decreased by Go6976 (91). It was also observed that HDAC7 

interacted with PKD, and several N-terminal residues were phosphorylated by PKD (91). 

Additionally, they found that PKD potentiated Nur77 transcriptional activity. 14-3-3 

binding of HDAC7 was determined to be essential for PKD-induced nuclear export, and 

required PKD-mediated phosphorylation of 4 serines (155, 181, 321 and 449) which were 
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+5 of Leu and +3 of either Arg or Lys on HDAC-7. Cotransfection ofGFP-HDAC7 with 

a constitutively active PKD mutant into DO 11.10 cells induced cytosolic redistribution of 

GFP-HDAC7 and increased Nur77 promoter activity, while expression of a dominant 

negative PKD reduced Nur77 promoter activity. Stable expression of an HDAC7 mutant 

(HDAC7&; Leu -5 of Ser mutated to Ala as above: residues 150, 176, 316 and 444) in 

0011.10 cells, resulted in impaired export from the nucleus into the cytosol. 

Additionally, cells that expressed HDAC7& exhibited a reduced Nur77 promoter 

activity, as well as a strong inhibition ofPMA-induced apoptosis (91). Phorbol ester

stimulated Nur77 promoter activity was also abolished by dual PKD1/PKD3 knockout in 

avian DT40 B-cells, while expression of an inducible PKD3 trans gene were able to 

rescue HDAC517 phosphorylation and nuclear export (103). 

Other effectors for PKD in the nucleus include the SET protein and CREB (104, 

105). SET has been previously recognized to inhibit histone acetyl transferases, and is 

also an inhibitor of growth suppressor and apoptosis enhancer PP2A (104). Irie and 

colleagues determined that in Jurkat cells PKD2 phosphorylated the histone chaperone 

SET protein (104). In addition, Johannessen and colleagues were able to identify PKD 

phosphorylation consensus sequences in CREB ( 1 05). These authors also observed that 

overexpression ofPKDl could induce CREB phosphorylation at Serl33, resulting in 

activation of eRE-responsive promoters and increased CREB, A TF-1 and CREM (CREB 

family members) target gene transcription (105). 
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PKD and Oxidative Stress 

An exciting new aspect of PKD signaling is its role in cell survival in response to 

oxidative stress. Oxidative stress can come about through many avenues, such as through 

normal cellular respiration, inflammatory diseases and environmental conditions, as well 

as Angll signaling through NADPH oxidase (NOX). The "bad actors" in this system are 

a class of molecules-known as reactive oxygen species (ROS), which are implicated in 

lipid peroxidation, altered protein-protein interactions and DNA damage (106). On the 

other hand, it has also been recently elucidated that some hormones, such as Angll, can 

signal through creation of free radicals (107-110). 

One of the best-studied cellular responses to oxidative stress stimuli is nuclear 

factor (NF)-KB signaling. NF-KB is a transcription factor that is retained in the 

cytoplasm by its association with inhibitory factors such as inhibitory (I)KB (109) until 

some stress on the cell causes its activation. Ser-specific IKB kinase (IKK)-mediated 

phosphorylation events induce degradation of IKB to free NF-KB from its complex 

allowing its translocation to the nucleus where it functions to upregulate the transcription 

of products such as regulators of apoptosis (e.g., Bcl-xL and lAP), and of the cell cycle 

(e.g., cyclin D1 and mdm2) and stress response genes (e.g., manganese-dependent 

superoxide dismutase; MnSOD) (111). 

Because this enzyme may play a role in how cells cope with oxidative stress, 

PKD activation in response to the generation of ROS has been studied extensively. It has 

been observed that the ROS-producing agent H20z induced activation of PKD (85-87, 

112). Several lines of evidence indicate that this activation is mediated through tyrosine 



kinase and nPKC signaling. For example, Toker and colleagues observed that PKD 

activation was blocked by transfection with inactive Src or treatment with the Abl 

inhibitor STI-571, while coincubation ofthe aforementioned reagents with cells 

transfected with constitutively active Src or Abl mutants resulted in recovery of PKD 

activation (47). The tyrosine residue target of Src and Abl signaling was identified by 

this group as Tyr463 in PKD by coexpression of various PKD mutants harbouring 

tyrosine to phenylalanine point mutations with either constitutively active Src or Abl 

constructs (47). 
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PKD activation during oxidative stress signaling also occurs via nPKC 

phosphorylation of its activation loop on Ser738/742 (89). Interestingly, Toker and 

colleagues observed that phosphorylation of Tyr463 upregulates PKD Ser738/742 

phosphorylation in response to ROS (89). Thus, H20z and pervanadate, as well as 

overexpression of active Src (Tyr527Phe), active Abl (v-Abl p120), or PKDTyr463Glu 

(mimics phophorylated Tyr463) increased Ser738/742 phosphorylation (89). This 

Ser738/742 phosphorylation then activates PKD and is required for this activation as 

shown by the fact that inhibitors selective for PKC block Ser738/742 phosphorylation 

and activity (112). These observations point to a model in which PKD activation requires 

sequential activation steps: tyrosine kinase-mediated phosphorylation of Tyr463, 

followed by PKC-mediated phosphorylation of Ser738/742. 

The identity of the nPKC responsible for PKDSer738/742 phosphorylation 

resulting from oxidative stress was determined to be PKCo, as evidenced by the fact that 

PKCo RNAi reduced H20 2-induced Ser738/742 phosphorylation (88). In addition, 
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overexpression of PKCS and Abl resulted in PKD phosphorylation on Tyr463 (88). H20 2 

treatment can also result in PKCS activation and a coimmunoprecipitable PKD-PKCS 

complex (88). 

The fact that HzOz treatment upregulates NF-KB signaling, as well as induces 

PKC and PKD activity, suggests that PKD may have a central role in at least one 

oxidative stress pathway. This idea was explored in experiments using coexpression of 

various PKCS or PKD constructs with a NF-KB promoter-driven luciferase reporter 

plasmid (88). Overexpression of either PKCS or PKD increased, while cells treated with 

PKCS RNA interference (RNAi) and then stimulated with H20 2 exhibited reduced, NF

KB reporter activity (88). In addition, IKK~ coexpressed with PKD increased NF-KB 

target promoter activity (89). Furthermore, overexpression of constitutively active PKD 

mutants Tyr463Glu and Ser738/742Glu induced NFKB activity, and this activity could be 

blunted by coexpression with the kinase dead Lys612 tryptophan (Trp) or nonactivatable 

PKDs738n42
A mutants (89). Also, the antioxidant resveratrol blocked the association of 

PKD with the IKK complex, likely through its action as a PKD signaling inhibitor rather 

than as an antioxidant (89). Similarly, Song ·and colleagues (112) observed that PKD 

siRNA constructs induced increased intestinal epithelial cell death in HzOz-treated cells. 

Indeed, PKD's role as a pro-surv'ival enzyme is supported by data indicating that markers 

of apoptosis, poly (ADP-ribose) polymerase (PARP) cleavage and activated caspase 3, 

were detected in H20 2/PKD-RNAi treated cells (112). 

A biologically significant role for PKD in NFKB signaling may be its ability to 

mediate mitochondria to nucleus signaling, in order to effect detoxification of the ROS 
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produced by the mitochondria (90). For example, treatment of HeLa cells with agents that 

inhibit mitochondrial respiration [diphenyleneiodonium (DPI) and rotenone, in order to 

increase oxidative stress], as well as H20 2, activated PKD and colocalized it with the 

mitochondria (90). Similarly, introduction of constitutively active PKD, Src, or Abl 

constructs increased NF-KB-mediated superoxide dismutase 2 (SOD2) reporter activity; 

as did treatment with H20 2, DPI and rotenone (90). Also,. the addition of PKD RNAi 

downregulated H20 2-, DPI- and rotenone-induced NF-KB signaling, as well as cell 

survival, in treated cells (90). Thus, the proposed model of PKD signaling is that the 

generation of oxidative stress causes either Src to activate PKD, or Abl to activate PKCS, 

which then activates PKD and localizes it to the mitochondria (47, 89, 90). PKD then 

initiates NF-KB signaling through phosphorylation ofthe IKK complex (89). NF-KB 

signaling in the nucleus initiates transcription of the SOD2 enzyme, which then moves to 

the mitochondria in order to detoxify the ROS by scavenging the free radicals, thus 

leading to increased cell survival (90). 

PKD, MAPK and JNK 

The mitogen-activated protein kinase (MAPK) pathways are important signaling 

cascades that the cell uses to transduce extracellular signals such as hormones and 

environmental stress (113). Indeed, extracellular signal-regulated kinase (ERK)-112-

activation is part of the Angll signaling cascade, which can result in rat and bovine AG 

cell growth, AG cell hypertrophy and Aldo secretion (14, 114). Also, c-jun N-terminal 

kinase (JNK) activation is known to be involved in Angll-induced vascular inflammation 
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of vascular smooth muscle cells [VSMCs (14, 115-117)]. The fact that PKD stimulates 

cell proliferation and hypertrophy, as well as cell survival in response to stress, in several 

systems inspired investigation as to whether or not PKD modulated MAPK signaling (83, 

118) (82, 119-123). Recent reports implicate PKD regulation of signal transduction 

mediated by both ERK-112 and by JNK (83, 118, 124). 

For example, Johannes and colleagues first observed that overexpression of wild

type PKD and constitutively active'PKDM'H constructs in HEK293 cells increased 

p42/44ERK phosphorylation, as well as Ets-like transcription factor 1 (ELK1)-mediated 

serum response element transcription (83). PKD can also induce activation of Gq

mediated MEKIERKIRSK and DNA synthesis (124), while siRNA knockdown ofPKD 

reduces ERK activation and DNA synthesis in vascular endothelial growth factor 

(VEGF)-stimulated endothelial cells (118). There is evidence that this effect is PLCy

and PKC-dependent: U73122 (inhibits PLCy), GF109203X and Ro31-8220 (inhibit all 

PKC isoforms), as well as dominant negative PKCo., blocked VEGF-mediated PKD 

activation (118). PKD antisense oligos have also been observed to inhibit basic calcium 

phosphate crystal-induced p42/44 phosphorylation in human fibroblasts (82). 

Activation of JNK is another important signaling pathway that mediates cell 

survival in some cases and in other cases apoptosis (113). This pathway transduces stress 

signals, such as cytokines, from the plasma membrane to the nucleus via a series of 

phosphorylation events (113). Numerous additional studies associate PKD with 

modulating MAPK/JNK pathways. For example, PDGF-stimulated PKD can block EGF

mediated JNK activation (119), and activated PKD has also been observed to complex 



24 

with JNK (120). In addition, phorbol ester treatment or overexpression of constitutively 

active PKD induces phosphorylation of c-Jun N-terminal residues, but at a site distinct 

from that phosphorylated by JNK (122). In other studies PKD has been shown to 

complex with JNK and directly phosphorylate the c-Jun N-terminus in HEK293 cells 

(120). PKD-induced JNK activity has also been reported to be downstream of 

phosphoinositide-3 kinase (PI3K), 3-phosphoinositide-dependent protein kinase 1 

(PDK1) and PKCc (121). It has been observed in MC3T3-E1 osteoblastic cells that BMP-

3-induced JNK and p38 activation was downregulated by either antisense PKD 

oligonucleotide constructs or the selective PKD/PKC inhibitor Go6976, but not the PKC 

inhibitor Gti6983 suggesting in this case that JNK and p38 are downstream of PKD 

(123). Thus, PKD is involved in many extracellular signaling responses. Depending on 

the cell type and transduction pathway activated, these responses have various outcomes, 

such as cell proliferation or cell survival. 

PKD and Angiotensin II 

As mentioned above, the most important intracellular signaling pathways that 

mediate Aldo secretion are initiated by Ang II (125, 126). Remarkably, Ang II can also 

elicit PKD activation in a variety of cell types, including rabbit aortic (127) and rat (52) 

VSMCs (127), intestinal epithelial cells (43), rat cardiomyocytes (128), and the human 

adrenocortical cell line Nlli H295R [(48) and our unpublished observations]. Angii

elicited PKD activation appears to be mediated through the hormone's ability to activate 

G-protein coupled receptors, although this activation has been observed to be insensitive 
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to pertussis toxin treatment (independent of G/00 family protein involvement) in 

intestinal epithelial cells (43). Tan eta!. found in rat aortic VSMCs that Angii-stimulated 

PKD phosphorylation is sensitive to treatment with losartan [antagonizes Angii type 1 

(AT-I) receptor], but not PD123,319 (antagonizes the AT-2 receptor), suggesting that 

PKD activation occurs through the AT-1 receptor, but not the AT-2 receptor (52). In 

addition, introduction of either a dominant-negative PKCo construct or the PKCO

selective inhibitor rottlerin downregulated PKD activation (52). An inhibition of PKD 

activity was not observed, however, in VSMCs treated with PKC£ and PKCt;; dominant

negative constructs. Thus, at least in VSMCs, Angii-mediated PKD activation is 

dependent on PKCO signaling (52). 

Interestingly, the work of Iwata and colleagues indicates a role for PKD in Angii

induced cardiac hypertrophy (128). Cardiac hypertrophy, a term used to describe an 

enlargement of cardiac myocytes without an increase in cell number (129), is responsible 

for cardiac remodeling that can lead to heart failure. Iwata et a!. observed that Angii 

could elicit a PKC£-requiring PKD activation in neonatal rat cardiomyocytes (128). 

Also, overexpression of constitutively active PKD in these cells resulted in increased cell 

size, as well as formation of Z-discs and enhanced expression of the embryonic protein 

atrial natriuetic factor (128). 

Additional work by the Gomez-Sanchez laboratory suggests a role for PKD in 

A! do secretion ( 48). These investigators found, after performing a Kinetworks protein 

kinase screen on Angii-treated H295R cells, that PKD phosphorylation was upregulated 

compared with untreated cells (48). In contrast to the results seen in VSMCs by Tan et 
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al. (52), but in agreement with Iwata and colleagues (128), Gomez-Sanchez and 

colleagues reported that PKCE mediated the Angll-induced PKD response, rather than 

PKCO (48). Transfection of various PKD constructs (PKDwt, PKDSer738/742Glu and 

PKDD.PH) into H295R cells resulted in increases in 11~-hydroxylase and Aldo synthase 

promoter activities, as well as enhanced cortisol and Aldo secretion after a 24-hour 

incubation (48). Similarly, Chang and colleagues also observed that PKD was activated 

in tumors from patients with adenomas, and shRNA constructs directed against PKD 

decreased CYP11B2 expression and Angll-elicited Aldo secretion from H295R cells 

after 24 hours (92). Therefore, PKD is sensitive to Angll stimulation, and is likely to be 

involved in regulating at least one of the mechanisms mediating chronic A! do synthesis. 

Here we demonstrate that Angll activates PKD in primary AG cells within 5 

minutes of exposure, and this activation is sustained for at least 30 minutes. Activation is 

dependent on AT-1 receptor signaling and is independent of tyrosine kinase activity. We 

also show that adenovirus-meditated overexpression of human PKDwt caused a reduction 

in acute Angll-stimulated Aldo secretion, and overexpression of the non-activatable 

human PKDs738n42
A mutant enhanced Angll-evoked acute Aldo secretion. These reports, 

taken together with preliminary data from our laboratory, suggest that PKD plays more 

than one role in mammalian physiology: e.g., as a negative regulator of acute Aldo 

secretagogue effects in glomerulosa cells (our unpublished results), or as a 

proproliferative enzyme in KCs (71), and other cell types such as fibroblasts (50, 72). 
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Hypothesis 

Angll provokes PKD activation in VSMCs, intestinal epithelial cells and the 

adrenocortical carcinoma cell line NCI H295R cells (43, 48, 52, 92, 127). Because of 

these findings and our unpublished observations, we hypothesized that Ang II stimulates 

PKD activation in primary bovine adrenal glomerulosa cells. PKD activation also has 

been observed to increase chronic A! do secretion in H295R cells ( 48, 92). Therefore, we 

hypothesize that PKD is activated by Angll in order to facilitate the secretion of 

aldosterone from primary AG cells, although how PKD will affect acute Aldo secretion is 

unclear. 

Thus, we propose the following specific aims in order to test our hyp9thesis: 

1. To determine if An gil and other Aid?. secretagogues, such as elevated K+ levels, 

ACTH and phorbol ester, activate PKD in primary AG cells. 

2. To characterize the Angll-mediated PKD response in primary AG cells. 

3. To detennine if Angll-induced PKD activation mediates acute Aldo secretion. 



Chapter 2. Materials and Methods 

Materials 

All reagents used were of the highest quality available. The following were 

acquired from Sigma (St. Louis, MO): PMA, goat anti-rabbit secondary antibody 

conjugated with alkaline phosphatase and rabbit anti-goat secondary antibody conjugated 

with alkaline phosphatase. Immobilon-P PVDF membrane was from Millipore (Billerica, 

MA). Protein-A/G PLUS agarose (SC-2003) was acquired from Santa Cruz (Santa Cruz, 

CA). The anti-phospho-PKD Ser916 antibody (CS-2051) and the anti-PKD antibody 

(CS-2052) were from Cell Signaling Technology, Inc. (Beverly, MA). The ECF substrate 

was from Amersharn Biosciences (Piscataway, NJ). P-81 paper was from Whatman, Inc. 

(Clifton, NJ). Candesartan (Cand) was a kind gift of Dr. Mario Marrero (Vascular 

Biology Center, Medical College of Georgia, Augusta, GA), while Angiotensin II, 22(R)

hydroxycholesterol and PD123,319 was acquired from Sigma (St. Louis, MO). 

Tyrphostin 23 and genistein were obtained from Biomol (Plymouth Meeting, PA). All 

restriction enzymes and associated buffers, as well as T41igase, were acquired from New 

England Biolabs (Ipswitch, MA). Miniprep, maxiprep, and DNA purification kits were 

obtained from Qiagen (Valencia, CA). Lipofectamine was obtained from Invitrogen 

(Carlsbad, CA). The adenovirus pAdTrack-CMV shuttle vectors were acquired from ~ert 

Vogelstein (Howard Hughs Medical Insititute, MD) . 

28 
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BJ5183 cells, AdEasyVirus purification kits, and XL10Gold Cells were obtained 

from Stratagene (La Jolla, CA). Ad293 cells expressing adenovirus E1 and E3 proteins 

were a kind gift of Dr. Andrew Phillips and his graduate student, Rachel Novak (Institute 

of Molecular Medicine and Genetics, Medical College of Georgia, GA). The PKDwt and 

PKD5738n42
A constructs were a kind gift of Dr. Alex Toker (Beth Israel Deaconess 

Medical Center, Harvard University, MA). 

Cell Culture 

Bovine AG cells were isolated and cultured as follows. Near-term fetal adrenal 

glands were obtained from the local abbatoire and zona glomerulosa, identified by its 

yellowish color, was dissected, collagen-digested and mechanically dispersed. The 

isolated glomerulosa cells were then cultured overnight in Falcon Primaria dishes 

(Becton Dickinson Lab ware, Lincoln Park, NJ) in a DMEM/Ham's F12 medium (1: 1) 

containing: 10% horse serum (v:v), 2% fetal bovine serum (v:v), ascorbate (lOOJ.!M), a

tocopherol (1.2!1M), NazSe03 (0.05J.!M), butylated hydroxyanisole (50J.!M), metyrapone 

(5J.!M), penicillin (lOOU/mL), streptomycin (lOO!lg/mL) and amphotericin B 

(0.251-lg/mL). On the second day of culture this media was replaced with serum free 

medium (as above but with the serum replaced by 0.2% BSA), and cells were incubated 

an additional 20 to 24 hours before use. 

H295R cells were cultured as in Bird eta!. (130). Briefly, cells were grown in 

DMEM/Ham's F12 (1:1 vol:vol) containing 1% ITS+(Cellgro, Herndon, VA), 2% 

UltroSer G (BioSepra, France), lOOU/mL penicillin, lOO!lg/mL streptomycin and 0.25 
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!lg/mL fungizone, to approximately 70-75% confluence. the media was then replaced 

with serum-free medium (as above but with the serum replaced by 0.01% BSA), and cells 

were incubated an additional 20 to 24 hours before use. Passage numbers 9-13 were used 

for all experiments. 

Aldosterone Secretion 

Cultured adrenal glomerulosa (AG) cells incubated for 20-24 hours in serum-free 

medium and were rinsed 2 times with bicarbonate-buffered Krebs Ringer solution 

containing 2.5 mM sodium acetate (KRB+) equilibrated for at least 30 minutes in a C02 

(5%) incubator (eqKRB+). Cells were then incubated with eqKRB+ containing the 

appropriate agents. The supernatants were collected and stored frozen until Aldo was 

assayed using a radioimmunoassay kit (Diagnostic Products, CA). Secretory rates were 

determined for the indicated periods, and Aldo secretion was normalized to protein 

levels. 

Western Blot 

Cultured adrenal glomerulosa cells incubated for 20-24 hours in serum-free 

medium were rinsed 2 times with eqKRB+ and were allowed to equilibrate in eqKRB+ for 

approximately 1 hour. Cells were then incubated with eqKRB+ containing the appropriate 

agents for the indicated times. Cells were washed twice with phosphate-buffered saline 

lacking divalent cations (PBS.) and hot lysis buffer [Tris HCl (0.175M, pH 8.5), SDS 

(3% v:v) and EGTA (1.5mM)] was added to solubilize the cells. The cells were scraped 
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and buffer containing 30% glycerol (v:v), 15% 2-mercaptoethanol (v:v) and 0.1% 

bromophenol blue (v:v) was added. Equal volumes of sample were subjected to SDS

PAOE on an 8% gel and transferred to Immobilon-P membrane, which was then blocked 

in TBS containing Tween 20 (0.1%) and BSA (3% ). Membranes were then incubated 

overnight in either anti-PKD916 antibody (Cell Signaling, pPKDs910
) or anti-actin 

antibody (Sigma). Secondary antibody was applied after extensive washing and western 

blots were then developed using the ECF system (Amersham) and imaged on a Typhoon 

scanner (Molecular Dynamics). 

In Vitro Kinase Assay 

The PKD in vitro kinase activity assay (NK) was performed as in Dodd et a!. 

(74). Primary bovine adrenal glomerulosa cells incubated overnight in serum-free media 

were rinsed 2 times with eqKRB+ and were allowed to equilibrate for 30 minutes. Cells 

were then incubated with eqKRB+ containing the appropriate agents for 30 minutes. Cells 

were washed twice with PBS-. Cells were then scraped in immunoprecipitation buffer [50 

mM Tris-HCl (pH 7.4), 2mM EOTA, 2mM EDTA, 1 mM dithiothreitol, 10 ).lg/mL 

aprotinin, 10 ).lg/mL leupeptin, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride 

hydrochloride, 1% Triton-X 100] and disrupted by sonication. 50 ).lL of lysate were used 

to determine protein concentration prior to immunoprecipitation of equal protein 

amounts. Lysates were precleared with protein-NO PLUS agarose (SC-2003; 1:250) and 

PKD was immunoprecipitated using Cell Signaling total PKD antibody alone followed 

by incubation with protein-NO PLUS agarose (1:250) at 4°C. Immunoprecipitates were 
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washed twice, resuspended in 30 ).lL of kinase buffer [30 mM Tris-HCl (pH 7.6), 10 mM 

MgClz, 1 mM dithiothreitol] and incubated with 2.5 Jlg/mL syntide-2, 100 JlM ATP, and 

10 J.LCi [y_32P]ATP at 30°C for 10 minutes. Reactions were terminated by the addition of 

350 mM H3P04(final concentration) and were spotted onto P-81 paper. Finally, the P-81 

papers were washed in 75 mM H3P04 and dried overnight. The radioactivity was 

quantified using an LS 6500 scintillation counter (Beckman Coulter, Inc., Fullerton, CA). 

Adenovirus 

Adenovirus vectors containing recombined constructs were made using the 

protocol pioneered by Dr. Bert Vogelstein and colleagues (131). In short, PKD constructs 

obtained from Dr. Alex Toker were freed from pcDNA3 using Xhol and BamHI, and the 

pAdTrack-CMV shuttle vector was opened with Xhol and Bglii. PKD and pAdTrack

CMV were ligated together using T4 ligase. The resulting plasmids were linearized with 

Pmel and electroporated into BJ5183 cells as per the manufacturer's instructions. These 

cells were grown overnight in LB broth containing kanamycin as a selection agent. The 

cells were then lysed, and the plasmid DNA was isolated using Qiagen mini-preps and 

tested for recombination by restriction digest with Pacl (positive clones exhibited the 

following banding patterns: either a 4.5kb and 35kb band, or a 3kb and 35kb band). 

Positive clones were then chemically transformed into XLIOGold cells per the 

manufacturer's instructions, and DNA was isolated as above. The resulting DNA was 

then transfected via Lipofectamine (using the manufacturer's protocol) into Ad-293 cells 

expressing viral proteins E1 and E3, allowing the virus to be packaged. The virus was 
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isolated and purified as follows. Cells harbouring virus were deemed ready for harvest 

when at least 70% of the cells exhibited cytopathic effects. Cells were scraped into the 

same media and centrifuged at 6000 rpm for I 0 minutes. All but 2mL of the supernatant 

was removed and reserved. The pellet was then subjected to repeated freeze-thaw cycles 

in liquid nitrogen, and then centrifuged as above. This supernatant was also reserved. 

Viral particles were then purified from supernatants using the Stratagene kit, eluted into 

virus storage buffer [20mM Tris/HCI, 25mM NaCJ, 2.5% glycerol (w:v), pH 8.5], stored 

at -80°C, titered using fluorescence after a 10 minute incubation at 60°C with 0.1% SDS, 

and then optimized for experiments by incubating various volumes with primary bovine 

AG cells to ensure maximal infection efficiency with minimal cytotoxic effects. 

Adenovirus Infection 

Virus-packaged constructs (pAdTrack-CMV, PKDwt or PKDSer7JBn4ZAia) in 

complete serum-free media were added to primary bovine AG cells on the second day of 

culture for 4 hours .. Cells not treated with virus were also incubated for 4 hours with 

complete serum-free media containing virus storage buffer to control for possible osmotic 

effects. The media was then removed and replaced with complete serum-free media for 

20 hours, after which the AG cells were preincubated with eqKRB+ for 30 minutes. After 

a one hour treatment with or without Angii, the cells were processed for western blotting 

and Aldo assays performed as above. PKD overexpression was verified by western 

blotting with the total PKD antibody and normalized with ERK -112 total levels. 

Aldosterone secretion was also normalized to total protein levels. 
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Statistical Analysis 

The significance of differences between mean values was determined using 

analysis of variance (AN OVA) with a Newman-Keuls post-hoc test, as performed by the 

program Prism (GraphPad Software, San Diego, CA). 



Chapter 3. Results 

Angll and PMA Induced Aldo Secretion and PKD Activity 

As mentioned above, we were interested in the ability of Angll and other Aldo 

secretagogues to activate PKD in primary AG cells. Thus, AG cells were treated with or 

without lOnM Angll, lOOnM phorbol12-myristate 13-acetate (PMA), 15mM K+, or 

lOnM ACTH, and then reserved the supernatants for determination of Aldo secretion, 

scraped the cells· into lysis buffer and processed them for western blotting as above. The 

various agents' ability to elicit Aldo secretion and PKD Ser910/916 phosphorylation 

(pPKDs910
) were tested after 30 minute incubations. We observed that all of the agents 

induced Aldo secretion (Fig. 1). Interestingly, Angll, but not K+ and ACTH, induced 

phosphorylation of PKD (Fig. 2B). PMA was used as a positive control because of its 

ability to activate PKD through either Cl domain-dependent binding and/or activation of 

upstream kinases that then phosphorylate PKD Ser738174:2 (30, 31)]Similar experiments 

with Angll and PMA in H295R cells and obtained similar results (Fig. 3B). 
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Figure 1. Angll, elevated K'", PMA and ACTH stimulated Aldo secretion in primary 

bovine AG cells. Cultured AG cells equilibrated with eqKRB+ for 30 minutes were 

treated with KRB+ with or without JOnM Ang II, 15mM K'" (NaCl in the KRB+ was 

replaced isoosmotically with KCl), JOOnM PMA or JOnM ACTHfor 30 minutes and 

Aldo assays were peiformed on the supernatant as in Methods. Results are expressed 

as fold over control and represent the means ± SEM from 4 experiments peiformed in 

duplicate; *indicates p<0.05 versus control, **indicates p<O.Ol versus control. 
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Figure 2. Angll and PMA, but not K: and ACTH, increased pPKDSer9IO 

immunoreactivity in primary bovine AG cells. Cultured AG cells equilibrated with 

eqKRB+ for 30 minutes were treated with KRB+ with or without JOnM Ang ll, 15mM 

r (NaCl in the KRB+ was replaced isoosmotically with KCl), JOOnM PMA or JOnM 

ACTH for 30 minutes and.then scraped into lysis buffer as in Methods. Immunoblot 

analysis was performed on the resulting lysates using antibodies directed against 

pPKD910
• Panel (A) illustrates a representative experiment and panel (B) shows the 

quanti tat ion of multiple experiments in which P KD serine 910 phosphorylation 

(pPKDs910
) was normalized using actin. Values represent the means± SEM from at 

least 3 experiments; *indicates p<0.05 versus control. 
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An gil Persistently Activa(ed PKD 

Because the persistence of PKD activation is the basis of an IVK and could thus 

also play a role in Angii-induced priming, the ability of PKD to remain active after 

removal ofthe original stimulus was tested. To confirm this attribute of PKD, AG cells 

were incubated with or without IOnM Angii for 30 minutes, washed 3 times with 

eqKRB+, and then the media of the An gil-treated cells was replaced with eqKRB+ for 

another 30.minutes (AII:::>eqKRB"'). Some of the samples (eqKRB+=>AII) were incubated 

with eqKRB+ alone for the first 30-minute period and then washed 3 times and incubated 

with IOnM Angii for the final 30 minutes, while some were held in eqKRB+, washed 3 

times, and then incubated in eqKRB+ alone (eqKRB+:::>eqKRB+). AII=>eqKRB+ samples 

retained PKD activity (4.1 ± 0.83 fold over control), as monitored using pPKDs910 (Fig. 

4), supporting the persistence of PKD activation. Because PKD activity was retained 

after the Angii stimulus was washed out, we felt confident in using the in vitro kinase 

assay. Cells were treated with or without IOnM Angii or lOOnM PMA for 30 minutes 

and processed for in vitro kinase assay as above. We observed that Angii elicited a 2 ± 

0.28-fold increase in PKD activity, in accord with the 1.9 ± 0.22-fold increase in the 

positive control PMA (Fig. 5). 



Figure 3. Angll and PMA stimulated pPKDse'910 in H295R cells. Cultured H295R 

cells equilibrated with eqKRB+ for 30 minutes were treated with eqKRB+ with or 

without JOnM Ang 11, 15mM r, or JOOnM PMAfor 30 minutes and immunoblot 

analysis was performed on celllysates of H295R cells treated as in Figure 2. Panel 

(A) illustrates a representative experiment and panel (B) shows the quantitation of 

multiple experiments in which pPKD5910 immunoreactivity was n01malized using 

actin. Values represent the means ± SEM from 4 experiments performed in duplicate; 

*indicates p<0.05 versus control. 
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Figure 4. PKD activity was retained for 30 minutes after removal of Angll. 

Cultured AG cells equilibrated with eqKRB+ for 30 minutes were treated with eqKRB+ 

with or without 1 OnM An gil for 30 minutes. Samples were then washed 3 times with 

eqKRB+. eqKRB+was then added to the Ang//-treated or -untreated samples, while 

An gil was added to another set of untreated samples for another 30 minutes. 

Immunoblot analysis was perfonned on celllysates of AG cells as in Figure 2. Panel 

(A) illustrates a representative experiment and panel (B) shows the quantitation of 

multiple experiments in which pPKDs910 immunoreactivity was nonnalized using 

actin. Values represent the means ± SEM from 7 experiments perfonned in duplicate; 

*indicates p<0.05 versus control. 
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Figure 5. Invitro kinase assay indicated PKD was activated by Angll and PMA, 

but not elevated K'". Cultured AG cells equilibrated with eqKRB+ for 30 minutes were 

treated with eqKRB+ with or without JOnM Ang 11, 15mM r, or JOOnM PMAfor 30 

minutes and then scraped into immunoprecipitation buffer. PKD was 

immunoprecipitated using totPKD antibodies and protein AIG agarose, and PKD in 

vitro kinase activity assay was performed as in Methods: Data represent means ± 

SEMfrom 5 experiments performed in duplicate; *indicates p<0.05 versus control. 
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Angll-Elicited PKD Activation was Concentration Dependent and Stable 

Increasing concentrations (0.1, 1, 10 and 100 !!M) of Angll increased pPKDSer9JO 

in a concentration-dependent manner (Fig. 6B). In addition, acute Angll-dependent and 

PMA-dependent PKD action was observed to be rapid and stable up to 30 minutes [5, 15 

and 30 minutes (Fig. 7, Fig. 8)]. The acute ability of Angll and PMA to activate PKD 

was also observed in H295R cells, with increased Ser910 phosphorylation at 5, 15 and 30 

minutes (data not shown). 

The Angll AT-I Receptor Mediated PKD Activation 

We were also interested in identifying possible upstream mechanisms of Angll

stimulated PKD activation. Bovine AG cells are known to express both the Angll AT-1 

and the AT-2 receptors. Aldo secretion is known to be positively regulated by the Angll 

AT-1 receptor, while the AT-2 receptor seems to have little effect. The AT-1 antagonist 

(Cand, 10 !!M) inhibited, while the AT-2 antagonist (PD123,319, 10 !!M) showed no 

effect on Angll-inhibited Aldo secretion (Fig. 9). We then tested the ability of Cand and 

PD123,319 to block Angll-elicited PKD activation. It was observed that Cand, but not 

PD123,319, could block Angll-induced pPKD'910 (Fig. lOB). 

Angll-stimulated PKD Activity was Independent of Tyrosine Kinases 

In addition to functioning by binding to the AT-1 and AT-2 receptors, Angii can 

signal through activation of tyrosine kinases, either by transactivation of the EGF 

receptor (132) or through NADPH oxidase (NOX) signaling (110, 133). Indeed, as 



Figure 6. Ang II activated PKD in a dose-dependent manner. Cultured AG cells 

equilibrated with eqKRB+ for 30 minutes were treated with or without eqKRB+ 

containing 0.1, 1, 10, or 100nM Ang llfor 30 minutes, and immunoblot analysis was 

performed on celllysates as in Methods, using antibodies directed to pPKDs910
• 

Results are expressed as pPKDs910 immunoreactivity normalized using actin. Values 

represent means ± SEM from 4 experiments performed in duplicate; *indicates 

p<0.05 versus control, **indicates p<0.01 versus control. 
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Figure 7. Ang II-stimulated activation of PKD was rapid and stable up to 30 

minutes. Cultured AG cells equilibrated with eqKRB+ for 30 minutes were treated 

with or without eqKRB+ containing 1 OnM An gil for either 5, 15 or 30 minutes, and 

immunoblot analysis was performed on celllysates as in Methods, using antibodies 

directed to pPKD910
• Results are expressed as pPKDs910 immunoreactivity normalized 

using actin. Values represent means ± SEM from 4 experiments performed in 

duplicate; *indicates p<0.05 versus control, **indicates p<0.01 versus control. 
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Figure 8. PMA activation of PKD was rapid and stable up to 30 minutes. Cultured 

. AG cells equilibrated with eqKRB+ for 30 minutes were treated with or without 

eqKRB+ containing JOOnM PMAfor either 5, 15 or 30 minutes, and immunoblot 

analysis was peiformed on celllysates as in Methods, using antibodies directed to 

pPKD910 
•• Results are expressed as pPKDs910 immunoreactivity normalized using 

actin. Values represent means ±SEMfrom 4 experiments peiformed in duplicate; 

*indicates p<0.05 versus control. 



45 

* 
* 

* 

con 5'PMA MA 



Figure 9. Candesartan, but not PD123,319, inhibited Angll-stimulated A/do 

Secretion. Cultured AG cells equilibniied with eqKRB+ for 30 minutes were 

pretreated with eqKRB+ containing no addition, JOjiM candor JOjiM PD123,319 for 

30 minutes. Cells were then treated with or without JOnM Ang II in the presence or 

absence of the agents as indicated for another 30 minutes, and Aldo assays were 

performed on the supernatants. Data represent means ± SEM from 3 experime'!ts 

performed in duplicate; *indicates p<0.05 versus control, t indicates p<0.05 versus 

Ang II alone orAng II plus PD123,319. 
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Figure 10. Candesartan, but not PKD123,319, inhibited Angll-induced PKD 

activity. Cultured AG cells equilibrated with eqKRB+ for 30 minutes were pretreated 

with eqKRB+ containing no addition, JOpM candor JOpM PD123,319 for 30 minutes. 

Cells were then treated with or without 1 OnM Ang II in the presence or absence of the 

agents as indicated for another 30 minutes, and (A and B) immunoblot analysis was 

performed on the celllysates. Panel (A) illustrates a representative experiment and 

panel (B) shows the quantitation of multiple experiments in which pPKD5910 was 

normalized using actin. Data represent means ± SEM from at least 3 experiments 

performed in duplicate; *indicates p<0.05 versus control, t indicates p<0.05 versus 

Ang II alone orAng 11 plus PD123,319. 
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shown previously (134), Angii-elicited Aldo secretion was observed to be decreased by 

the tyrosine kinase inhibitor tyrphostin 23 (Fig. 11). In addition, the tyrosine kinases Src 

and Abl have been observed to mediate Tyr463 phosphorylation of PKD, resulting in 

increased activation and thus pPKDs910 immunoreactivity ( 47, 85, 135). In order to test 

the hypothesis that PKD is activated by Angii-stimulated tyrosine kinases, we tested the 

ability of the tyrosine kinase inhibitor tyrphostin 23 to inhibit PKD activity. We 

observed that tyrphostin 23 was unable to significantly inhibit Angii-stimulated 

pPKDs910 immunoreactivity (Fig. 12B). Treatment with the tyrosine kinase inhibitor 

genistein (Fig. 13) confirmed this: PKD activation was not dependent upon by tyrosine 

kinase activity in Angii-treated AG cells. 

Inhibitors Had No Effect on Chronic Aldo Secretion 

In order to verify that the pharmacological agents used in this section were 

affecting acute Aldo secretion, rather than mediating cytotoxic effects, we stimulated 

antagonist -pretreated primary bovine AG cells were stimulated to secrete using the water 

soluble cholesterol analog 22(R)-hydroxycholesterol [22(R)-OH-Chl]. This agent 

bypasses the acute signaling mechanisms crucial for cholesterol transport from the lipid 

droplets to the mitochondria. Thus, inhibition of 22(R)-OH-Chl's secretory capacity 

would indicate that the agents are affecting cell health. We observed that Cand, 

PD123,319 and tyrphostin 23 had no effect on 22(R)-OH-Chl-induced Aldo secretion 

(Figl4).-



Figure 11. Tyrphostin 23 inhibited Angll-stimulated Aldo secretion. Cultured AG 

cells equilibrated with eqKRB+ for 30 minutes were pretreated with eqKRB+ 

containing no addition, I JiM, IOJ.iM or IOOJ.iM tyrphostin23 for 30 minutes. Cells 

were then treated with or without IOnM Ang II with the indicated concentrations of 

tyrphostin23 for another 30 minutes, and A/do assays were performed on the 

supernatants. Data represent means ± SEM from 3 experiments performed in 

duplicate; *indicates p<0.05 versus control. 



·c 
0 

i 
::I 

a~ ·E 
·c ·-f!1;; 
Gl-

'lii< 
0 -co 

.<( ... 
·c 
'Gl 
u .... 
G) 

a. 

49 

1 



Figure 12. Tyrphostin 23 had no effect on An gil-stimulated PKD activity. Cultured 

AG cells equilibrated with eqKRB+ for 30 minutes were pretreated with eqKRB+ 

containing no addition, lfJM, IOflM or IOOflM tyrphostin23 for 30 minutes. Cells 

were then treated with or without I OnM Ang II with the indicated concentrations of 

tyrphostin23 for another 30 minutes, and (A and B) immunoblot analysis was 

performed on the celllysates using anti- pPKDs910
• Panel (A) illustrates a 

representative experiment and panel (B) shows the quantitation of multiple 

experiments. Data represent means ± SEM from 4 experiments performed in 

duplicate; *indicates p<0.05 versus control. 
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Figure 13. Genistein had 110 effect on Angll-stimulated PKD activity. Cultured AG 

cells equilibrated with eqKRB+ for 30 minutes were pretreated with eqKRB+ 

containing no addition, I JiM, IOJ.!M or JOOJ.!M genistein for 30 niinutes. Cells were 

then treated with or without 1 OnM Ang li with the indicated concentration of 

genistein for another 30 minutes, and western blot was performed on the celllysates. 

A representative immunoblot of 2 experiments is illustrated. 
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Our results indicated that Angii activated PKD via an AT -1 receptor-dependent 

mechanism. Since AT -1 receptors are responsible for Aldo secretion, we next wished to 

determine the effect of genetically manipulating PKD activity on Aldo production. 

PKD Restrained Angll-stimulated Aldo Secretion 

In order to determine the optimal number of viral particles with which to infect 

primary AG cells to result in the lowest cytotoxicity with greatest construct expression, 

AG cells were incubated with 0.05, 0.5, 1, 5, or 10J.1L of construct-containing adenovirus 

as in the Methods. GFP expression and cytotoxic effects (monitored by changes in 

morphology) of the AG cells were then observed using confocal microscopy. Western 

blots were also performed using anti-total PKD. By this method, we determined that an 

MOl of 90 for pAdTrack-CMV, 68 for PKDwt, and 106 for PKDs73sn42
A provided optimal 

infection with minimal toxic effects. lmmunoblotting on primary bovine AG celllysates 

infected with the viruses confirmed overexpression of PKD constructs (Figs. 15 and 16). 

To determine the potential role for PKD in Aldo secretion, virus-infected cells 

were treated with or without lOnM Angii for one hour (to enhance the effects ofthe 

constructs on Aldo secretion). Interestingly, the PKDw'-overexpressing cells exhibited 

attenuated Aldo secretion (Fig. 17). In contrast, PKDs738n42
A -overexpressing cells 

showed increased Angii-elicited Aldo secretion (Fig.18). Because Angii-treated vector 

expressing cells showed reduced (59.6 ± 6.85%) Aldo secretion compared with Angii

treated mock-infected cells, we tested the ability of viral constructs to affect 22(R)-OH

Chl-stimulated Aldo secretion. Also, this experiment should indicate whether or not 
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overexpression of PKD affects acute An gil-signal related events or chronic effects such 

as CYP11B2 or StAR expression or zonal identity. Infection with vector, PKDwt and 

PKDs73sn42Aconstructs had no effect on 22(R)-OH-Chl-induced Aldo secretion (Fig.19), 

indicating a lack of toxicity resulting from adenovirus infection. Thus, these data suggest 

that the role of PKD in primary bovine AG cells is to restrain acute Angii-stimulated 

Aldo secretion, like! y through inhibitory effects on Angii signaling events. 



Figure 14. Pharmacological agents Jzad no effect on22-R-Izydroxyclzolesterol (H)

stimulated Aldo secretion. Cultured AG cells equilibrated with eqKRB+ for 30 

minutes were pretreated with or without JOjiM cand, JOjiM PD123-319, or JOOjiM 

Tyr for 30 minutes, and then treated with or without 25J1M R in the presence or 

absence of these agents as indicated. Aldo assays were then performed on the 

supernatant. Data represent means ± SEM from 3 experiments performed in 

duplicate; *indicates p<0.05 versus control, **indicates p<O.OJ versus control, 

***indicates p<O.OOJ versus control. 
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Figure 15. Adenovirus induced overexpression of PKDwt in adrenal glomerulosa 

cells. Cultured AG cells were incubated with vehicle (mock infected) or adenovirus 

expressing pAdtrackCMV (vector) or P KDwt constructs on day two of culture for 4 

hours. The supernatant was removed, and was replaced with serum-free medium. 20 

hours later the serum-free media was replaced with ,9KRB+ for 30 minutes, and then 

cells were treated either with or without lOnM Angllfor one hour, and (A and B) 

immunoblot analysis was peifonned on the eel/lysate to verify PKD overexpression 

and adenovirus infection via GFP immunoreactivity. Panel (A) illustrates a 

representative experiment and panel (B) shows the quantitation of multiple 

experiments in which totPKD was nonnalized using p42/p44 MAPK. Data represent 

means ± SEM from 3 experiments peifonned in duplicate; *indicates p<0.05 versus 

control. 
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Figure 16. Adenovirus induced overexpression of PKD5738174
2A in adrenal 

glomerulosa cells. Cultured AG cells were incubated with vehicle (mock infected), 

adenovirus expressing pAdtrackCMV or PKD5738174
2A constructs on day two of culture 

for 4 hours. The supernatant was removed, and was replaced with serum-free 

medium. 20 hours later the serum-free medium was replaced with eqKRB+ for 30 

minutes, and then cells were treated either with or without 1 OnM An gil for one hour, 

and (A and B) immunoblot analysis was performed on the cell lysate to verify PKD 

overexpression and adenovirus infection via GFP immunoreactivity. Panel (A) 

illustrates a representative experiment and panel (B) shows the quantitation of 

multiple experiments in which totP KD was nonnalized using p42/p44 MAP K. Data 

represent means ± SEM from 3 experiments perfonned in duplicate; *indicates 

p<0.05 versus control. 
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Figure 17. Overexpressed PKDw1 inhibited Angll-induced Aldo secretion in 

primary AG cells. Cultured AG cells were incubated with vehicle (mock infected) or 

adenovirus expressing pAdtrackCMV or P KDwr constructs on day two of culture for 4 

hours. The supernatant was removed, and was replaced with serum-free medium. 20 

hours later the serum-free medium was replaced with eqKRB+ for 30 minutes, and 

then cells were treated either with or without 1 OnM An gil for one hour. Supernatants 

were removed and analyzed for Aldo secretion, which was normalized to protein 

levels. Data represent means ± SEM from 3 experiments performed in duplicate; 

*indicates p<0.05 versus control. 
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Figure 18. Overexpressed PKDS?JBfl42
A stimulated Angll-induced Aldo secretion in 

primary AG cells. Cultured AG cells were incubated with adenovirus expressing 

pAdtrackCMV or PKDS?J8fl42A constructs on day two of culture for 4 hours. The 

supernatant was removed, and was replaced with serum-free medium. 20 hours later 

the serum-free medium was replaced with eqKRB+ for 30 minutes, and then cells were 

treated either with or without 1 OnM Angll for one hour. Supernatants were removed 

and analyzed for A/do secretion, which was normalized using protein levels. Data 

represent means ± SEM from 3 experiments performed in duplicate; *indicates 

p<0.05 versus control. 
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Figure 19. Overexpressed empty vector, PKD"1
, or PKDs7381742

A had no effect on 

22(R)-hydroxycholesterol (22R)-stimulated Aldo secretion. Cultured AG cells were 

incubated with vehicle (mock infected), or adenovirus expressing pAdtrackCMV, 

P KDw1 or P KD5738174
2A constructs on day two of culture for 4 hours. The supernatant 

was removed, and was replaced with serumjree medium. 20 hours later the SF media 

was replaced with eqKRB+ for 30 minutes, and then cells were treated either with or 

without IOJ.IM 22Rfor one hour. PKD overexpression was confinned by western 

analysis (data not shown). Supernatants were removed and analyzed for Aldo 

secretion, which was nonnalized to protein levels. Values reported were observed to 

be approximately 210jold over untreated (no 22-R) controls. Data represent means± 

SEM from 3 experiments perfonned in duplicate. 
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Chapter 4. Comprehensive Discussion 

Angll and PKD Activation 

Angii elicits PKD activation not only in VSMCs, intestinal epithelial cells, and 

neonatal rat cardiomyocytes, but also in H295R adrenocortical carcinoma cells (43, 48, 

52, 127, 128). As An gil is the most important physiological activator of Aldo secretion, 

we felt it logical to confirm that Angll elicited PKD activation in the primary AG cell 

system, as well as begin to describe the signaling pathways involved in that activation 

and finally to determine if PKD does, in fact, have a role in Angll-elicited acute Aldo 

secretion. Other evidence supported our idea to investigate Angll's effect on PKD in 

primary AG cells. For example, we had observed that H295R cells overexpressing PKD 

constructs showed reduced Aldo secretion in response to phorbol ester treatment 

(unpublished results). Also, Bureik eta!. observed that Go6976 was unable to modulate 

conversion of deoxycorticosterone (DOC) to Aldo in V79 cells stably expressing 

CYP11B2 (136), and similarly we observed no effect of Go6976 on acute Angll-induced 

Aldo secretion (unpublished results), although elevated K+ level-elicited Aldo secretion 

was inhibited by Go6976 (11). These observations suggest the presence of more than one 

kinase downstream of Angll: one that facilitates acute Aldo secretion (possibly cPKC) 

and one that inhibits acute Aldo secretion (possibly PKD). Here we report that Angll, 

but not elevated K+ or ACTH, stimulated PKD activation in primary bovine AG cells. 

This activation was observed to be dose-dependent, AT-1 receptor-mediated and AT-2 
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receptor-and tyrosine kinase-insensitive. Last, we report that the function of PKD is to 

downregulate acute Angll-stimulated Aldo secretion. 
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Our results support some, and seem to refute other observations made by 

laboratories studying PKD and Angll signaling. For example, several groups have 

observed that the Aldo secretagogue, Angll, stimulated PKD activation in various cell 

types (43, 48, 52, 92, 127, 128). In agreement with these observations, we observed that 

Angll elicited maximal PKD activation after 5 minutes, and this activation was stable for 

up to 30 minutes. Also, we observed that the Aldo secretagogues, elevated K+ and 

ACTH, had no effect on PKD activity (to our knowledge no other laboratory has reported 

this). We also report that PKD activation was mediated through Angll binding to the 

AT-1 receptor, as Cand, but not PD123,319, blocked Angll-stimulated PKD activation. 

This result was similar to that obtained by Tan eta!., who observed inhibition of PKD 

with losartan AT-1 receptor-blockade, while PD123,319 exerted no effect in rat VSMCs 

(52). Moreover, we observed that PKD activation by Angll is independent of tyrosine 

kinase signaling, as neither tyrphostin 23 nor genistein had a significant effect on Angll

induced PKD activation. This result was unexpected, as we hypothesized that Angll 

would activate tyrosine kinase signaling, through transactivation of the EGF receptor 

(132), or through NOX signaling as in VSMCs (133), which would then activate PKD 

through Src/Abl dependent-Tyr463 phosphorylation (47, 76, 85, 137-139). Last, and most 

controversially, we identified PKD as a negative modulator of acute Aldo secretion in 

response to Angll. · This is evidenced by the fact that PKD wt overexpression 

downregulated Angll-stimulated Aldo secretion, and PKDs7381742
A (dominant negative) 
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mutant overexpression increased Angll-stimulated Aldo secretion. The fact that 22-R

OH-Chl-induced Aldo secretion was unaffected by either vector, PKDwt or PKD5738n4
2
A 

constructs not only indicated that viral infection of AG cells induced no cytotoxicity but 

also reinforced the idea that PKD's anti-secretory role occurs within the mechanism(s) of 

acute Aldo secretion (e.g., early signal events such as MARCKS or StAR 

phosphorylation). While these observations are the opposite of those reported by Romero 

et a!. and Chang et a!. reported, they are not necessarily incompatible, as discussed below 

(48, 92). 

Possible Roles of PKD in Aldo Secretion 

Other groups have provided evidence that PKD is activated by Angll in several 

cell types (43, 48, 92, 127, 128). Our results support this observation. However, Angll 

does not mediate Aldo secretion exclusively. Indeed, the fact that the other Aldo 

secretagogues, elevated K+ and ACTH, do not activate PKD, opens the possibility that 

PKD may have some other function in Angll-stimulated glomerulosa cells. Much has 

been published on Angll's effects unrelated to Aldo secretion in AG cells as well as other 

cells (107-109, 115, 116, 140-143). And as mentioned repeatedly in the Introduction, 

PKD has been linked to many different cell processes. Thus, PKD could modulate one of 

the other cellular effects of Angll. 

The conclusion that Romero et a!. and Chang et a!. make, based on their 

observations, is that PKD activation is directly tied to Aldo secretion. This may be true 

in terms of chronic Angll effects on steroidogenesis, recalling that Angll-induced StAR, 
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CYP11A1 and CYP11B2 transcription is CREB-dependent (19), and PKD can directly 

phosphorylate CREB and induce transcription (105). In fact, testing PKD's role in terms 

of chronic effects-of Angll on CREB activity would be an excellent avenue of research to 

solidify PKD's role in Aldo secretion. However, our assumption is that Angll-induced 

PKD activation may have pleiotrophic effects on primary AG cell physiology, including, 

perhaps, an ability to mediate An gil's growth effects. 

Angll has been observed to induce proliferation in bovine AG cells (144). For 

example, Angll signals rat adrenal cells to proliferate in a MAPK-dependent manner 

[reviewed in (14)]. PKD has also been implicated in MAPK signaling by many groups 

(84, 97, 145-147). Perhaps a pro-proliferative role for PKD upon acute Angll 

presentation occurs at the expense of Aldo secretion. Also, Angll activates the 

protooncogene c-Fos in VSMC. This induction of c-Fos appears to be PKC-dependent 

(115), and recently bombesin-activated PKD2 has been determined to be involved in 

generating c-Fos accumulation ( 67). Thus, it is reasonable to place PKD in a signaling 

cascade resulting in activated c-Fos (67) in adrenal glomerulosa cells. The result of 

PKD-induced activation in AG cells may therefore be to induce proliferation. Thus, the 

next logical set of experiments we intend to perform is to examine the effect of Angll

stimulated PKD signaling on proliferation as monitored by eHJthyrnidine incorporation 

into DNA, in PKDwt_ or PKDs738n42
A -transduced primary AG cells treated with An gil. 

We would anticipate that, if PKD was indeed pro-proliferative in AG cells as it is in KCs 

(33), cells overexpressing PKDw' would show enhanced [~]thymidine incorporation in 
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response to Angll treatment, while the PKDs738174
2A -transduced cells would exhibit 

reduced eH]thymidine incorporation, compared to Angll-treated vector transduced cells. 

Other evidence placing PKD in a MAPK-cell growth pathway is the finding that 

inhibition of PKD blocks VEGF-elicited ERK and bovine aortic endothelial cell 

proliferation (118), as well as c-Fos accumulation and DNA synthesis in Swiss 3T3 cells 

(124). Furthermore, PKD could act by phosphorylating, and thereby altering, MARCKS 

function. There is support for this theory as well: PKD antisense oligonucleotide 

constructs reduce MARCKS phosphorylation in rat lung microvascular endothelial cells 

(100). Other groups claim that Angll has a role in cell hypertrophy. For example, Otis 

and colleagues observed in rat glomerulosa cells that Angll increases cell hypertrophy 

after 3 days (116). ERKl/2 and p38 MAPK, as well as Rho GTPases, can modulate this 

function (116). Some groups have placed PKD downstream of Rho signaling (44, 112, 

148-151); for example, Rho is required for PKD activation in fibroblasts (151). Also, 

Iwata and colleagues observed that Angll activated PKD in rat neonatal cardiomyocytes 

(128), and constitutively active PKD constructs increased the size of these cells and 

turned on an embryonic pattern of gene expression ( 128). Perhaps, then, one of PKD's 

true functions in AG cell is to promote hypertrophy. 

Another role for PKD that could possibly counter Aldo secretion is its ability to 

rescue the cell from oxidative stress. It is known that Angll can stimulate oxidative stress 

through the generation or"the free radical 0 2.by NOX signaling (109). 0 2• is unstable and 

rapidly dismutates to H20 2, which can activate PKD in other systems (47, 85-90, 109, 

112, 152). Angll-stimulated NOX activity also activates NF-KB transcription (109). 
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Again, in some cells PKD is activated in order to induce NF-KB-stimulated MnSOD 

expression, decreasing ROS and resulting in cell survival (90). Thus, PKD-stimulated 

MnSOD could, in fact, block the downstream influence of Angll on NOX signaling 

resulting in a decrease in Aida secretion, similar to what we see in our PKDw' 

overexpressing cells (90). Moreover, overexpressing the dominant negative PKDs73sn42
A 

mutant would function then to upregulate Angll-influenced NOX signaling, and thus 

explain the upregulation of Aida secretion that we observed (110). 

In addition to PKD's role in NF-KB signaling and cell survival, PKD could 

perhaps mediate Angll-induced induction of JNK signaling for the same purpose. Angll 

has been reported to induce PLD activity resulting in c-Jun phosphorylation in 

hepatocytes (109). One could speculate, therefore, that the DAG signal generated by 

PLC or PLD in response to Angll (25, 26, 29) could activate PKD resulting in c-Jun 

transcriptional activity. Also, Angll-stimulated PKD activity could act to downregulate 

the process of Angll signaling until the aforementioned cell-survival mechanisms can be 

activated. Thus, at least two PKD-mediated pathways could ensure cell survival in 

response to the Angll signal-produced oxidative stress. 

Finally, PKD may be determinant in helping the glomerulosa cell choose its 

zonal fate. By analogy, Rainey and colleagues observed that the Src inhibitor PP2 

blocked the ability of Angll, elevated K+, and the cell-permeant cAMP analogue 

dbcAMP to stimulate Aldo secretion in H295R cells (138, 139). PP2 also downregulated 

dibutyryl cAMP-induced cortisol secretion. Interestingly, the same compound increased 

DHEA secretion, as well as CYP17 mRNA levels in H295R cells (139). Thus, Src was 
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identified as a promoter of the glomerulosalfasciculata cell phenotype, such that its 

inhibition directed cells towards a reticularis phenotype (139). By extension, PKD could 

promote some other adrenal cortical phenotype, such as fasiculata or reticularis. One 

way of investigating this possibility is to overexpress PKDw', constitutively active or 

dominant negative PKD constructs, and then monitor cortisol and DHEA secretion, as 

well as CYPl!Bl and CYP17 mRNA levels. For example, ifPKD indeed directed cells 

towards a fasiculata cell fate, an increase in CYP11B 1 concurrent with overexpression of 

either PKDwt or constitutively active PKD would be expected. 

Comparison of Experimental Models of Aldo Secretion 

Our findings indicate that PKD is activated by Angll, but not K+ or ACTH, in 

primary bovine AG cells, and that this enzyme functions to reduce acute Aldo secretion 

in response to Angll. The work of two laboratories seemingly contradicts these 

observations, and thus the differences in the respective systems merit discussion (48, 92). 

The main results of both Chang eta!. (92) and Romero eta!. (48), that Angll-stimulated 

PKD induced Aldo secretion, were obtained using human PKD constructs introduced into 

a human cancer cell line. While introducing human DNA constructs into a human cell 

system is an excellent method to study a protein's role in cell biology, Chang eta!. (92) 

and Romero et a!. ( 48) performed their experiments in a cell line derived from a 

cancerous adrenocortical carcinoma. These cells are often de-differentiated (153) or 

subject to abnormal regulation of proliferation (154). In addition, while H295R cells can 

be stimulated by Angll to secrete Aldo under basal conditions, the cells appear to exhibit 
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minimal basal Aida synthase expression such that at least 60 minutes is required to 

measure detectable Aida secretion ( 130), making the H295R cell line a fine model for 

chronic, but not acute, Aida secretion. Interestingly, Chang and colleagues published data 

showing early (30 minute) induction in H295R cells of Angii-evoked Aida secretion that 

could be blocked by dopamine (92). We (unpublished results), and others (130), have not 

obtained significant Aida secretion by 30 minutes. This result could perhaps be due to 

this group's (92) use of a more sensitive Aida kit and (155) and/or cross-reactivity of the 

assay towards other steroids. 

Also, and in contrast to primary bovine AG cells, H295R cells exhibit 

constitutively active AKT/PKB signaling (156). While two other studies indicate that 

PKD does not interact with AKT/PKB in glucose transport or in IGF-1-induced migration 

and invasion, it is possible that PKD signaling is somehow coupled to AKT/PKB in 

H295R cells (97, 157), possibly influencing Aida secretion (and explaining the disparity 

between the results found in H295R and our results in primary bovine AG cells). Perhaps 

with AKT constitutively activated, PKD is freed from its proproliferative role in H295R 

cells, but not primary AG cells. On the other hand, the PKD activation studies showing 

enhanced PKDSer916 phosphorylation were performed in actual human adrenal 

adenomas, suggesting a link between PKD and that pathology, i.e., possibly growth 

and/or glomerulosa cell-type differentiation (92). 

In contrast to the studies performed by Romero et a!. ( 48) and Chang et a!. (92), 

who used the H295R cancer cell line, we employed primary bovine AG cells as our 

model. Primary cultures of adrenal glomerulosa cells, such as the ones isolated in the 
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Bollag laboratory, naturally express an Aldo synthase activity at high levels such that 

Angll-elicited Aldo secretion can be measured within minutes. The early events of 

steroidogenesis occur in this time period: cholesterol esters are transported from lipid 

droplets to the inner leaflet of the inner bilayer of the mitochqndria (12, 125, 126). Thus, 

primary bovine AG cells are an excellent model with which to investigate PKD activation 

and acute Aldo synthesis after Angll treatment. The adenovirus model of overexpression 

has its own caveats, as infecting any cell with adenovirus may change its overall ability to 

function. However, infection of AG cells with the adenovirus vector containing GFP 

alone still allowed for Aldo to be secreted, although at a somewhat reduced rate (data not 

shown), suggesting that the model, while not optimal, is still valid. Indeed, adenovirus 

infection did not result in cytotoxicity, since 22(R)-OH-Chl stimulated similar levels of 

Aldo secretion from infected. Another possible disadvantage to our system is that we 

overexpress human PKD constructs in bovine cells, We believe, however, that our model 

is reasonable in that there is a Bos taurus sequence in the NCB! database with 93% 

homology to human PKD (accession# XP612625). It is not impossible, though, that 

because the H295R cell line is derived from human cells, that it represents a better model 

with which to examine the role of human PKD in Aldo secretion. 

Conclusion 

In conclusion, this study showed that Angll activated PKD in primary bovine AG 

cells. PKD activation was mediated by AT-1 receptor, but not AT-2 receptor or tyrosine 
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kinase, signaling. Finally, PKD activation functioned, at least in a model of acute Aldo 

synthesis, to downregulate Aldo secretion. This work is important, as it challenges other 

studies implicating PKD in stimulating Aldo secretion, although the results are not 

necessarily incompatible, since these data from other laboratories support a role for PKD 

in chronic Angii-stimulated Aldo secretion. More importantly, this work supports a 

larger hypothesis that PKD is a multifunctional protein that is indispensable for cell 

health, for secretion, or for cell growth, as well as perhaps other cellular processes. Also, 

the study of PKD in Angii-induced cell processes is important. An gil-evoked 

hypertrophy in cardiac tissue can promote heart failure ( 128, 129), while An gil elicited 

proliferation of glomerulosa cells could increase overall serum Aldo levels over time, 

resulting in cardiac fibrosis and primary hypertension, as well as other pathologies (1, 3, 

20, 125, 158). Indeed, there is evidence that in the heart PKD can mediate Aldo-related 

cardiac fibrosis ( 158). Thus, PKD may contribute to the pathology of heart failure via 

multiple mechanisms. PKD could also have a role in detoxifying Angii-stimulated ROS 

signaling (47, 85-90, 107, 112, 141, 152). Continued research in the area ofPKD's 

involvement in Angii-induced cell signaling is necessary to further define the role of 

PKD in adrenal glomerulosa biology. 



Figure 20. Angll-stimulated PKD restrains acute Aldo secretion. Ang!I binds to the 

AT-1 receptor, initiating G-protein-coupled P1P2 cleavage resulting in Ca2+ and 

diacyglycerol (DAG) release. Also, Angll-AT-1 binding activates voltage dependent 

Ca2
+ channels, store-operated Ca2+ channels and/or Ca2

+ release-activated Ca2
+ 

channels. DAG alone activates nPKCs, while the influx of Ca2
+ and DAG activate 

cPKCs, both of which may activate PKD. PKD then negatively affects acute Aldo 

secretion through some unknown mechanism, perhaps by interfering with MARCKS 

[involved in translocation of the lipid droplet to the mitochondria (M1TO )] or StAR 

(mediates translocation of cholesterol from the outer to the inner M1TO membrane) 

phosphorylation events. PKD's action seems to occur upstream of side chain 

cleavage and hydroxylation events, as 22(R)-OH-Chl-stimulated Aldo secretion is 

unaffected by overexpression of PKD or dominant-negative PKD. PKD positively 

affects Ang!I-stimulated chronic Aldo secretion by upregulating CYP 11A1, CYP 11 B2, 

and/or StAR, as well as perhaps through other mechanisms. 
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