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Long-term stimuli of many systems leads to decreased cellular
responsiveness, or desensitization. We characterized the desensitization of
angiotensin II (Ang 11)-mediated inositol phospholipid (IP) hydrolysis in cultured
human aortic smooth muscle cells (HASMC). Although it has been suggested that
the desensitization induced by long-term Mg II exposure may result partially from
down-regulation of Ang II receptor, this is not sufficient to explain fully
desensitization in many systems. Post-receptor desensitization of IP hydrolysis
may also result from phosphorylation or changes in protein levels of the effector
enzyme, PLC-. We identified the major PLC-f isoenzymes expressed by
HASMC as PLC-Fl and PLC-3. Mg II pretreatment reduced IP accumulation
induced by Ang II (lp.M) in a time-dependent manner. Phorbol ester-12-
myristrate- 13-acetate (PMA), a protein kinase C (PKC) activator, also reduced
Ang Il-stimulated IP accumulation. These results suggest that PKC activation may
negatively regulate Ang Il-stimulated IP signaling in HASMC, similar to rat cells.
In addition, PKC also reduced IP accumulation stimulated by A1F4, directly
activating the G protein. It suggests that the majority of PKC-induced
desensitization of Mg TI-stimulated IP signaling occurs downstream of the Mg II
receptor in HASMC. However, both PLC-p 1 and PLC-3, expected candidates for
PKC phosphorylation, were phosphorylated independently of PKC activation or
inhibition, indicating that PKC might not be involved in direct phosphorylation of
PLC-1 and PLC-3. Furthermore, PLC-1, but not PLC-3, was highly
phosphorylated under basal conditions, suggesting that PLC-1 and PLC-3 may
play different roles in IP signaling in HASMC.
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REGULATION OF INOSITOL PHOSPHOLIPID HYDROLYSIS BY
EXTENDED TREATMENT WITH ANGIOTENSIN II IN HUMAN
AORTIC SMOOTH MUSCLE CELLS

1. INTRODUCTION

1.1 Angiotensin II

Angiotensin II (Mg II), an octapeptide hormone, is a direct vasoconstrictor

of arteries in the short term and a stimulus for vascular smooth muscle cell

hyperplasia and hypertrophy in the long term (reviewed by Griendling et al., 1996;

Helm etal., 1997; Kim and Iwao, 2000). Clinically, the stimulation of vascular

smooth muscle to hypertrophy is thought to underlie the development of

arteriosclerosis and the pathology of hypertension (Ushio-Fukai etal., 1998a,

Geisterfer etal., 1988; Berk etal., 1989). Physiologically, Mg II is derived from

angiotensinogen, a glycoprotein derived mainly from the liver and synthesized by

the liver as well as the kidney, heart, brain, vasculature and fat by the sequential

actions of proteolytic enzymes (Figure 1.1). Angiotensinogen is first catabolized to

Mg I, the biologically inactive decapeptide, by renin synthesized in the kidney

juxtaglomerular cells. Mg I is then catabolized by angiotensin converting enzyme

(ACE), which occurs in plasma, kidneys, brain, adrenal glands, ovaries, and

possibly other tissues (Johnston, 1992).





3

1.2 The signal transduction pathway of Angiotensin II

The primary effects of Ang II in vascular smooth muscle are mediated

through the Mg II type-i (AT 1) receptor, which is coupled to Gq-type

heterotrimeric guanine nucleotide-binding regulatory proteins (G protein) (Sasaki

etal., 1991, Griendling etal., 1997) (Figure 1.2). Although there are two major

classes of Ang II receptors, AT1 and AT2 (Timmermans etal., 1993), the AT1

receptor mediates virtually all the known Mg Il-mediated physiological actions in

cardiovascular, renal, neuronal, hepatic, and other cells. Thus, the AT 1 receptor is

a major target for drug design in the treatment of hypertension, congestive heart

failure, and cardiac hypertrophy (Timmermans et al., 1993). Structure-function

studies of the AT 1 receptor reveal that the carboxyl terminus (C-terminus) of

Mg II binds within the transmembrane domain and that Mg II and other peptides

may also be influenced by the extracellular domain of the receptor (Bihoreau et al.,

1993; Ji et al., 1994; Noda et al., 1995; Schambye etal., 1995).

After AT1 receptor stimulation, the inositol phospholipid-signaling pathway

is stimulated by Gctq/i 1 activation of phospholipase C (PLC) (Ushio-Fukai et al.,

1 998b). An activated PLC hydrolyzes phosphatidylinositol (4,5)-bisphosphate

[Ptdlns(4,5)P2, or PIP2] to two second messengers, inositol (1 ,4,5)-trisphosphate

[Ins(1,4,5)P3, or 1P3] and diacylglycerol, (DAG) (Ohyama et al., 1992). 1P3

releases calcium from calcium stores (endoplasmic reticulum) to increase levels of

intracellular calcium ([Ca2]i). Mg II also increases the entry of calcium into the
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cell through channels in the cell membrane (Spat et al., 1991). DAG promotes the

activation of protein kinase C (PKC) and calcium activates calcium calmodulin

(CaM) kinase through CaM activation. Both PKC and CaM kinase catalyze the

phosphorylation of proteins that ultimately regulate the Mg Il-induced cell

functions (Tsuda et al., 1993). Therefore, PKC and CaM kinases may also catalyze

the phosphorylation of proteins that regulate cell functions mediated by Mg II.

Figure 1.2 Schematic diagram ofAng 11-induced intracellular signaling
transduction pathway. The binding of Mg II to the AT1 receptor leads to the
dissociation of subunits of the G protein (Gq/11), which activates PLC to generate
two second messengers, DAG and 1P3 (Ohyama et al., 1992). 1P3 then releases
calcium from intracellular stores. Mg II also increases the entry of calcium into
the cell through channels in the cell membrane (Spat et al., 1991). Increased
[Ca2]i and membranous DAG activate enzymes, including PKC and CaM kinases
that catalyze the phosphorylation of proteins, which regulate cell functions affected
by Mg II (Tsuda et al., 1993).



1.3 Angiotensin Il-induced desensitization

In signaling transduction pathways, the rapid attenuation of responses,

including inositol phospholipid turnover, by prolonged or repeated application of

agonist (Lajat et al., 1998) is termed desensitization. Ang Il-induced

desensitization of inositol phospholipid signaling has been reported (Abdellatifet

al., 1991; Oppermann etal., 1996). Moreover, down-regulation of intracellular

components in receptor/G protein-coupled inositol phospholipid signaling, such as

heterotrimeric G-proteins (a, and ' subunits) and effectors (i.e. PLC-

isoenzymes), has been studied in many tissues including rat aortic smooth muscle

cells (Berridge and Irvine, 1984; Brock et al., 1985; Fisher, 1995; Ulan and Lianas,

1990; Lassegue et al., 1995). From these reports, it is expected that Mg Il-induced

inositol phospholipid signaling in human aortic smooth muscle cells (HASMC)

may also be desensitized by down-regulation of component(s) in the signaling

pathway.

1.4 Possible mechanisms for Angiotensin Il-induced desensitization

Among the possible mechanisms for Mg TI-induced desensitization in

inositol phospholipid signaling are; 1) decreases in the membrane levels of

receptors, such as AT 1 receptors, 2) deactivation of G protein transducers including



activation of guanosine triphosphatase (GTPase)-activating proteins (GAP), 3)

deactivation of effectors, such as PLC- enzymes, and/or 4) activation of

membrane signaling proteins which interfere in the agonist-induced signaling, i.e.

regulators of G-protein signaling (RGS) proteins and G protein-coupled receptor

kinase (GRK) (Berridge and Irvine, 1984; Fisher, 1995).

Because enzymatic activation or deactivation of proteins, such as the above-

listed proteins, is often a consequence of protein modifications (e.g.

phosphorylation), we are interested in the regulation of Ang Il-induced inositol

phospholipid signaling by PKC. PKC, one of the first activated enzymes following

inositol phospholipid hydrolysis, is a serine/threonine protein kinase that initiates a

phosphorylation cascade resulting in modification of activities for a variety of cell

signaling proteins. In fact, PKC has been implicated in a negative feedback loop in

inositol phospholipid signaling. Meszaros et al. (2000) verified that 10 mm-

pretreatment with a PKC activator, phorbol- 1 2-myri state- 13-acetate (PMA)

attenuated Mg Il-induced PLC- activity by approximately 25%, and depletion of

PKC activity by incubation with PMA for 18-20 hours amplified Mg Il-induced

PLC-3 activity in rat cardiac fibroblasts. Also, Huwiler etal. (1997) showed that

30 mm-pretreatment with a potent PKC activator, 12-O-tetradecanoylphorbol 13-

acetate (TPA) decreases ATP-stimulated inositol phospholipid signaling in

glomerular endothelial cells, and this inhibition was not observed in the cells

incubated with TPA for four hours. Longer-tenn pretreatment (10 to 48 hr) with

TPA to deplete PKC activity potentiated ATP-stimulated inositol phospholipid
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signaling. Therefore, it is assumed that PKC phosphorylates these components,

thereby altering their enzymatic activity, and induces desensitization of Mg II-

induced inositol phospholipid signaling.

1.5 Factors as a potential site for PKC-induced desensitization

1.5.1 AT1 receptors and G protein coupled receptor kinase (GRK)

One PKC substrate candidate is the AT1 receptor. There are many reports

suggesting that down-regulation ofATi receptors in membranes may be involved

in rapid agonist-induced desensitization (Oppermaim etal., 1996; Olivares-Reyes

etal., 2001; Smith et al., 1998; Balmforth et al., 1997; Thomas etal., 1998, Qian et

al., 1999). Down-regulation mechanisms of receptors have been studied

extensively for 2-adrenergic receptors (2AR). Down-regulation of the receptor

results from 1) the uncoupling of the receptor from heterotrimeric G proteins in

response to receptor phosphorylation (Bouvier et al., 1988; Hausdorff et al., 1989;

Lohse etal., 1990 a and b), 2) the internalization of cell surface receptors to

intracellular membranous compartments (Hermans et al., 1997; Trejo and Coughlin,

1999; Oakley etal., 1999; Anborgh etal., 2000), and 3) the down-regulation of the

total cellular complement of receptors due to degradation of receptors, reduced

receptor mRNA, and protein synthesis (Doss et al., 1981; Hadcock and Malbon



1988; Valiquette etal., 1990, 1995; Jockers et al., 1999; Pak et al., 1999). The

direct phosphorylation of the AT1 receptor, which may be involved in

desensitization, is likely mediated by two kinases, GRKs (Ishizaka et al., 1997;

Oppermann etal., 1996; Olivares-Reyes et al., 2001; Smith etal., 1998) and PKCs

(Balmforth etal., 1997; Smith etal., 1998; Thomas etal., 1998, Qian et al, 1999).

However, GRKs and PKCs phosphorylate different positions within the

serine/threonine-rich region of the C-terminus of AT1 receptors. The

phosphorylation sites are at Ser335 andlor Thr336 for GRKs (Smith et al., 1998) and

at Ser33' (Smith etal., 1998; Qian et al., 1999), the Thr332-Ser338 region (Thomas et

al., 1998), Ser338, and Ser348 (Qian et al, 1999) for PKCs. Interestingly, GRK2 and

GRK5, which are expressed in cultured vascular smooth muscle cells (Ishizaka et

al., 1997) are phosphorylated in vitro and within intact cells by PKC (Oppermann

etal., 1996, Chuang etal., 1995; Winstel etal., 1996; Pronin and Benovic, 1997)

suggesting that GRKs are phosphorylated and activated by PKC. According to

Winstel et al. (1996), PKC-mediated GRK2 phosphorylation may accelerate its

translocation to the membrane rather than its catalytic activity. However, PKC-

mediated GRK5 phosphorylation may attenuate its catalytic activity (Pronin and

Benovic, 1997). Phosphorylated AT1 receptors recruit arrestins to prevent further

interaction with the G proteins and lead to internalization and clathrin-coated pit-

dependent endocytosis (Ferguson, 2001; Goodman etal., 1996). From these

reports, it is postulated that PKC may phosphorylate AT1 receptors in a direct

and/or indirect maimer to attenuate phosphorylation and degradation ofATi



receptors. Furthermore, the desensitization of Ang Il-induced inositol phospholipid

signaling may partially result from the down-regulation of membrane levels of AT1

receptors.

1.5.2 Gproteins

Phosphorylation of the G protein as the second substrate candidate for PKC

phosphorylation also has been reported. G proteins, members of a superfamily of

GTPases, are essentially conserved in a variety of species and play many roles in

miscellaneous aspects of cell regulation (Gilman, 1995). The family of receptor-

coupled G proteins has a unique heterotrimeric composition, and there is structural

and functional diversity among each of the three components (a-, -, and y-

subunits) (Hepler and Gilman, 1992; Strathmann et al., 1989). Although it has

been reported that rat AT1 receptor binds various a subunits of heterotrimeric G

proteins (Gq, Gq/11, Gi/o, and G12/13) under differing conditions (Kai etal., 1996,

Macrez et al., 1997, Macrez-Lepretre et al., 1997, Ushio-Fukai et al., 1 998b), the

precise subunit to which a specific receptor couples may play different roles with

respect to the specific complement of signaling pathways through activated

effectors. In rat vascular smooth muscle cells, coupling of the AT1 receptor to

PLC is mediated by Gaq/1 1 and Ga12 (Timmermans etal., 1993, Kai et al., 1996,

Ushio-Fukai et al., 1998b). The phosphorylation of Gaq/11 leads to an increase in

binding to AT1 receptors and stimulates PLC- signaling in vascular smooth
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muscle (Ushio-Fukai etal., 1998b; Kai etal., 1996). Gaq/1 1 phosphorylation by

PKC leads to an increase in affinity for AT1 receptors (Liu S et al., 2002; Liu WW

etal., 1996; Umemori etal., 1997; Umemori etal., 1999) to support the enzymatic

activity of Gaq/1 1. However, several other reports have demonstrated that PKC

does not directly phosphoiylate Gal 1 (Cunningham, 1999; Kozasa and Gilman,

1996; Lounsbury et al., 1993); these findings support that PKC induced reduction

of Gaq mRNA levels (Kai et al., 1996), but not Gaq deactivation. These reports

suggest that phosphorylation of Gaq subunits is not a strong candidate for a

desensitization mechanism. Although Ga12 is coupled to the AT1 receptor, Ga12

subunits mediate AT1 receptor coupling to tonic phospholipase D (PLD) activation

via pp6O(c-src)-dependent mechanisms rather than to PLC (Ushio-Fukai et al.,

1999).

A few reports have shown that some y subunits of heterotrimeric G-

proteins, which stimulate PLC-3 enzymes but not PLC-J31 (Camps etal., 1992;

Smrcka and Sternweis, 1993; Lee et al., 1994; Park et al., 1993), may also be

phosphorylated (Wieland et al., 1993). The G3 subunit is phosphorylated

transiently by GTP and dephosphorylated readily by GDP (Wieland et al., 1993).

Furthermore, the phosphorylated residue may be histidine (Wieland et al., 1993),

which is not a PKC phosphorylated residue.
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1.5.3 Regulators of regulators of G-protein signaling (RGS) proteins

RGS proteins, guanosine triphosphatase (GTP)-activating proteins (GAP)

and modulators of the AT1 receptors/Gaq/PLC- interaction (Grant et al., 2000;

Cunningham etal., 2001; Dowal et a!, 2001), are also possible phosphorylation

substrates for PKC. RGS proteins possessing a conserved domain (RGS domain)

form a large family of highly diverse, multifunctional signaling proteins which bind

directly to activated Ga subunits to modulate G protein signaling. RGS proteins

differ widely in their size and amino acid identity, and many family members

possess a variety of structural domains and motifs that regulate their actions and/or

allow for interaction with protein binding partners with diverse cellular tasks

(Hepler, 1999; Siderovski et al., 1999).

It has been shown that Ang TI-induced PLC-t3 activity in vascular smooth

muscle is mediated by Gq/11 (Ushio-Fukai et al., 1998b) and that the Gaq subunit

interacts with RGS2 and RGS4 (Cunningham et al., 2001; Grant et al., 2000; Xu X

et al., 1999). RGS2 has been demonstrated to have specificity for Gq (Heximer et

al., 1997) and to be phosphorylated by PKC (Cunningham et al., 2001) to increase

GAP activity, which should inhibit Gaq. Additionally, mRNA levels of RGS2 in

rat vascular smooth muscle cells are increased by PKC activation (Grant et al.,

2000). While direct and indirect RGS activation by PKC may reduce PLC-

activity, it has also been reported that RGS4 binds not only activated Gaq, but also

Gy and PLC-1 (Dowal etal., 2001) and increases Gy activity in HEK293 cells
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(Bunemann and Hosey, 1998; Camps etal., 1992; Katz etal., 1992), which may

stimulate PLC-133 isoenzymes. These reports suggest that RGS may be one of the

PKC substrates required for PKC-related desensitization of agonist-induced inositol

phospholipid hydrolysis; but functional consequences of RGS phosphorylation on

PLC-13 activity in whole cells remains to be investigated.

1.5.4 Phospholipase C-

PLC- as a component of the receptor/G protein coupled signaling pathway

has been reported to be involved in the desensitization of agonist-mediated inositol

phospholipid signaling. PLC-, one of four PLC subfamilies (PLC-a, -6, -y, and -

) (Rhee and Choi, 1992; Cockcrofl and Thomas, 1992; Berridge, 1993; Noh etal.,

1995; Lee and Rhee, 1995, Lopez etal., 2001; Song etal., 2001), is subdivided into

four isoenzymes (PLC-131, PLC-2, PLC-33 and PLC-134) in mammals. PLC-31 is

the most widely expressed of the PLC- isoenzymes, and the highest concentration

is found in specific regions of the brain (Gerfen et al., 1988; Homma et al., 1989;

Mizuguchi etal., 1991). The highest expression levels of PLC-2 are observed in

hematopoietic cells (Lee etal., 1996). PLC-133 protein is also widely expressed,

similar to PLC-1. The highest concentration of PLC-3 is found in brain, liver,

and parotid gland (Jhon et al., 1993; Tanaka and Kondo, 1994). PLC-4 is

observed in the cerebellum (Mm et al., 1993 a and b; Tanaka and Kondo, 1994)

and the retina (Jiang etal., 1994; Lee etal., 1994).
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Among desensitization reports involving PLC- isoenzymes, Sorensen et

al. (1998) demonstrated that protein levels of PLC-1, but not PLC-3 or PLC-yl

isoforms, were attenuated in SH-SY5Y neuroblastoma cells, following 24 hour-

stimulation of muscarinic receptors by oxotremorine-M, the muscarinic receptor

agonist (activating PLC- via a seven transmembrane domain G protein-coupled

receptor, GPCR). In addition, Filtz et al. (1999) reported that stimulation by P2Y1

receptor (one of GPCRs, stimulating inositol lipid signalling) or by PMA augments

phosphorylation of the G protein-activated PLC-T (a PLC- subtype in turkey

erythrocytes, similar to mammalian PLC-2) and decreases PLC-T activity in

vitro. Filtz etal. (1999) also revealed that PLC-T and PLC-2, but not PLC-1,

were phosphorylated by PKC in vitro, and concluded that phosphorylation by PKC

was isoenzyme-specific. Additionally, they demonstrated that PKC-induced or

physiologically induced phosphorylation of PLC-13T may be involved in loss of

enzyme activity, reflected as a decrease in overall catalytic activity, rather than as a

specific modification of G protein-regulated activity. Furthermore, Ali et al.

(1997) demonstrated that platelet-activating factor (PAF, activating PLC- via

GPCR) or PMA pretreatment inhibited PAF-mediated PLC- activity by

approximately 90% in RBL-2H3 cells. Of the 90% inhibition, 50% may be

unrelated to receptor phosphorylation. Au et al. (1997) concluded that PAF-

mediated desensitization results from PKC-mediated phosphorylation at both the

receptor and PLC-3. From these reports, it is assumed that phosphorylation of
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PLC-p isoenzymes are tissue and receptor specific. We examined which PLC-

isoenzymes in HASMC are phosphorylated.

1.6 Hypothesis

We hypothesized that PLC- enzyme activity is decreased or desensitized

by extended Ang II stimulation in HASMC. First, we identified which of the four

known mammalian subtypes of PLC- isoenzymes, PLC-f31, PLC-2, PLC-3, and

PLC-4, (Rhee and Bae, 1997; Rebecchi and Pentyala, 2000; Rhee, 2001) were

expressed in HASMC. We then characterized the mechanism of inositol

phospholipid signaling desensitization by Mg II in these cells.
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2. MATERIALS AN]) METHODS

2.1 Materials

myo-[2-3H]Inositol (17.0 Ci/mmol) and protein A Sepharose were

purchased from Amersham Bioscience corp. (Amersham, Piscataway, NJ). Human

recombinant fibroblast growth factor and human recombinant epidermal growth

factor were from BD Biosciences (Bedford, MA). Goat anti-rabbit-IgG alkaline

phosphatase conjugate, nitrocellulose membrane (0.45-j.tm pore size), Immune-

StarTM chemiluminescent substrate, and AG1-X8 Resin were from Bio-RAD

Laboratories (Hercules, CA). Dulbecco's Modification of Eagles Medium

(DMEM) (containing 4.5W1 glucose, L-glutamine, and sodium pyruvate) and

Penicillin/Streptomycin were from Cellgro (Hemdon, VA). Standard fetal bovine

serum was from HyClone (Logan, Utah). Insulin and Phosphorus-32 [32P] were

from ICN Pharmaceuticals, Inc (Costa Mesa, CA). Polyclonal rabbit anti-PLC-i,

PLC-2, PLC-3, and PLC-4 antibodies: PLC- 1 (anti-PLC-ni, C-terminal, G-

12, 1204-1216), PLC-2 (anti-PLC4I2, C-terminal, Q-15, 1170-1181), PLC-3

(anti-PLC-3, C-terminal, C-20, 1198-1217) and PLC-4 (anti-PLC-34, C-

terminal, C-18), were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Ang II, phorbol-12-myristate-13-acetate (PMA), and 4ct-phorbol 12, 13-

didecanoate (4aPDD), Dimethyl sulfoxide (DMSO) were obtained from Sigma
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Chemical Co. (St. Louis, MO), and Bisindolyimaleimide or GF109203X (GF), 8-

(4-chlorophenyithio)-adenosine 3-cyclic monophosphate was purchased from

TOCRIS (Eiiisviile, MO). PLC-2 was purified from PLC-2 baculovirus infected

Sf cell lysates as previously described (Paterson etal., 1995).

2.2 Human Aortic Smooth Muscle Cells

Human aortic smooth muscle cells (HASMC;>90% homogeneous smooth

muscle phenotype, by flow cytometry) were purchased from Cascade BiologicsTM

(Portland, Oregon). HASMC from passages 4-12 were routinely seeded at a

density of 5x 10 cells/cm2. HAS MC were maintained in bicarbonate-buffered

Dulbecco's Modification of Eagles Medium (DMEM) supplemented with 5% fetal

bovine serum (FBS), 4.Smg/L glutamine, 106 % (w/v) human recombinant

epidermal growth factor (EGF), 2x107 % (w/v) human recombinant fibroblast

growth factor (FGF), 5x1O % (w/v) insulin, 50 units/mi peniciiiin, 50 mg/mi

streptomycin in a 5% CO2 humidified atmosphere at 37°C.
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2.3 Detection of PLC-13 isoenzymes in HASMC by Immunoprecipitation and
Western blotting

HASMC were washed in ice-cold phosphate buffered saline (PBS: 137mM

NaC!, 2.7mM KC1, 4.3mM Na2HPO4, 1.4mM KH2PO4, pH 7.3) and incubated for

10 minutes (mm) in lysis buffer, containing 10mM Tris-HC1 (pH 7.4), 2mM

EDTA, 5mM MgC12 and protease inhibitors, (200nM benzamidine, 1 0tM

leupeptin, 1 tM pepstatine A, and 200nM phenylmethylsulfonyl fluoride), followed

by 15 strokes of Dounce homogenization. HASMC lysates were extracted with

buffer containing 50mM Hepes (pH 7.4), 2.5mM EDTA, 150mM NaC1, 1mM

dithiothreitol (DTT), and 1% triton X- 100 with protease inhibitors for 1 hour and

centrifuged at 16,000 rpm at 4°C for 30 mm. The soluble extract was incubated

with 1 tg/ml of isoenzyme selective anti-PLC-n antibodies overnight at 4°C for

immunoprecipitation, followed by incubation with 50tl of suspended protein A-

Sepharose beads (lOOmgIml) for 1 hour at 4°C (Protein A-Sepharose beads were

pre-equilibrated in extraction buffer in accordance with manufacturers

specifications). Immune complexes were washed three times with extraction buffer

and were resuspended in 25.tl of extraction buffer plus 25p.l of 2x-SDS-PAGE

loading buffer containing 50mM Tris-HC1 (pH 8.0), 30% Urea, 5% Sodium

dodecyl Sulfate (SDS), 6% dithiothreitol (DTT), and 0.01% Bromophenol blue.

Finally, samples were boiled for 5 mm to separate from Protein A-Sepharose beads

and centrifuged for 15 sec to pellet insoluble particulates. The immunoprecipitate
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supernatants were separated by 7.5% (w/v) SDS-polyacrylamide gel electrophoresis

(SDS-PAGE) at 200V for 1 hour and size-fractionated proteins were transferred to

nitrocellulose membranes at 1 OOV for 1.5 hour for Western blotting. Western blots

were performed by incubation with 1:3000 dilution of anti-PLC-n antibody in

immunoblot buffer (20mM Tris-HC1, pH 7.4, 500mM NaC1) as described by Filtz

et al. (1999). The blot was incubated with secondary anti-rabbit IgG antibody

conjugated to alkaline phosphatase at 1:5000 dilution in immunoblot buffer

containing 1% BSA and 0.02% sodium azide. Immunoreactive bands were

visualized by enhanced chemiluminescence alkaline phosphatase substrate

(Immune-StarTM) and exposure to X-ray film for 10 second (sec) to 5 mm.

2.4 Measurement of Phospholipase C Activity

HASMC were seeded in 24-well plates overnight and radiolabeled by

incubation in 0.5m1 of serum-free, inositol-free DMBM containing 1 tCi of myo-

[3H]inositol for 24 hours. Drugs were added according to the following schedules:

the cells were supplemented with serum-free DMEM containing 10mM HEPES,

pH 7.4, and 10mM LiC1 (final concentration) for 10 mm followed by stimulators

(Mg II or A1F4) to allow for accumulation of inositol phosphate hydrolysis

products. Incubations were terminated by aspiration of the drug-containing

medium and addition of 0.5m1 of ice-cold 5% (w/v) trichioroacetic acid (TCA).
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TCA-soluble cell fractions were extracted 3 times with 2m1 diethyl ether,

and loaded onto a lml-column of anion exchange resin (AG1- X8 Resin, formate

form; 200-400 mesh) to isolate [3H] inositol phosphates. The columns were

washed with water and a 50mM ammonium formate/0. 1M formic acid solution,

and eluted with 1 .2M ammonium formate/0. 1 M formic acid solution, as described

previously by Filtz et al. (1994). The eluted samples, containing accumulated total

3H-inositol phosphates [i.e. inositol trisphosphate (JnsP3), inositol bisphosphate

(InsP2), and inositol monophosphate (InsPi)], were quantitatedby liquid

scintillation spectrometry.

TCA precipitates containing accumulated 3H-inositol phospholipids were

solubilized with 0.5m1 of iN NaOH, and neutralized with 0.5m1 iN HC1. The

neutralized samples were quantitated by liquid scintillation spectrometry. PLC

activity was expressed as percentage of total inositol phosphates accumulated under

varying conditions, relative to maximal response obtained with 1 p.M Ang II

treatment, as described in data analysis.

2.5 Phosphorylation assay for PLC-1 and PLC-3

HASMC (>5xlO6cells/sample) were collected and washed with phosphate-

free DMEM. The cells were radiolabeled by incubation in serum-free, phosphate-

free DMEM with 200p.Ci/sample of [32P] orthophosphate for 90 mm. Cells were
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then treated with drugs for indicated times. Following drug treatment, cells were

washed with ice cold phosphate buffer saline (PBS) and incubated for 10 mm in

lysis buffer containing 10mM Tris-HC1 (pH 7.4), 2mM EDTA, 5mM MgC12,

protease inhibitors (see 2.3), 50mM NaF and 10mM -glycerophosphate followed

by 15 strokes of Dounce homogenization. HASMC lysates were extracted with

buffer containing 50mM Hepes (pH 7.4), 2.5mM EDTA, 150mM NaC1, 1mM

dithiothreitol (DTT), 1% triton X-100, 50mM NaF and 10mM -glycerophosphate

with protease inhibitors for 1 hour with inversion, and centrifuged at 16,000 rpm at

4°C for 30 mm. After centrifugation, the supernatants were incubated with

6j.tglsample of isoenzyme selective anti-PLC-n antibodies overnight at 4°C for

immunoprecipitation, as described above. The immunoprecipitates were separated

by 7.5% (w/v) SDS-PAGE and fractionated proteins were transferred to

nitrocellulose membranes. The membranes were dried and exposed to X-ray film

to detect [32P]-radiolabeled, immunoprecipitated proteins, followed by anti-PLC-13

Western blotting to detect proteins.

2.6 Data Analysis

Data from the inositol phosphates (InsP) accumulation assay were

expressed as % of maximal response, using the equation below. <1> and <2> were

raw data quantitated by liquid scintillation as the total accumulated 3H-inositol
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phosphates (InsP) and the recovered 3H-inositol phospholipid (PtlIns), respectively.

<3> % InsP accumulation is a calculation of the % of 3H-inositol converted from

3H-inositol phospholipid to 3H-inositol phosphate. "Experimental response" is

always expressed as response to drug treatment minus basal InsP accumulation in

the presence of vehicle <4>. "Maximal response" in <5> refers to the

"Experimental response" under conditions of treatment with 1OM Ang II.

Labeled Ins (dpm) = InsP ............................................................. <1>

Labeled Ptdlns (dpm) Ptdlns ..........................................................<2>

% InsP accumulation = <1> <3>
(% InsP acc) <1> + <2>

Experimental response = (Experimental % InsP acc)-(Control % InsP acc) ........<4>

% of maximal response Experimental response <5>
Maximal response

Data from dose-response curves for Mg II stimulation of inositol

phospholipid hydrolysis in HASMC (Figure 3.3) were analyzed by a curve-fitting

program using nonlinear regression to find the EC50 value (PrismTM by GraphPad

Software).
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2.7 Statistical Analysis

Statistical analysis was performed using the two-tailed Student's t test
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3. RESULTS

3.1 Detection of PLC- isoenzymes in HASMC

To identify which PLC-13 isoenzymes are expressed in HASMC, Western

blot analysis was performed with PLC-13 isoenzyme selective antibodies shown to

be cross reactive to human, rat, and bovine isotypes. The major PLC-3 isoenzymes

expressed by HASMC are PLC-1 (l5OkDal) and PLC-3 (l33kDal) at predicted

molecular weights: PLC-131 and PLC-3 are extensively expressed throughout the

body, including heart tissue (Hansen et al., 1995; Jhon et al., 1993; Ju etal., 1998;

Rhee and Bae, 1997). PLC-2 (l2OkDal) and PLC-134 (9OkDal and/or l3OkDal)

were not expressed at detectable levels (Figure 3.1) as expected. 1321N1 cells,

which were recently shown to express PLC-1 and PLC-3 (Filtz, unpublished

data), purified PLC-2 protein, and bovine cerebellum which expresses PLC4W

(Mm et al., 1993 a and b), were used as positive controls.
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3.2 Inositol Phosphates Accumulation Assay

3.2.1 Characteristics of Ang II on inositol phospholipid hydrolysis in HASMC

To characterize Ang TI-induced inositol phospholipid signaling, the dose-

response and time-course for Ang II treatment were determined (Figure 3.2 and

Figure 3.3). HASMC were treated with lp.M Mg II for 0-120 mm. Mg II

stimulated inositol phosphate accumulation in a time-dependent maimer and the

time course for Mg II reached a plateau at 75-90 mm. However, inositol

phosphates also accumulated in the presence of LiCl and vehicle alone (open circle),

time-dependently. When the effect of the vehicle was subtracted from the Mg II

effect, the time-course for Mg II reached a plateau at 45-60 mm (data not shown)

(Figure 3.2). HASMC were also treated with i0-iO4 M Mg II for 60 mm.

Mg II stimulated inositol phosphate accumulation in a dose-dependent manner

with an EC50 value of 4.81 ± 0.79 tM (Figure 3.3).

To investigate the time course of desensitization to Mg II treatment,

HASMC were treated with Mg II i0 M, a submaximal dose of Mg II, for 0-180

mm in the absence of LiCl to avoid accumulation of inositol-1,4,5-trisphosphate

(1P3) product. HASMC were then challenged with a second dose of Mg II (106

M) in the presence of LiC1 to allow for accumulation of IP products. In

comparison to the control response (the effect of 1 06 M Mg II without Mg II

pretreatment), the response pretreated with 1 0 M Mg II and challenged with
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106 M Ang II was reduced as a function of pretreatment time with Ang II (Figure

3.4). The intensity of the desensitization induced by Mg II pretreatment depended

on pretreatment time of Mg II. Desensitization of inositol phosphate accumulation

to Mg II pretreatment reached a maximum 65% reduction at 60-90 mm.
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Figure 3.2: Time course ofAng II stimulation of inositoiphospholipid hydrolysis
in HASMC. HASMC were treated with Ang 11(1 jtM) for indicated times in the
presence of 1 OniM LiC1. PLC-3 activity is expressed as percent maximal response
to response of Mg 11(1 tM) for 120 mm treatment minus basal levels of
accumulation in the absence of stimulation. Each data point represents the
cumulative mean ± S.E. of five (.: Mg II treatment), or three (0: vehicle treatment)
experiments perfonned in triplicate. The time course reached a maximum plateau
at approximately 60 mm.
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Figure 3.3: Dose-response curve for Ang II stimulation ofinositoiphospholipid
hydrolysis in HASMC. HASMC were treated with the indicated concentrations of
Ang II for 60 mm in the presence of 10mM LiC1. PLC-3 activity was expressed as
percent maximal response to Mg II minus basal levels of accumulation in the
absence of stimulation. Shown is cumulative average data from four experiments
conducted in triplicate ± S.E. EC50= 4.8 1± 0.79 liM.
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Figure 3.4: The time course ofAng 11-induced desensitization in HASMC.
HASMC were pretreated with 10tM Mg II in the absence of LiC1 for indicated
times and washed twice, then challenged with 1 M Mg II for 60 mm in the
presence of 10mM LiC1 to allow for inositol phospholipid accumulation. PLC-3
activity is expressed as percent maximal response to 1 tM Mg II in the absence of
pretreatment minus basal accumulation in the absence of stimulation. Data shown
are cumulative mean ± S.E. of three experiments conducted in triplicate.
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3.2.2 Investigation of regulation on inositol phospholipid hydrolysis by extended
treatment with angiotensin II in HASMC

Having established the time course for desensitization of inositol

phospholipid signaling to Mg II stimulation in HASMC, the possible mechanisms

for desensitization were examined. Since PKC, one of the first activated enzymes

following inositol phospholipid hydrolysis, has been implicated in a negative

feedback loop in other systems (Meszaros etal., 2000; Ozawa etal., 1993; Xu A et

al., 2001), HASMC were treated with PMA (a PKC activator), 4aPDD (an inactive

analogue of PMA), and GF109203X (a PKC specific inhibitor) to assess the role of

PKC in Mg Il-induced desensitization. Following 5 mm pretreatment with 1 j.tM

PMA or 4aPDD, HASMC were stimulated by 1 j.tM Mg II, and inositol phosphates

were allowed to accumulate in the presence of 10mM LiC1 for 60 mm.

Pretreatment with PMA, but not with 4aPDD, reduced Mg Il-induced inositol

phosphate accumulation by 50% (Figure 3.5). This reduction of Mg Il-induced

inositol phosphate accumulation by PMA was inhibited by 30 mm pretreatment

with 10pM GF109203X (Figure 3.6). Additionally, pretreatment with GF109203X

alone increased inositol phosphate accumulation two-fold from basal levels,

suggesting that basal PKC activating may affect activation of PLC.

To evaluate the contribution of Mg II receptor downregulation to inositol

phospholipid desensitization, inositol phospholipid hydrolysis was stimulated by

A1F4, a direct activator of G proteins. HASMC were pretreated with PMA for 5

mm, 4aPDD for 5 mm, or GF109203X for 30 mm. Pretreatment with PMA
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inhibited A1F4-induced inositol phosphate accumulation by 50-100%. However,

this inhibition is not statistically significant. Inhibition only occurred with PMA,

but not with 4aPDD or GF109203X (Figures 3.7 and 3.8). As above, pretreatment

with GF109203X enhanced A1F4-induced inositol phosphate accumulation by 50-

100%. These data suggest that PKC affects Mg Il-induced inositol phosphate

accumulation downstream of the receptor at the G protein or at PLC-.
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Figure 3.5: Effects ofPMA, and 4aPDD pretreatment on Ang 11-induced inositol
phosphate accumulation. HASMC were pretreated with PMA (1 jiM), 4aPDD
(1 j.tM), or vehicle (DMSO, 0.1%) for 5 mm, followed by Ang 11(1 j.tM) stimulation
for 60 mm in the presence of 10mM LiC1. PLC- activity is expressed as percent
maximal response to 1 tM Ang II for 60 mm in the absence of pretreatment minus
basal accumulation in the absence of stimulation. Data shown are cumulative mean
± S.E. of five experiments preformed in triplicate.
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Figure 3.6: GF109203X inhibits the effect ofPMA to reduced Ang 11-induced
inositol phosphate accumulation in HASMC. HASMC were pretreated with
vehicle (0.1% DMSO, 30 mm), PMA (ljiM, 5 mm), GF109203X (GF; 1ORM, 30
mm), or GF109203X + PMA (GF+PMA). Following pretreatment, 10mM LiC1
was added with 1 jiM Mg II to stimulate inositol phosphate accumulation for 60
mi PLC- activity is expressed as percent maximal response to 1 jiM Mg II in
the presence of 0.1% DMSO pretreatment minus basal accumulation in the absence
of stimulation following pretreatment. Data shown are cumulative mean ± S.E.
from three experiments conducted in triplicate.
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Figure 3.7: Effects ofPMA, and 4aFDD pretreatment on basal andAlF-
induced inositol phosphate accumulation. HASMC were pretreated with PMA
(lp.M), 4aPDD (1tM), or vehicle (0.1% DMSO) for 5 mm followed byA1F4-
stimulation for 60 mm in the presence of 10mM LiCl. PLC- activity is expressed
as a percentage of the maximal response to 1 j.tM Ang II for 60 mm in the absence
of pretreatment. Basal accumulation in the absence of stimulation has been
subtracted. Data shown are cumulative mean ± S.E. of seven experiments
preformed in triplicate.
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Figure 3.8: GF109203X inhibits the effectofPMA to reduce A1Fj-induced
inositol phosphate accumulation in HASMC. HASMC were pretreated with
vehicle (0.1% DMSO, 30 mm), PMA (lj.tM, 5 mm), GF109203X (GF; 10p.M. 30
mm), or GF109203X + PMA (GF+PMA). Following pretreatment, AIF4 was
added in the presence of LiC1 to stimulate inositol phosphate accumulation for 60
mi PLC- activity is expressed as a percentage of the maximal response to Ang
Ill p.M in the presence of vehicle (0.1% DMSO) pretreatment. Basal accumulation
in the absence of A1F4-stimulation was subtracted. Data shown are cumulative
mean ± S.E. from three experiments conducted in triplicate.
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3.3 Phosphorylation of PLC- isoenzymes in HASMC

Since PMA inhibited and GF109203X enhanced Mg II- and A1F4-induced

inositol phosphate accumulation, we investigated the possibility that Mg II induces

phosphorylation of PLC-J isoenzymes, PLC-31 and PLC-3, in HASMC through

activation of PKC. HASMC were treated with 1 tM Mg II, 1 l.LM PMA, and 1 OjtM

GF109203X alone or in combination as indicated (Figure 3.9). PLC-1 (Figure

3.9a) and PLC-3 (Figure 3.9b) were immunoprecipitated from drug treated and

[32P]-radiolabelled HASMC. {32P]-radiolabelled immunoactive bands at l33kDal

(PLC-3) and 1 5OkDal (PLC-n 1) were detected for each treatment. Differences

among treatments for [32P] incorporation were paralleled by differences in intensity

of immunoreactive bands of the same size and were not consistent between

experiments, suggesting that differences in [32P] autoradiography were solely a

result of sample-to-sample variability in loading and not a result of drug treatments.

However, both PLC-1 and PLC-133 appear to incorporate [32P] under non-

stimulated conditions, suggesting that basal PLC- phosphorylation by kinases

other than PKC may regulate PLC-F in HASMC.





4 DISCUSSION

4.1 Angiotensin II in vascular smooth muscle

Ang II in vascular smooth muscle is a clinically important hormone for the

development of arteriosclerosis and the pathology of hypertension (Ushio-Fukai et

al., 1998a, Geisterfer et al., 1988; Berk etal., 1989). Therefore, we think that it is

important to study the regulation, especially downregulation, of Ang Il-induced

signaling pathways in human vascular smooth muscle. Despite the fact that many

studies have reported Ang IT-induced desensitization of inositol phospholipid

hydrolysis, none have utilized human vascular smooth muscle cells, with rodent

smooth muscle cells being the closet cell type examined (Abdellatif et al., 1991;

Iglesias etal., 2001; Lassegue etal., 1995; Meszaros etal., 2000; Ullian and Linas,

1990). In this study, we report the first detailed characterization of Ang Il-induced

desensitization in cultured, primary human aortic smooth muscle cells (HASMC).

4.2 Angiotensin Il-induced inositol phospholipid signaling in HASMC

Both PLC-1 and PLC-3 were expressed in HASMCs (Figure 3.1), similar

to reports using rat vascular smooth muscle cells (Ushio-Fukai et al., 1998b;

Blayney etal., 1998). Mg II stimulated inositol phospholipid turnover in a dose-
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and time-dependent manner (Figure 3.2 and Figure 3.3). Extended treatment with

Mg II led to desensitization of inositol phospholipid hydrolysis, which is a

measurement of PLC- mediated signaling (Figure 3.4). PKC activation by PMA

also inhibited Mg Il-induced inositol phospholipid hydrolysis in HASMC (Figure

3.5 and Figure 3.6). In addition, 4aPDD (an inactive analogue of PMA) did not

exert any influence on Mg Il-induced inositol phospholipid hydrolysis (Figure 3.5),

and GF109203X (a PKC specific inhibitor) inhibited PMA-induced inhibition in

Mg IT-induced inositol phospholipid hydrolysis (Figure 3.6). These results

confirm that PKC activation, an event following PLC-t3 activation, may negatively

regulate Mg Il-induced inositol phospholipid signaling in HASMC, similar to

regulation of GPCR agonist-stimulated inositol phospholipid signaling in other cell

types (Ali etal., 1998; Filtz et al., 1999; Oppermann et al., 1996).

4.3 Potential substrates for PKC-induced desensitization in HASMC

4.3.1 AT1 receptors and G protein coupled receptor kinase (GRK)

Proposed candidates for PKC phosphorylation substrates which correlate

with desensitization are the AT1 receptor, PLC- enzymes, and membrane

signaling proteins which interfere in the agonist-mediated signaling, e.g. RGS

proteins. We found that A1F4-stimulated inositol phospholipid signaling in
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HASMC is tending to be inhibited by PKC activation (Figure 3.7 and Figure 3.8).

Since A1F4 directly activates the G protein (Yu et al., 1995), involvement of the

AT1 receptor is bypassed by stimulation of inositol phospholipid signaling by A1F4

instead of Mg II. PMA pretreatment tended to inhibit A1F4-stimulated inositol

phospholipid signaling to roughly the same extent as PMA-induced inhibition of

Mg IT-induced inositol phospholipid hydrolysis (Figure 3.7 and Figure 3.8). A less

robust effect of A1F4-stimulated inositol phospholipid hydrolysis, compared to

Mg II, made A1F4-induced activation more difficult to quantitate. Therefore,

tendencies, but not statistical significance, are noted. 4aPDD did not affect A1F4-

stimulated inositol phospholipid signaling (Figure 3.7). GF109203X blocked

PMA-induced inhibition of A1F4-stimulated inositol phospholipid signaling

(Figure 3.8), similar to Mg Il-induced inositol phospholipid hydrolysis (Figure 3.5

and Figure 3.6). These results suggest that the majority of PKC-induced inhibition

of Mg TI-induced inositol phospholipid signaling occurs downstream of the Mg II

receptor in HASMC.

4.3.2 G-proteins

G protein subunits are not very likely PKC substrate candidates. Therefore,

other candidates such as PLC- isoenzymes and RGS proteins are of greater
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interest as PKC substrates correlated with Mg 11-induced desensitization in

HASMC.

4.3.3 Phospholipase C-

Differences in phosphorylation levels among PLC- isoenzymes following

whole cell treatment with vehicle, Mg II, PMA, or GF109203X were not clearly

observed, even though PLC-3 isoenzymes were phosphorylated (Figure 3.9).

PLC- 1 was especially highly phosphorylated under basal condition and did not

display any significant difference in phosphorylation between the control (vehicle

treatment) and other drug treatments (Figure 3.9a). A putative PKC

phosphorylation site of PLC-1 is at residue serine 887 (Ser887) (Ryu etal., 1990;

Xu A etal., 2001). The phosphorylation residue Ser887 of PLC1 is located in the

carboxy-terminal (C-terminal) region, which is not important for catalytic activity,

but is important for localization to the membrane (Jenco et al., 1997, Kim et al.,

1996), nuclear activity (Kim etal., 1996), and activation by Ga protein subunits

(Jenco et al., 1997; Kim etal., 1996; Park etal., 1993, Wu et a!, 1993). The fact

that PLC-f3 1 was phosphorylated independently of PKC activation may support

other studies suggesting that PLC-f3 1 is not a good substrate in vitro for PKC (Filtz

et al., 1999; Strassheim etal., 1998). However, the site of basal phosphorylation of

PLC- 1 in intact HASMC is not known, and whether basal phosphorylation of

PLC-1 results from PKC activity is also unknown. Furthermore, whether
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phosphorylation affects PLC- 1 membrane association is still not known.

Therefore, further investigation would be worthwhile.

Differences in phosphorylation levels of PLC-33 in HASMC following drug

treatment seem to be related to differences in immunoreactive protein levels

(Figure 3.9b), suggesting that PLC-33, like PLC-1, was phosphorylated

independent of drug treatment in HASMC. Although other studies have shown that

PLC-3 phosphorylation by PKC inhibited Ga protein-mediated signaling (but not

basal or Gy -mediated signaling) (Yue etal., 2000; Strassheim, et al., 1998;

Strassheim and Williams, 2000), our results are not consistent with PKC-mediated

PLC-3 phosphorylation. This suggests that PLC-13 phosphorylation by PKC may

not be a direct trigger for desensitization of Ang 11-induced inositol phospholipid

signaling in HASMC. The putative PKC phosphorylation site in PLC-3 has been

reported as Ser"°5 (Yue et al., 2000). Similar to the putative PKC phosphorylation

site in PLC- 1, Ser"°5 of PLC-3 is also located in the C-terminal region of the

protein, relating to membrane association but not to catalytic activity. However,

phosphorylation of PLC-f3 occurs at Ser'105 by not only PKC, but also by PKA

and PKG (Yue et al., 2000; Yue et al., 1998; Xia C et al., 2001). These findings

suggest that phosphorylation of Ser'105 in PLC-3 may be a general target for a

variety of kinases in heterologous pathways to modulate PLC-3 activity. For

example, Strassheim et aL, (1998) suggested that PKC phosphorylation of PLC-3

is not essential for opioid receptor desensitization. The site of basal
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phosphorylation of PLC-3 in HASMC is not known, and whether PLC-3

phosphorylation by PKC affects membrane association in HASMC is also

unknown. In future studies, it will be necessary to examine; 1) the phosphorylation

site of PLC-13 in HASMC, 2) the membrane association of phosphorylated PLC-f

in HASMC, 3) the kinase responsible for basal phosphorylation of PLC- in

HASMC, 4) whether kinases other than PKC induce desensitization of Ang II-

induced inositol phospholipid signaling through PLC-3 phosphorylation, and 5)

whether G protein or RGS proteins are phosphorylated following PKC activation.

It is speculated that PLC-131 and PLC-3 might have different roles or

characteristics in HASMC, and that the roles and regulation of PLC- isoenzymes

might be different in tissues or experimental conditions. Filtz et al. (1999) reported

that recombinant purified PLC-T and mammalian PLC-2, but not mammalian

PLC-3 1, were phosphorylated in vitro by PKC. Other reports have shown that a

selective PKC-mediated negative feedback targets PLC-3, but not PLC-1

(Strassheim and Williams, 2000). Additionally, native PKC phosphorylation of

PLC-131 has also been reported (Litosch, 1996; Ryu etal., 1990; Xu A et al. 2001).

Furthermore, each PKC isoform has different phosphorylation specificities for

PLC-j3 isoenzymes; PLC-Fl: PKCa >> PKCc; not PKC, and PLC-3: no

phosphorylation by PKCa (Litosch, 1997). These reports emphasize the

hypothesis that PKC phosphorylation of PLC-13 isoenzyme may depend on the

amount and isotype of PLC- and PKC isoenzymes expressed in individual tissues.
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4.3.4 Regulators of regulators of G-protein signaling (RGS) proteins

Other possible phosphorylation substrates for PKC are regulators of G

protein signaling (RGS) proteins. RGS proteins are GAP and modulate the AT1

receptors/Gaq/PLC-3 interaction (Grant et al., 2000; Cunningham et al., 2001;

Dowal et a!, 2001). Of all RGS proteins, RGS2 and RGS4 have been reported to

interact with the Gaq subunit (Cunningham et al., 2001; Grant etal., 2000; Xu X et

al., 1999), which mediates Mg 11-induced inositol phospholipid signaling in

vascular smooth muscle (Ushio-Fukai etal., 1998b). Particularly, RGS2 is specific

for Gaq (Heximer et al., 1997) and is phosphorylated by PKC (Cunningham et al.,

2001) to decrease its GAP activity, which should result in an increase in Gaq

activity. However, mRNA levels of RGS2 in rat vascular smooth muscle cells are

increased by PKC activation (Grant et al., 2000), resulting in a decrease in Gaq

activity. Therefore, PKC may regulate RGS2 in the agonist-stimulated inositol

phospholipid signaling by two opposed ways, direct RGS2 attenuation by

phosphorylation and indirect RGS2 potentiation by an increase in mRNA levels of

RGS2.

RGS4 shows more diverse characteristics than RGS2 and binds to not only

activated Gaq but also to Gfry (Dowal et al., 2001). Interestingly, Gy bound to

RGS4 increases its activity in HEK293 cells (Bunemann and Hosey, 1998; Camps
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etal., 1992; Katz et al., 1992). Because Gy stimulates PLC-3 activity (Park et

al., 1993), RGS4 bound to Gy may increase PLC-f3 activity. Functional

consequences of RGS phosphorylation on PLC-U activity in whole cells remain

under investigation, since there is no evidence of RGS4 phosphorylation by PKC.

In further studies, it is important to examine 1) whether RGS4 is phosphorylated by

PKC activation and 2) whether PKC phosphorylation of RGS4 affects Ang II-

induced inositol phospholipid signaling in HASMC through Ga andlor G13?.

4.4 Protein kinase C in signaling pathways

PKC isoenzyme substrates discussed above have highly diverse

characteristics. As stated in the introduction, PKC, one of the first activated

enzymes following inositol phospholipid hydrolysis, may be involved in the down-

regulation of PLC- signaling pathway via phosphorylation of a variety of cell

signaling proteins. PKC, a serine/threonine kinase, includes at least ten isoforms in

mammals, classified into three major subfamilies; the conventional (cPKC), novel

(nPKC), and atypical (aPKC) (Newton, 1995; Ventura and Maioli 2001; Hug and

Sarre, 1993). The cPKC subfamily (a, I, DII, and 'y) is characterized by its

regulation by means of Ca2 and a putative Ca2tbinding site in C2 domain. The

C2 domain is important for membrane binding activity as Ca2* increases its affinity

to negatively charged membranes (Nalefski and Falke, 1996; Rizo and Sudhof,
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1998; Newton, 2001; Murray and Honig, 2002). The nPKC subfamily (6, c, 1/L, 0,

and j.t) is structurally similar to the cPKC subfamily but with no putative Ca2-

binding site in the C2 domain. Unlike other subfamilies, the aPKC subfamily (

and t/&) contains neither the C2 domain nor binding activity to DAG or phorbol

ester in the Cl domain (Nishizuka, 1988; Ono etal., 1989; Hommel etal., 1994;

Zhang, etal., 1995). In vascular smooth muscle cells, at least four different PKC

isozymes, a, 6, c and , have been identified (Dixon et al., 1994; Liou and

Morgan, 1994; Liao et al., 1997) and Ang II leads to the membrane-binding

activity of some PKCs (Dixon etal., 1994, Greco etal., 2002). PKCa, from the

cPKC subfamily, translocates from cytosol to membrane upon Ang II stimulation

leading to an increase in both DAG and intracellular Ca2 (Greco et al., 2002;

Haller etal., 1994; Natarajan etal., 1994). PKC6 and PKCc, from the IIPKC

subfamily, also translocates from cytosol to membrane upon Mg II stimulation

(Greco etal., 2002; Maloney et al., 1998; Natarajan etal., 1994). PKC, of the

aPKC subfamily, does not translocate from the cytosol upon Mg II stimulation

(Damron et al., 1998; Greco et al., 2002; Liao et al., 1997). Although Mg II

activates all four PKCs, PKC cannot translocate to the membrane, where major

proteins for Mg 11-induced signal transduction are assembled. Translocation of

PKCs to the membrane may be important for proximity to substrates and may also

affect concentration. This suggests that PKC may be the least likely to be directly

involved in negative feedback of Mg 11-induced inositol phospholipid signaling.
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Ang II increases intracellular Ca2 ([Ca2Ji) by an initial release of Ca2

from intracellular stores (endoplasmic reticulum), followed by a sustained Ca2

influx from extracellular fluid (Griendling etal., 1991; Van Breemen and Saida,

1989; Somlyo AP and Somlyo AV, 1994). We observed that treatment with 2mM

EGTA to chelate extracellular Ca2 inhibited Ang IT-induced inositol phospholipid

signaling in HASMC (data not shown), suggesting that extracellular Ca2 may play

an important part in Mg TI-induced inositol phospholipid signaling in HASMC.

The importance of changes in Ca2 levels on PLC- and PKC were not explored

but are of potential importance for membrane binding affinity of PKC and the

proximity between PKCs and substrates, including PLC-3 on the plasma membrane.

Following Mg II stimulation, PKCa-Ca2 may translocate and bind more tightly to

2+the membrane than PKCE and PKCç. Therefore, PKCs, especially PKCa-Ca

localized on the membrane, may be concentrated enough to phosphorylate proteins

in Mg IT-induced inositol phospholipid signaling in HASMC.

4.5 Conclusion

Attempts to elucidate the mechanism of Mg TI-induced desensitization of

inositol phospholipid signaling have revealed a complicated system. Proteins in the

signal transduction pathway transfer to specific locations, in different tissues, with

different time courses, following agonist stimulation. In future studies, it will be



important to investigate individual protein expression and localization and their

interactions with other proteins, in an appropriate time course, to elucidate the

regulation of Mg IT-induced desensitization.
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