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Zhekang Ying 

(Under the direction of R. Clinton Webb, Ph.D.) 

The contractile state of vascular smooth muscle determines systemic vascular 

resistance and therefore blood pressure. Constrictor responses in the 

vasculature are maintained through activation of heterotrimeric G proteins by 

ligand binding to membrane receptors (norepinephrine, angiotensin II, 

endothelin, ·etc.). In addition to the well-characterized Ca2+-dependent pathway, 

the RhoNRho-kinase pathway couples heterotrimeric G protein activation to 
- . 

vascular smooth muscle contraction ·and thus contributes to the Ca2+ 

sensitization. However, there is a gap in our understanding of how the activation 

of heterotrimeric G proteins is linked to RhoA. Rho guanine exchange factors 

(RhoGEFs) are the main regulators of the RhoA activation. Moreover, a subgroup 

of RhoGEFs containing the RGS domain was shown to directly link heterotrimeric 

G proteins to RhoA. Therefore, we hypothesize that their expression is up-

regulated in hypertension and contributes to the increased activation of RhoA in 

hypertension. 

To determine if the expression of these RGS domain containing RhoGEFs is up-

regulated in vasculature from hypertensive rats, thoracic aorta was isolated from 

stroke-prone spontaneous hypertensive rats (SHRSP) and WKY, and RGS 

domain containing· RhoGEFs in the samples were determined by RT-PCR or 

western blot. Results demonstrated that compared to WKY normotensive rats, 

the expression levels of the RGS domain containing RhoGEFs are up-regulated 
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in aorta from SHRSP. 

To explore the mechanism(s) leading to the up-regulation of RGS domain 

containing RhoGEFs in hypertensive rats, we examined the effect of angiotensin 

II, a critical regulator of blood pressure, on the expression level of RGS domain 

containing RhoGEFs in vascular smooth muscle cells. We observed that 

angiotensin II up-regulates LARG via the AT1 receptor, and this up-regulation is 

signaled via the Pl3 kinase pathway. Further, angiotensin II treatment caused a 

small, but significant, increase in the component of contractile responses 

sensitive to Rho-kinase antagonism. These observations support the hypothesis 

that RhoGEFs, particularly LARG, participate in linking GPCR to RhoA activation 

in vascular smooth muscle. 

To determine if these RGS domain containing RhoGEFs couple the heterometric 

G proteins to RhoA in Ca2+-sensitization, the expression level of RGS domain 

containing RhoGEFs in vascular smooth muscle cells was manipulated by either 

siRNA constructs or over-expression plasmids. We observed that knockdown of 

PDZ-RhoGEF abolished the RhoA activation by angiotensin II, whereas 

knockdown of p115RhoGEF or LARG did not have significant effect on the RhoA 

activation by angiotensin II. Additionally, over-expression of PDZ-RhoGEF 

significantly increased the RhoA activation by angiotensin II in vascular smooth 

muscle cells. However, studies demonstrated that PDZ-RhoGEF did not directly 

couple heterotrimeric G-proteins to RhoA, but required a tyrosine kinase, PYK2, 

and dependent on intracellular free calcium. 
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Taken together, the results support that PDZ-RhoGEF is up-regulated in 

hypertensive rats, and contributes to the increased Ca2+-sensitization in 

hypertension. 

Index words: RhoGEF, calcium-sensitization, hypertension 
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CHAPTER 1 

INTRODUCTION 

Hypertension is estimated to afflict one in every four American adults and 

account for approximately 6% of adult deaths worldwide [1]. Most 

hypertension-associated deaths result from stroke, heart attack, or end-organ 

damage (kidney or heart failure), but not hypertension itself. Due to the lack of 

physical symptoms, hypertension has been termed the "silent killer''. A multi

factorial etiology can be identified in most hypertensive patients, in which 

abnormal contractile regulation of the vasculature, in general, an increase in 

vasoconstriction and a decrease in vasodilation, plays a critical role in the 

pathophysiology of this disease process. Endothelial dysfunction is believed 

to be the major contributor of the decreased vasodilation, whereas hyper

sensitivity to vasoconstrictors (angiotensin II, endothelin and etc) attributes to 

the increased vasoconstriction. The increased sensitivity to vasoconstrictors 

indicates alteration(s) in receptor activation and the intracellular signaling that 

lead to contraction of vascular smooth muscle cells. 

In this dissertation, we will test the novel working hypothesis that alteration of 

the expression of RGS domain containing RhoGEFs contribute to the 

increased sensitivity to vasoconstrictors in hypertension. Chapter 1 reviews 

the literature regarding RGS domain containing RhoGEFs and their role in 

vasoconstriction. Background information on the intracellular signaling of 

vasoconstriction will be briefly discussed as a starting point, and the overall 

objective of the dissertation and specific aims will be presented. 
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The first described intracellular signaling pathway leading to vasoconstriction 

by extracellular signals is a Ca2•-dependent pathway. As a second message, 

the cytosolic Ca2• concentration is very carefully regulated. In the resting 

state, Ca2
• is stored in intracellular Ca2

• storage or extracellular medium, and 

the cytoplasmic Ca2
• concentration is extremely low. Upon stimulation by 

vasoconstrictors, Ca2
• channels in the plasma membrane and/or intracellular 

membranes are opened, and Ca2
• enters the cytosol down its concentration 

gradient. The increased Ca2
• binds to and activates an intracellular sensor, 

calmodulin. The active Ca2
• -bound calmodulin subsequently activates myosin 

light chain kinase (MLCK), lea~in_g to the phosphorylation of myosin light 

chain (MLC) at ser-19. In smooth muscle, only phosphorylated MLC at ser-19 

allows actin to activate myosin II, and thus the phosphorylation state of MLC 

at ser-19 determines the contractile state of vascular smooth muscle. Since 

this signaling pathway was defined, a wide variety of studies have 

demonstrated its critical role in regulation of smooth muscle contraction, and 

its implication in hypertension has also been described, which leads to the 

development of a type of anti-hypertensive medicine, the calcium channel 

blockers. 

However, a growing body of studies has shown that force developed at a 

given cytoplasmic Ca2
• concentration could vary, dependent on the type of 

stimulus. Agonist-induced force is often higher than depolarization-induced 

force at similar cytoplasmic Ca2
• concentration. Some critical evidences 

supporting that the sensitivity to Ca2
• can be modulated came from studies on 

permeabilized vascular smooth muscle. In these preparations, Ca2
• was free 

to enter cytosol, and thus the cytoplasmic Ca2
• concentration always equaled 
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to that of the medium. However, a variety of vasoconstrictors have been 

shown to induce contraction in these preparations. 

The requirement of GTP for vasoconstrictors to induce force and that a non

hydrolysable analog of GTP, GTPyS alone could induce force in these 

preparations suggested the involvement of G protein(s) in Ca2+ sensitization. 

Other studies demonstrated that the involved G protein was RhoA. The 

contraction induced by agonists in permeabilized blood vessel segments was 

completely blocked by pre-treatment with C3 exoenzyme, which specifically 

inactivates RhoA. Addition of the catalytic subunit of Rho-kinase, the 

downstream effector of RhoA, to,permeabilized vessels results in contraction, 

whereas a Rho-kinase inhibitor, Y27632, inhibits contraction induced by a 

variety of vasoconstrictors. The implication of this RhoA!Rho-kinase

mediated-Ca2• -sensitization in pathophysiology of hypertension has also been 

investigated. Acute administration of the Rho-kinase inhibitor, Y27632, 

significantly reduces blood pressure in hypertensive rats, but not in 

normotensive animals [2]. Similar results have also been shown with another 

Rho-kinase inhibitor, HA-1077 [3]. The observation ihat Rho-kinase inhibition 

leads to an increased vasodilator response in hypertensive humans provides 

evidence that this RhoA!Rho-kinase-mediated-Ca2• -sensitization contributes 

to elevated peripheral resistance in essential hypertension as well. However, 

recent studies have shown that the expression level of RhoA and Rho-kinase 

may not change in hypertension, suggesting it may be an upstream event 

responsible for the increased Ca2• -sensitization in hypertension [4]. 

RhoA is a small GTPase, working as a molecular switch by cycling between 

an active GTP-bound and an inactive GOP-bound state. The active GTP-
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bound RheA can bind to and activate Rho-kinase. Subsequently, Rho-kinase 

phosphorylates and inhibits myosin light chain phosphatase (MLCP). Since 

the contraction of smooth muscle is determined by the phosphorylation state 

of myosin light chain, the inhibition of MLCP by Rho-kinase will result in the 

contraction of vascular smooth muscle. In contrast to the clearly defined 

downstream events from RheA, little is known about the mechanism by which 

agonists binding to receptors lead to the activation of RheA. 

The activation of RheA is finely-tuned by three kinds of proteins: Rho specific 

guanine exchange factors (RhoGEFs), Rho specific guanine activation 

proteins (RhoGAPs) and guanine dissociation inhibitors (GDis). RhoGEFs 

activate RheA by catalyzing the exchange of GOP for GTP, whereas 

RhoGAPs inactivate RheA by stimulating the intrinsic GTPase activity of RheA 

and therefore accelerating the hydrolysis of GTP. GDis also inactivate RheA, 

since these molecules inhibit the exchange of guanine nucleotide. Although 

either the increase of RhoGEFs activity or the decrease of GAP and/or GDI 

activity will lead to the activation of RheA, thus far it is believed that RhoGEFs 

are the critical mediator of RheA activation in vivo. 

Dbl homology (DH) domain is responsible for the GEF activity of RhoGEFs. 

In most RhoGEFs, another domain, Pleckstrin homology (PH) domain, is 

present next to the DH domain and involved in the regulation of the GEF 

activity [5]. Approximately 50 genes encoding RhoGEFs have been identified 

in the human genome. Of these, three RhoGEFs, p115 RhoGEF, LARG and 

PDZ-RhoGEF, have a RGS domain that is responsible for the interaction with 

heterometric G proteins, and known as RGS domain containing RhoGEFs [6]. 

These RhoGEFs can bind to and be activated by G12/13 in response to 
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extracellular stimuli [7-9]. More recently, LARG was shown to interact with Gq, 

and may directly link it to RhoA upon stimulation [10, 11]. These data led to 

the hypothesis that RGS domain containing RhoGEFs play a role in agonist 

induced Ca2• sensitization. 

Dissertation Objective 

The overall goal was to test the working hypothesis that RGS domain 

containing RhoGEFs play a role in agonist induced Ca2•-sensitization, and 

their increased expression contributes to the increased RhoNRho-kinase

mediated-Ca2+ -sensitization in hypertension. If supported, these hypotheses 

would show a more detailed molecular basis for Ca2•-sensitization and 

provide novel targets for developing anti-hypertensive drugs. These 

hypotheses will be tested by three specific aims: 

Specific Aim 1: To determine if the expression of these RGS domain 

containing RhoGEFs is up-regulated in vasculature from hypertensive rats. 

This aim will determine the expression level of these RGS domain containing 

. RhoGEFs in vasculature from stroke prone spontaneous hypertensive rats 

(SHRSP) by semi-quantitative RT-PCR and western blot. 

Specific Aim 2: To determine if the expression of these RGS domain 

containing RhoGEFs is regulated by angiotensin II. This aim will determine the 

effect of angiotensin II, a potent vasoconstrictor that plays a critical role in 

blood pressure regulation, on the expression of these RGS containing 

RhoGEFs, which will elucidate the regulatory mechanisms for the _expression 

of these RGS domain containing RhoGEFs in hypertension. 

Specific Aim 3: To determine if these RGS domain containing RhoGEFs 

couple the heterometric G proteins to RhoA in Ca2•-sensitization. Over-
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expression vectors and siRNA vectors will be generated using an adenoviral 

vector system, and the expression level of these RGS domain RhoGEFs in 

cultured vascular smooth muscle will be manipulated with these vectors. The 

effect of over-expression and knock-down of these RGS domain containing 

RhoGEFs on RheA/Rho-kinase activation by vasoconstrictors will provide 

direct evidence supporting our hypotheses . 

.... ·~' ''"" ' 

/ ·-----Gi Gq/1.1 G12/13 . 
1 /.::~~~~~~:-tiG, PDZ-RhoGEF 

PLC 

MLCK 

' ' ... 
Rho A 

~ 
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/ 
MLC Phosphorylation 

! 
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Figure 1.1 The hypotheses: RGS domain containing RhoGEFs play a role in 

agonist induced Ca2+ -sensitization, and their increased expression contributes 

to the increased RhoA/Rho-kinase-mediated-Ca2+-sensitization in 

hypertension. 
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CHAPTER2 

Increased Expression of mRNA for RGS Domain Containing RhoGEFs in 

Aorta from Stroke-Prone Spontaneously Hypertensive Rats 

Abstract 

Background: Rho guanine nucleotide exchange factors (RhoGEFs) link 

activation of G protein-coupled receptors (GPCR) to RhoA/Rho-kinase 

signaling. This cellular signaling pathway regulates vascular tone and is 

implicated in hypertension. RhoGEFs, providing this coupling, contain the 

regulator of G protein signaling domain (RGS). We hypothesized an up

regulation of mRNA levels for these RhoGEFs in aorta from stroke-prone 

spontaneously hypertensive rats (SHRSP). Methods: mRNA expression 

(semi-quantitative RT-PCR) was measured in aorta from Wistar Kyoto rats 

(WKY) and SHRSP. Results: mRNA for RGS domain containing RhoGEFs is 

up-regulated in SHRSP. Conclusion: RhoGEFs contribute to increased 

activation of RhoA/Rho-kinase pathway in hypertension. 

Introduction 

Constrictor responses in the vasculature are maintained through activation of 

heterotrimeric G proteins following ligand binding to membrane receptors 

(norepinephrine, angiotensin II, endothelin, etc.). Subsequent to 

heterotrimeric G protein activation, two signaling pathways are brought into 

play to cause vascular smooth muscle contraction: the well-characterized 
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Ca2•-dependent pathway (phospholipase C) and the recently identified 

RhoNRho-kinase pathway known as Ca2
• sensitization. Recent evidence 

demonstrates that activation of the RhoNRho-kinase pathway is increased in 

hypertension and thus, implicated in the enhanced vasoconstriction [12]. 

It is well established that activation of the RhoNRho-kinase pathway leads to 

the phosphorylation of myosin light chain phosphatase (MLCP) at a particular 

site inhibiting its activity [12]. Since contraction of vascular smooth muscle 

depends on the relative activity of myosin light chain kinase (MLCK) to that of 

MLCP, the inhibition of MLCP promotes contraction of vascular smooth 

muscle [12, 13]. 

In contrast to the very clear understanding of downstream events in 

RhoNRho-kinase signaling, there is a gap in our understanding of how 

heterotrimeric G proteins couple to RhoA. The activation of RhoA is positively 

regulated by RhoGEFs, and negatively regulated by guanine nucleotide 

dissociation inhibitors (GDI; [12-14]). Although it is possible to activate RhoA 

by increasing the activity of RhoGEFs or by decreasing the activity of GDI, all 

evidence thus far points to RhoGEFs as the main regulators of RhoA 

activation. 

Using the SRE.L reporter gene to perform transient transfection assays, a 

subgroup of RhoGEFs containing the regulator of G protein signaling domain 

(RGS) were recently shown to be capable of linking G protein coupled 

receptors (GPCRs) to RhoA. These studies demonstrated that the RGS 

domain was responsible for the physical association with the Ga subunit of 

heterometric GTPase and acted to regulate GPCR signaling [13, 14]. Three 

RGS domain containing RhoGEFs have been identified: PDZ-RhoGEF, LARG 
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(leukemia-associated RhoGEF), and p115RhoGEF [12, 14]. To test the 

hypothesis that these RGS domain containing RhoGEFs are responsible for 

the increased activation of RhoNRho-kinase pathway in hypertension, we 

measured the mRNA expression of the RGS domain containing RhoGEFs in 

aortic segments from normotensive and hypertensive rats by semi-quantitative 

· RT-PCR and western blot. The results showed that, compared to aortic 

segments from Wistar Kyoto normotensive rats (WKY), the expression of 

these RGS domain containing RhoGEFs is up-regulated in aortic segments 

from stroke-prone spontaneously hypertensive rats (SHRSP). 

Methods 

Animals: SHRSP (11- week-old, bred in-house) and WKY (11-week-old, 

Harlan Laboratories, Brentwood, TN) rats were maintained for one week 

according to guidelines at the Medical College of Georgia. On the day of an 

experiment, the systolic blood pressure of each rat was measured by the tail

cuff method (pneumatic transducer). Following blood pressure measurement, 

rats were anesthetized with sodium pentobarbital (50 mg/kg IP), and thoracic 

aortae were isolated, snap-frozen in liquid nitrogen, and stored at -80~C for 

subsequent analysis. 

Primer design: Rat homologues of PDZ-RhoGEF, LARG, and p115RhoGEF 

were identified by comparative genome analysis ysing publicly available rat, 

mouse, and human data. Primers were designed with Primer3 program 

based on the known mRNA sequences for each gene. To exclude the 

possible contamination with genomic DNA, care was taken to ensure that the 
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two primers for one gene were located on different exons. PDZ-RhoGEF 

primers were : forward, 5'-gggaccctcttcgagaacgccaaa-3'; reverse, 5'-gggcag

ccacttgtccttgtcagg-3'. LARG primers were: forward, 5'-agccatgcgcgctggagtac

aaac-3'; reverse, 5'-gctccaggggaatgaggggatgtc-3'. p115RhoGEF primers 

were: forward, 5'-tccggaccaagagtggggacaaga-3'; reverse, 5'-tacccaggctt

cccttccggtctg-3'. Glyceraldehye-3-phosphate dehydrogenase (GAPDH) 

primers were: forward, 5'-tgcatcctgcaccaccaactgctt-3'; reverse, 5'-

acagccttggcagcaccagtggat-3'. 

Semi-quantitative RT- PCR: Total RNA (4 J.!g per reaction) extracted from 

thoracic aorta with TRizol reagent (Invitrogen, Carlsbad, California) was used 

for the first strand eDNA synthesis with superscript II kit (Invitrogen, Carlsbad, 

California), as per manufacturer's specification. DNA equal to 0.04J.!g total 

RNA was used for each following PCR reaction under the conditions: 94°C 

for 2 min and 22 (for GAPDH) or 30 ( for RhoGEFs)· cycles at 94°C for 30s, 

60°C for 30s and 72°C for 30s, followed by 72°C for 7 min. The reaction 

products were analyzed by electrophoresis on agarose gel, and the expected 

product was extracted and verified by direct DNA sequencing. The gel 

images were recorded by video camera (Sony Video Camera Module CCD, 

Tokyo, Japan), connected to an IBM AT computer (New York, NY) with a 512-

by-512 pixel array imaging board with 256 grey levels. PCR products were 

quantified by densitometric scanning of gel images using RFL Print (801, 

Dublin, Ireland) software. Results were then expressed as the densitometric 

ratio of RhoGEF/GAPDH (%). 

Western blot analysis: Aorta was lysed with RIPA buffer (Upstate, Waltham, 

MA). One hundred micrograms of protein was loaded per lane, resolved by 
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1 0% SDS-PAGE under reducing conditions, and transferred to a polyvinlidene 

fluoride membrane (BioRad, Hercules, California). Membrane was blocked by 

treatmenfwith 5% milk in Tris-buffered saline, probed with antibodies against 

[3-actin (Sigma, Milwaukee, WI) or p115RhoGEF (Santa Cruz Biotechnology, 

Santa Cruz, CA) and incubated with the horseradish peroxidase-conjugated 

secondary antibody. Signals were detected by chemiluminescence and 

analyzed by densitometry. 

Statistical analysis: Results are expressed as mean ± standard error of the 

mean (S.E.). Data were analyzed usin~ Student's unpaired test. Statistical 

significance was set at P<0.05. 

Results 

At 12 weeks of age, the systolic blood pressures of SHRSP (187±5±mmHg, 

n=8) were greater than that of WKY rats (126±2mrnHg, n=8, P<0.05). 

Since there are no antibodies available for LARG and PDZ-RhoGEF, a semi

quantitative RT-PCR based assay was established and used to measure the 

mRNA expression of these RGS dornain containing RhoGEFs in aorta from 

SHRSP and WKY rats. p115 RhoGEF mRNA was also analyzed along with 

an estimate of protein analysis of protein using western blot analysis. 

Figures 2.1 A and 8 show that the mRNA expression of all three RGS 

containing RhoGEFs ·was increased in aorta from SHRSP (87.79±40.75, 

90.35 ± 1'7.95, 34.01±10.9; PDZ-RhoGEF, p115 RhoGEF and LARG, 

respectively) compared to that in aortic segments from WKY rats (12.39±6.06, 

10.38±1.91, 14.4±5.25; PDZ-RhoGEF, p115 RhoGEF and LARG, 
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respectively). To ensure the reliability of the established semi-quantitative RT

PCR assay, western blot analysis was performed with. the commercially 

available "antibody against p115RhoGEF on the same samples. Consistent 

with the result of the semi-quantitative RT-PCR assay, the p115RhoGEF 

protein in aortic segments from SHRSP was higher than that in those from 

WKY (Figure 2.1 C and D). 

Discussion 

We developed a method for semiquantification of the RGS domain containing 

RhoGEFs mRNA and applied it to study the mRNA expression of these 

RhoGEFs in hypertensive and normotensive rats. The results showed that 

compared to WKY normotensive rats, the expression of the RGS domain 

containing RhoGEFs is up-regulated in aortic segments from SHRSP. 

Although considerable evidence has shown that constrictors can regulate 

vascular tone through RheA/Rho-kinase pathway, there is a gap in our 

understanding of how activation of GPCR couple to RhoA. The activation of 

RhoA requires RhoGEFs, which are defined by the presence of DH and PH 

domains, to catalyze the exchange of GOP for GTP [5, 10-15]. In a group of 

RhoGEFs, including LARG, PDZ-RhoGEF and p115RhoGEF, another domain, 

the RGS domain, has been identified [14]. The RGS domain binding to the 

Ga subunit is required for increasing the GEF activity of these RhoGEFs. 

Upon stimulation by ligand binding to G12/13 coupled receptors, RhoA 

transduces several cellular responses, including transcription of reporter 

gene, formation of stress fibers and focal adhesion [11]. Most recently, 
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evidence has shown that one of these RGS domain containing RhoGEFs, 

LARG, may interact with Gq and mediate the Gq-dependent activation of 

RhoA[10]. 

Since it is well established that RhoA plays an important role in regulation of 

vascular tone, it was hypothesized that the up-regulated mRNA expression of 

RGS containing RhoGEFs may contribute to enhanced vasoconstrictor 

activity in hypertension. Another interesting question concerning the up

regulated mRNA expression of RGS domain containing RhoGEFs is how 

other heterometric G protein signaling cascades, mainly Ca2•-dependent 

signaling, change in response. to increased RhoGEF activity. Both Ca2
•

dependent· signaling and Ca2
• -sensitization are known to play a key role in 

agonist-induced constriction in vascular smooth muscle. Additionally, the 

RhoA/Rho-kinase pathway has been· shown to be involved in cell proliferation 

and transformation, whereas Ca2•-dependent signaling is involved in cell 

differentiation. Moreover, recent evidence shows that RGS domain containing 

RhoGEFs may be the critical mediator of transformation via GPCR signaling. 

Taken together, the evidence suggests the potential role of these RGS 

containing RhoGEFs in vascular remodeling and vasoconstriction. 

In conclusion, the present study demonstrates higher mRNA expression of 

RGS domain containing RhoGEFs in aortic segments from SHRSP, 

suggesting their potential role regulating enhanced vasoconstriction in 

hypertension. 
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Figure 2. 1. RGS domain containing RhoGEFs expression are increased in 

hypertensive rats. Total RNA was isolated from aorta segments of SHRSP and 

WKY. Expression of RGS containing RhoGEFs mRNA was analyzed by semi-

quantitative RT-PCR. Amplification of GAPDH mRNA was performed as a 

control. Panel A shows electrophoretic visualization of the amp/icons and 

panel B shows GAPDH normalized quantification of the PCR products. The 

aortic segments from the same rats were analyzed by western blot. 

p115RhoGEF protein expression in aortic segments from SHRSP was greater 

than that in aortic segments from WKY rats (Figure1C and D). Asterisks 

indicate a statistically significant difference between SHRSP and WKY values 

(P<0.05). 
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CHAPTER3 

Angiotensin II Up-regulates Leukemia-associated Rho Guanine Nucleotide 

Exchange Factor (LARG), a RGS Domain Containing RhoGEF, in Vascular 

Smooth Muscle Cells. 

Abstract 

In vascular smooth muscle, stimulation of heterotrimeric G-protein coupled 
' ' 

receptors (GPCR) by various contractile agonists activates intracellular 

signaling molecules to result in an increase in cytosolic Ca2
• and the 

subs~quent phosphorylation of myosin light chain (MLC) by Ca2•tcalmodulin

dependent MLC kinase (MLCK). Additionally, a portion of agonist-induced 

contraction is partially mediated by the Ca2
• -independent activation of the 

small G-protein, RhoA, and a downstream target, Rho-kinase. The activation 

of RhoA is controlled by several regulatory proteins, including guanine 

nucleotide exchange factors (GEFs). GEFs activate RhoA by catalyzing the 

exchange of GOP for GTP. There are three Rho-specific GEFs (RhoGEFs) in 

vascular smooth muscle that contain a binding domain [regulator of G protein 

signaling (RGS) domain] capable of linking GPCRs to RhoA activation: PDZ

RhoGEF, LARG (leukemia-associated RhoGEF), and p115RhoGEF. We 

hypothesized that RGS domain containing RhoGEFs, especially LARG, 

participate in linking GPCR to RhoA activation in vascular smooth muscle. 

We observed that angiotensin II up-regulates LARG via the AT1 receptor, and 

this up-regulation is signaled via the Pl3 kinase pathway. Further, angiotensin 
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II treatment caused a small, but significant, increase in the component of 

contractile responses sensitive to Rho-kinase antagonism. These 

observations support the hypothesis that RhoGEFs, particularly LARG, 

participate in linking GPCR to RhoA: activation in vascular smooth muscle. 

Introduction 

A growing body of evidence has demonstrated that RhoA/Rho-kinase

mediated Ca2•-sensitization is increased in hypertension, and is implicated in 

the pathophysiology of hypertension [2, 16]. This lead to the proposal that 

RhoA/Rho-kinase pathway may. ,be a target for the development of anti

hypertensive drugs [17]. However, the mechanism leading to increased 

RhoA/Rho-kinase-mediated Ca2•-sensitization in hypertension remains 

elusive. For example, increased expression of RhoA and/or Rho-kinase is 

observed in blood vessels from some hypertensive animals [18], but not from 

other hypertensive animals where increased RhoA/Rho-kinase mediated 

Ca2•-sensitization has been reported [4]. Therefore, it is interesting to 

investigate how the expression of upstream proteins from RhoA is regulated. 

The activity of RhoA is mainly regulated by three kinds of proteins: guanine 

exchange factors (GEFs), guanine activation proteins (GAPs) and guanine 

dissociation inhibitors (GDis}. GEFs activate RhoA by promoting the release 

of GDP and then facilitating the binding of GTP; whereas GAPs and GDis 

decrease the activity of RhoA by stimulating the intrinsic GTPase activity of 

RhoA and inhibiting the exchange of guanosine, respectively [19]. LARG and 

its homologs, PDZ-RhoGEF and p115RhoGEF, comprise a subgroup of 

RhoGEFs, known as RGS domain-containing RhoGEFs. The RGS domain of 

- 16-



these proteins mediates their binding to and activation by G12113 in response to 

extracellular stimuli [9, 20]. LARG has also been shown to interact with Gq 

providing a mechanism to directly link Gq with RhoA activation [1 0]. We 

previously demonstrated that the expression of these RhoGEFs was 

significantly increased in arteries from stroke prone spontaneous hypertensive 

rats [21]. Therefore, we hypothesized that RGS domain containing RhoGEFs, 

especially LARG, may play a role in agonist-induced Ca2•-sensitization. 

Angiotensin II, one of the most powerful vasoconstrictor substances, plays a 

key role in blood pressure regulation. In addition to its short-term 

vasoconstrictor action, angiotensin II has long-term actions on the structure 

and function of blood vessels by regulating the expression of particular genes. 

However, it is not clear how angiotensin II modulates the expression of genes 

that are involved in RhoNRho-kinase-mediated Ca2•-sensitization. In the 

present studies, we observed that angiotensin II up-regulates LARG via the 

AT1 receptor, and this up-regulation is signaled via the Pl3 kinase pathway. 

Further, angiotensin II treatment caused a small, but significant, increase in 

the component of contractile responses sensitive to Rho-kinase antagonism. 

These observations support the hypothesis that RhoGEFs, particularly LARG, 

participate in linking GPCR to RhoA activation in vascular smooth muscle. 

Materials and Methods 

Materials: Y-27632 was a gift from Welfide Corporation (Osaka, Japan). 

PD98059, phenylephrine, ammonium pyrrolidinecarbodithioate, SB203580, 

Wortmannin, AG490, SP600125, LY-294002 and PD123319 were purchased 

from Sigma (St. Louis, MO). Losartan was a gift from Dr. Michael W. Brands 
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(Medical College of Georgia, Augusta, GA). 

Preparation and culture of rat vascular smooth muscle cells (VSMCs): 

Primary cultures of rat VSMCs were prepared as previously described [22]. 

Briefly, the thoracic aortas of Sprague-Dawley rats (Harlan, Indianapolis, 

Indiana) were isolated aseptically, and the adventitia and outer media of the 

isolated aortas were cleanly stripped off and discarded. Them, the vessels 

were minced, placed in collagenase (Sigma Chemical Co, St. Louis, MO) 

solution at 37"C for 30 minutes, and washed. The remaining media was 

incubated in collagenase and elastase (Sigma Chemical Co, St. Louis, MO) 

with gentle agitation until the cells dispersed. The resulting cell suspension 

was centrifuged, and the cells seeded onto a plastic dish after resuspension. 

The cells were maintained in DMEM supplemented with 10% fetal bovine 

serum (Invitrogen, Carlsbad, CA), 100 J.lg/mL streptomycin, and 100 U/mL 

penicillin at 37"C under a 95% air/ 5% C02 atmosphere. 

Preparation of eDNA: Total RNA was extracted from tissues or cultured cells 

with TRizol reagent (Invitrogen, Carlsbad, CA) according to the 

manufacturer's instructions. 4J.!g RNA was subjected to digestion by DNaseD 

(Invitrogen, Carlsbad, CA) and then used for reverse transcription reaction. 

The first strand eDNA was synthesized with M-MLV reverse transcriptase 

(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. After 

dilution by adding 40J.!I of water, eDNA was used for PCR or stored at -20°C. 

PCR: As previously described [21], primers were designed using the Primer3 

program based on the known mRNA sequences of each gene. To prevent 

possible contamination with genomic DNA, care was taken to ensure that 

primer binding sites for each gene were located in different exons. PDZ-
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RhoGEF primers were: forward, 5'-gggaccct cttcgagaacgccaaa-3'; reverse, 5'-

gggcagccacttgtccttgtcagg-3'. LARG primers were: forward, 5'-

agccatgcgcgctggagtacaaac-3'; reverse, 5'-gctccaggggaatgaggggatgtc-3'. 

p115RhoGEF primers were: forward, 5'-tccggaccaagagtggggacaaga-3'; 

reverse, 5'-tacccaggcttcccttccggtc tg-3'. GAPDH primers were: forward, 5'-

tgcatcctgcaccaccaactgctt-3'; reverse, 5'-acagccttgg cagcaccagtggat-3'. 1J.li 

eDNA was first used to amplify the house-keeping gene, glyceraldehye-3-

phosphate dehydrogenase (GAPDH). Amplification products from this reaction 

were compared by scanning densitometry and the calculated ratios of 

products were used to dilute the original eDNA samples so as to obtain 

equivalent GAPDH eDNA levels between samples. RhoGEF transcripts were 

subsequently amplified from the adjusted eDNA preparations. PCR was 

performed in a mixture of 25ft! containing 12.5ftl Taq PCR master mix 

(Qiagen, Valencia, CA), 0.1 ftM forward primer, 0.1 ftM reverse primer, and 1 ftl 

eDNA. The reaction cycles were as follow: 94°C for 2 min and 22 (GAPDH) or 

30 (RhoGEFs) cycles of 94°C for 30s, 60°C for 30s and 72°C for 30s, followed 

by 72°C for 7 min. Products were analyzed by electrophoresis on 2% agarose 

gels. Gel images were recorded and analyzed with Kodak image station 

440CF (Kodak, New Haven, CT), and the results were expressed as the . 

densitometric ratio of RhoGEF/GAPDH (%). Real-time quantitative PCR: The 

' QuantiTect™ SYBR® Green PCR Kit (Qiagen, Valencia, CA) was used to 

quantify the LARG and GAPDH mRNA levels in samples according to 

manufacturer's instructions. Briefly, mixtures (one reaction contains 1 O,ul 2x 

master mix, 1,ul 1 OnM forward primer, 1,ul 1 OnM reverse primer, and 7 ,ul water) 

were prepared and added to each PCR tube, then 1,ul eDNA was added. 

- 19-



Reactions were performed on the Smart Cycler System (Cepheid, Sunnyvale, 

CA) with the following thermal cycle conditions: 15 min at 95oc to activate the 

hotStartaq DNA polymerase, then 40 cycles of 95°C for 15s, 60°C for 30s, 

noc for 30s, and finally a melting curve analysis of PCR product. The 

fluorescent signal at each cycle was plotted versus the cycle number. The 

threshold cycle C(t), the cycle number at which an increase above 

background fluorescence could be reliably detected, was determined for each 

sample. The results were expressed as the difference between the C(t)of 

GAPDH and that of LARG. The specificity and identity of the PCR products 

were verified by the melting • curve analysis. Primers were designed by 

PrimerquestSM (Integrated DNA Technologies, Coralville, lA) and the 

sequences were as follows: 5'-TCACCACCATGG AGAAGGC-3' and 5'

GCTAAGCAGTTGGTGGTGCA -3' for GAPDH with a 178 bp amplicon; 5'

AAGCAGACGAACTCCAAGGAGACT-3' and 5'-CAGGTGCTGAAACA

ATGCGGAGAA-3' for LARG with a 117 bp amplicon. 

5' RACE RT-PCR: 5' RACE was performed on rat aortic RNA using RNA 

ligase mediated (RLM)-RACE reagents following the manufacturer's 

instructions (Ambion, Austin, TX). The primary PCR was performed using the 

Outer Adapter Primer (Ambion, Austin, TX) and the following gene specific 

primer: 5'-gctccaggggaatgaggggatgtc-3'. The secondary PCR was performed 

on 4 pi of a 1:100 dilution of the primary PCR reaction using the Inner Adapter 

Primer and the following nested gene specific primer: 5'

atgtcataatgggagacatatgtc-3'. For both PCR reactions, the following reaction 

conditions were used with AmpliTaq (Perkin-Elmer, Shelton, CT): 35 cycles of 

94°C for 30 sec, 55°C for 30 sec, and 72°C for 1.5 min. A pool of the different 
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RACE products was ligated into pCR2.1 (Invitrogen, Carlsbad, CA). Fifteen 

plasmids were isolated from recombinant clones and sequenced. 

Tissue preparation and isometric force measurement: All animal procedures 

were performed in accordance with the "Guiding Principles for Research 

Involving Animals and Human Beings" of the American Physiological Society. 

Male Sprague-Dawley rats (275-300 g) were anesthetized with pentobarbital 

sodium (50 mg/kg ip), and the thoracic aorta was quickly removed and 

cleaned in physiological salt solution (PSS) of the following composition (mM): 

118 NaCI, 4.7 KCI, 1.18 KH2P04, 1.6 CaCI2·2H20, 1.6 MgS04·1H20, 25 

NaHC03 , 5.5 dextrose, and 0.03 EDTA. The aorta was cut into 2-mm rings, 

and the endothelium was gently removed. Rings were incubated with DMEM 

(Invitrogen, Carlsbad, CA) containing either 1 OOnM angiotensin II or vehicle 

for 3 hours at 37°C. After incubation, the aortic rings were mounted in a 

muscle bath containing PSS at 37"C and bubbled with 95% 0 2-5% C02. 

Isometric force !ileneration was recorded with a Multi ·Myograph System 

(Danish Myo Technology AIS). A resting tension of 3 g was imposed on each 

ring, and the rings were allowed to equilibrate for 1 hour. The rings were 

contracted with phenylephrine (PE, 10 nM), and acetylcholine (1 J.JM) was 

added during the plateau phase to verify efficient removal of endothelium. 

Then, the chemicals were washed out until the constriction of aortic rings 

returned to baseline levels. Subsequently, the dose-dependent response 

curve to PE or the relaxation response of 10 nM PE pre-contracted rings to Y-

27632 was recorded. 

Detection of LARG protein by Western blot analysis. Aortic rings were 

incubated in DMEM containing either 1 OOnM angiotensin II or vehicle at 37"C 
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for the designated time, and immediately snap frozen in liquid nitrogen. The 

rings were homogenized and solubilized in RIPA buffer (mM): 50 Tris·HCI (pH 

7.:4), 150 NaCI, 1 EDTA, 1 NaF, 1 NaN04, and 1 PMSF, with 0.25% Na

deoxycholate and 1.0% NP-40, and centrifuged at 10,000 g and 4°C for 30 

min. The supernatant was collected, and subjected to Western blot analysis. 

Briefly, BOJ.Jg protein were separated by SDS-PAGE and subsequently 

transferred to nitrocellulose membrane. The membrane was then incubated 

with LARG (Santa Cruz Biotechnology, Santa Cruz, CA) or J3-actin (Sigma, St. 

Louis, MO) antibody. Finally, the membranes were incubated with a 

horseradish peroxidase-linked secOndary antibody and visualized with an 

enhanced chemiluminescence kit (Amersham, Piscataway, NJ). Band density 

was quantitated by densitometric analysis using a Kodak image station 440CF 

(Kodak, New Haven, CT). 

Data Analysis. Data are presented as mean ± S.E.M., and treatment effects 

were compared by unpaired t test adjusted with the Bonferroni correction. P < 

0.05 was taken as the level of significance. 

Results 

Angiotensin II transiently up-regulates LARG mRNA and protein in rat 

vascular smooth muscle cells: To determine if the RGS domain-containing 

RhoGEFs were regulated by angiotensin II, rat aortic rings were prepared and 

stimulated with 100 nM angiotensin II in vitro, and RhoGEF mRNA transcripts 

were examined by RT-PCR. Results demonstrated that LARG mRNA was 

significantly increased after 30 minutes of stimulation, and reached the peak 

after one hour of stimulation (Fig. 3.1A). It is noted that PDZ-RhoGEF and 
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p115RhoGEF did not significantly change at any time after stimulation with 

angiotensin II (Fig. 3.1 B). When stimulated by vehicle for 1 hour, 2 hours, 8 

hours, and 24 hours, no alteration of mRNA expression level of these 

RhoGEFs was observed (Fig. 3.7). LARG protein level were consistently 

elevated following angiotensin II stimulation, with a significant increase after 3 

hours and peaking at 6 hours of stimulation (Fig. 3.1 C and D). 

As the major cells in aortas are vascular smooth muscle cells, we 

hypothesized that the induction of LARG by angiotensin II observed in aortic 

rings occurred in vascular smooth muscle cells. To test this hypothesis, a real

time PCR analysis of LARG mRNA was established (its specificity and 

efficiency are demonstrated in Figure 3.2A and B), and was used to examine 

if angiotensin II can induce LARG in cultured VSMCs. Results showed that 

angiotensin II transiently up-regulated LARG mRNA in cultured VSMCs 

(Figure 3.2C) with a similar time course to that observed in aortic rings, and 

the induction of LARG by angiotensin II occurred in a dose-dependent 

manner. Concentrations as low as 1 nM of angiotensin II significantly 

increase the expression of LARG mRNA, and maximal induction was 

observed at an angiotensin II concentration of 1 mM (Figure 3.20). 

The AT1 receptor mediates the induction of LARG mRNA by angiotensin II: 

To date, two high-affinity plasma membrane receptors for angiotensin II, AT1 

and AT2, have been cloned and pharmacologically characterized. Both 

. receptors can be detected in vascular smooth muscle [23], and has been 

shown to mediate the modulation of gene expression by angiotensin II. 

Therefore, specific inhibitors were used to identify which type of receptor was 

involved in the induction of LARG by angiotensin II. Results showed that the 
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AT1 blocker, losartan, but not the AT2 receptor blocker, PD123319, abolished 

the induction of LARG mRNA by angiotensin II (Figure 3.3), suggesting that 

the induction of LARG by angiotensin II was mediated by the AT1 receptor. 

The induction of LARG mRNA by angiotensin II is via the Pl3-kinase signaling 

pathway: Since a variety of signaling pathways can be activated by 

angiotensin II binding to the AT1 receptor, a set of inhibitors were used to 

identify which signaling pathway(s) was involved in the induction of LARG by 

angiotensin II. It was observed that a Pl3-kinase inhibitor (wortmannin) 

completely blocked the induction of LARG by angiotensin ll,and a MEK 

inhibitor (PD98059) and a MAPI5 inhibitor (88203580) partially blocked the 

induction of LARG, whereas JAk2 inhibitor (AG490) and JNK inhibitor 

(SP600125) did not significantly affect .the induction of LARG mRNA by 

angiotensin II (Figure 3.4A). Consistent with results from wortmannin, another 

P13-kinase, L Y-294002, significantly attenuated the induction of LARG by 

angiotensin II. 

NF-K8 is a common downstream transcription factor of Pl3-kinase. To test if 

NF-K8 mediates the induction of LARG by angiotensin II, VSMCs were pre

treated with ammonium pyrrolidinecarbodithioate (PDTC), a compound has 

been shown to specifically inhibit the mobilization of NF-K8 but not other 

transcription factors in response to endotoxin [24]. As shown in Figure 3.48, 

PDTC dramatically attenuated the induction of LARG by angiotensin II. To 

identify potential NF-K8 binding sites in the promoter region of LARG, RACE

PCR was used to determine the transcription start sites of LARG. Two 

prominent amplicons were observed in the secondary PCR reaction (Figure 

3.5A), and after sequencing, two major transcription start sites were identified 
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(Figure 3.5B). The LARG promoter region was then scanned using an online 

program, TRES (http://bioportal.bic.nus.edu.sgftresf). In the analyzed region, 

two potential NF-KB binding sites was identified (Figure 3.5B). Similar 

analyses were performed on the promoter regions of human p115 RhoGEF, 

human PDZ-RhoGEF, and mouse LARG as well, since the sequences of their 

5' non-coding region were available via GenBank. Interestingly, the potential 

NF-KB binding site was identified only in the promoter region of mouse LARG, 

but not in other genes examined (Table 3.1 ). 

Pre-treatment with angiotensin II increases Rho-kinase antagonist-induced 

vasodilation: Since LARG can lihk heterotrimeric G proteins to RhoA and may 

thus be involved in Ca2+-sensitization of vascular smooth muscle, it was 

predicted that pre-treatment with angiotensin II would increase the Ca2+

sensitization of rat aortic rings induced by other agonists. A Rho-kinase 

antagonist, Y-27632, has commonly been used to test RhoA/Rho-kinase 

mediated Ca2+-sensitization in blood vessels. Therefore, it was investigated 

how pre-treatment with angiotensin II affected the vasodilator response to Y-

27632 in PE-pre-contracted rat aortic rings. Results demonstrated that pre

treatment with angiotensin II significantly increased the vasodilator response 

to Y-27632 (Fig. 3.6B). However, pre-treatment with angiotensin II did not 

change the response curve to PE (Fig. 3.6A). To rule out the possibility that 

increased RhoA or Rho-kinase contributes to the increased vasodilator 

response to Y-276;32, we also used western blot to measure RhoA and Rho

kinase, and real-time RT-PCR to measure two subunits of myosin light chain 

phosphatase in aortic rings after stimulation by angiotensin II for 4 hours. No 

significant differences were observed at the mRNA expression levels of these 
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components of the RhoA/Rho-kinase signaling pathway before or after 

treatment with angiotensin II (Fig. 3.8). 

Discussion 

Here, we demonstrate that angiotensin II up-regulates LARG via the AT1 

receptor, and this up-regulation is signaled via the Pl3-kinase pathway. 

Further, angiotensin II treatment caused a small, but significant, increase in 

the component of contractile responses sensitive to Rho-kinase antagonism. 

Two angiotensin II receptors, AT1 and AT2, are detectable in the vasculature 

[25). Using specific inhibitors, we showed that the. induction of LARG by 

angiotensin II was mediated by the AT1 receptor. Since the AT1 receptor 

mediates the mitogenic and vasoconstrictor actions of angiotensin II, whereas 

the AT2 receptor antagonizes these AT1 receptor-mediated effects (25], it is 

predicted that the induction of LARG by angiotensin II may change the 

contractility of vascular smooth muscle. However, our results demonstrated 

that the response curve to PE did not change. Interestingly, pre-treatment with 

angiotensin II significantly increased the vasodilator response to a Rho-kinase 

inhibitor, Y-27632. 

The AT1 receptor can activate multiple downstream intracellular signal 

transduction pathways [25-28]. Of these, the Pl3- kinase/NF-KB pathway is 

noteworthy because of the key role in inflammation induced by angiotensin II. 

This pathway has been shown to be responsible for the induction of IL-6 and 

IL-8 mRNA by angiotensin II .in adipocytes (26). The present study 

demonstrated that a P13-kinase inhibitor, wortmannin, abolished the induction 

of LARG by angiotensin II. Another P13-kinase inhibitor, LY-294002, 

-26-



dramatically reduced the induction of LARG by angiotensin II. Since the 

underlying mechanisms for these two inhibitors are different, the results 

appeared to be reliable. 

NF-KB is a transcription factor downstream from Pl3-kinase. A NF-KB inhibitor, 

PDTC, abolished the induction of LARG by angiotensin II. Consistent with 

this, two potential NF-KB binding sites were identified in the promoter region 

of rat LARG. Notably, potential NF-KB binding sites were also present in the 

promoter region of mouse LARG but not human p115 RhoGEF or human 

PDZ-RhoGEF, suggesting the induction of LARG by angiotensin II may not be 
j 

limited to rat. Our results showed that the induction of LARG by angiotensin II 

was partially blocked by either the MEK inhibitor, PD98059, or the MAPK 

inhibitor, SB203580, indicating the involvement of the MAPK pathway. 

However, no STAT3 binding site was identified within the analyzed region. 

There are two possibilities for this discrepancy: 1) the analyzed sequence is 

not long enough, since functional cis-elements can be located up to 10 kb 

from the transcription start site [29]; 2) cross-talking between MAPK pathway 

and NF-KB [30]. 

Studies have shown that LARG can activate RhoA following exposure to 

extracellular stimuli [11, 31]. Since LARG has been suggested to play a role in 

RhoNRho-kinase-mediated Ca2•-sensitization, it was predicted that the 

induction of LARG by angiotensin II would affect Ca2
• -sensitization of vascular 

smooth muscle. Supporting this hypothesis, our results revealed that pre-

treatment with angiotensin II significantly increased the vasodilator response 

to Y-27632, a Rho-kinase inhibitor. 

Although pre-treatment with angiotensin II significantly increased the 
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vasodilator response to Y-27632, it did not change the response curve to PE. 

As LARG may act as a GAP for hetereomeric G proteins, one possible 

explanation is that LARG activates the RhoA!Rho-kinase pathway at the 

expense of another signaling pathway, for example Ca2+-dependent signaling. 

However, this remains to be tested. Interestingly, it has been shown that the 

maximal contraction of aorta by PE did not change, but the vasodilator 

response to Y-27632 increased in mineralocorticoid hypertensive rats [32]. 

RhoA/Rho-kinase-mediated Ca2+-sensitization is increased in hypertension [2, 

12, 33], and the mechanism remains poorly understood. We previously 

demonstrated that the expression of LARG increased in arteries from SHRSP, 

and the current study provides a possible mechanism for increased 

RhoA/Rho-kinase-mediated Ca2+-sensitization in hypertension: 

In conclusion, our results demonstrate that angiotensin II up-regulates LARG 

via the AT1 receptor, and this up-regulation contributes to a small, but 

significant, increase in the component of contractile responses sensitive to 

Rho-kinase antagonism, suggesting that RhoGEFs, particularly LARG, may 

participate in linking GPCR to RhoA activation in vascular smooth muscle. 
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Figure 3.1. Angiotensin II increased the expression of lARG in aortic rings. 

Aortic rings were prepared and cultured in DMEM containing 100 nM 

angiotensin II or vehicle for the indicated time. mRNA and protein expression 

levels of lARG were measured by RT-PCR and Western blot respectively. A, 

a representative gel image of RT-PCR products; B, After normalization to 

GAPDH, lARG mRNA expression relative to non-stimulated control (0) was 

calculated and was presented as mean :1: SEM of three separate experiments; 

C, a representative image of western blot analysis; D, lARG protein 

expression relative to non-stimulated control was presented as mean :1: SEM 

of four separate experiments. *p < 0. 05, **p < 0. 01. 

-30-



A 

c 
3 

0 0.5 1 2 4 8 24 

Time (hour) 

B 
:§' 35 

§ 30 
~ 
~ 25 
.0 
~ 20 
<( 
z 
0: 
E 

15 

10 
0.00001 

D 
200 

<(.., 
z"' 150 
a:§ 

~ ~ 100 
0::::!:::: 
:5 "lij 50 

0 

• GAPDH I 
•LARG 

0.001 0.1 10 

eDNA (ld) 

** 
~ F-E 

J 
Flr l 
0 0.1 1 10 100 1000 

Angll (nM) 

Figure 3.2. Concentration-dependent induction of LARG mRNA by 

angiotensin II in cultured VSMCs.. A, to establish LARG mRNA assay based 

on real-time PCR, primers for GAPQH and LARG were designed and their 

specificity was verified by visualization of real-time PCR products with 2% 

agarose gel. A representative gel image was presented, demonstrating that 

only the expected band was evident. M, 1 kb Plus DNA ladder (Invitrogen, 

Carlsbad, CA); -, minus control; L, LARG. 8, the efficiency and reliability of 

LARG mRNA assay was verified by measuring serially diluted (1:5) samples. 

C, Rat VSMCs were stimulated by 100 nM angiotensin II for the indicated 

time. LARG mRNA assay was then performed. Results were presented as 

mean :!: SEM of three separate experiments. D, rat VSMCs were stimulated 
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with the indicated concentration of angiotensin II for 1 hour, and then LARG 

mRNA assay was performed. Results are presented as mean ± SEM of six 

separate experiments. *p < 0.05, **p < 0.01. 
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Figure 3.3. The induction of LARG by angiotensin II is mediated by the AT1 

receptor in VSMCs. Rat VSMCs were pretreated with 1pM AT1 blocker, 

losartan, 1pM AT2 blocker, PD123319, or vehicle for 15 minutes, and then 

stimulated by 100 nM angiotensin II or vehicle for 1 hour. LARG mRNA 

expression level was measured by real-time PCR. Results are presented as 

mean :1: SEM of three separate experiments. **p < 0.01. # #p < 0.01, in 

comparison with vehicle. 
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Figure 3.4. The Pl3-kinase pathway was required for the induction of LARG by 

angiotensin II in VSMCs. A, Rat VSMCs were pretreated with 0. 1 pM 

wortmannin, 10pM 88203580, 10pM SP600125, 25pM AG490, 50pM 

PD98059, or vehicle, and treated with 100 nM angiotensin II or vehicle for 1 

hour. LARG mRNA expression level was then measured by real-time PCR. 
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Results are presented as mean± SEM of three separate experiments. B, the 

effect of another Pl3-kinase inhibitor (L Y-294002, 20 pM) and a NF-K£3 inhibitor 

(PDTC, 300pM) on the induction of LARG by angiotensin II. Results are 

presented as mean:t:SEM of four separate experiments. *p < 0.05, in 

comparison with angiotensin II; #p < 0.05, in comparison with vehicle. 
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Figure 3.5. The determination of transcript start sites of rat LARG gene. A, 

Total RNA was extracted from rat VSMCs or aorta, and then RACE-PCR was 

performed according to manufacturer's instructions. A, a gel image of PCR 
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products (aorta) was presented. M, 1 kb Plus DNA ladder (Invitrogen, 

Carlsbad, CA); -, minus control; L, LARG. B, An online program, TRES 

(http://bioportal.bic.nus.edu.sgltresl), was used to search transcription factor 

binding sites using TRANSFAC Weight Matrices within 3000 basepairs 

upstream from the start codon. Predicted transcription binding sites were 

shown in frames. An arrow indicated the position of the transcription start. 
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Figure 3.6. Angiotensin II increased Rho-kinase mediated Ca2•-sensitization 

in rat aortic ring. Aortic rings were prepared and incubated in DMEM 

containing either 100 nM Angiotensin II or vehicle for 3 hours, and then were 

mounted in a muscle bath. After 1 hour of equilibration, the aortic rings were 
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contracted by 0.01 pM PE, and the relaxation response to Y-27632 was 

recorded. A, The contraction induced by 0.01 pM PE; 8, The response cuNe 

to Y-27632. *p < 0.05, **p < 0.01. 
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Table 3.1. Transcription factor binding sites in the promoter region of RhoGEF 

genes. Transcription factor binding sites in the promoter region of RhoGEF 

genes were scanned using an online program, TRES 

(http://bioportal.bic.nus.edu.sgltresl), with TRANSFAC Weight Matrices. The 

similarity score was in the range of 0 to 100, and cut-off value was set at 95. 

Except rat LARG, the transcript start sites of other genes were obtained by 

searching GenBank. The first nucleotide upstream from the full-length eDNA 

was set as -1. 
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Figure 3. 7. Vehicle did not increase the expression of LARG mRNA. Aortic 

rings were prepared and incubated in DMEM. 1 p1 water (vehicle for 

angiotensin//) per ml medium was added, and then aortic rings were 

collected after the indicated time and the expression level of LARG mRNA 

was measured by RT-PCR. 
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Figure 3. B. Angiotensin II did not increase the expression of RhoA, ROCK2, 

and MLCP. Aortic rings were prepared and incubated in DMEM containing 

either vehicle or 1 OOnM angiotensin II for four hours. The protein expression 

of RhoA and ROCK2 was measured by western blot, and the mRNA 

expression of two subunit of MLCP was measure ·by real time RT-PCR. 

Summary results of three independent experiments are presented as 

mean.:tSD. MLCP(r), regulatory subunit of MLCP; MLCP(t), target subunit of 

MLCP. 
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CHAPTER4 

Ca2
• signaling to RhoA through proline-rich tyrosine kinase 2/PDZ-RhoGEF: 

the underlying mechanism of high doses of salicylates's vasodilator action. 

Abstract 

Non-steroid anti-inflammatory drugs (NSAIDs) are one category of the. most 

commonly prescribed drugs in the world [34]. Meta-analyses has 

demonstrated the correlation of use of NSAIDs to the risk of hypertension [35-

37]. However, as the prototype of NSAIDs, use of aspirin does not increase 

the risk of hypertension [35-38],. but decreases blood pressure [38], indicating 

a unique action of aspirin on blood pressure regulation. Although an ordinary 

dose of aspirin does not have significant effect on cardiovascular system, high 

dose of aspirin dilates peripheral blood vessels [34]. Interestingly, a recent 

study demonstrated that the effect of aspirin on the risk of hypertension varied 

with regard to the frequency of use: low frequency of aspirin use increased 

the risk of hypertension similar to other NSAIDs, whereas high frequency of 

aspirin use did not increase the risk of hypertension, unlike other NSAIDs 

which increased the risk of hypertension more at the high frequency of use, 

indicating the unique action of aspirin on blood pressure is dependent on 

dose. Since the contractility of peripheral blood vessels determines the total 

peripheral resistance and thus blood pressure, the unique action of high-dose 

of aspirin on the vasculature may contribute to its distinct effect on blood 

pressure. Here we observed that high concentrations of salicylates, including 

aspirin and sodium salicylate, relaxed contracted rat aortic rings by inhibiting 

RheA/Rho-kinase mediated calcium sensitization. We further identified that 

-43-



. ' 

high concentration of salicylates target proline-rich tyrosine kinase 2 (PYK2), 

a calcium-dependent non-receptor tyrosine kinase. This led us to define a 

signaling pathway linking calcium to RhoA: PYK2 is activated by calcium and 

subsequently phosphorylates PDZ-RhoGEF, a RGS domain containing 

RhoGEF. The tyrosine phosphorylation on PDZ-RhoGEF increases its GEF 

activity, and thus activates RhoA. High concentration of salicylates inhibit this 

signaling pathway to reduce calcium sensitization leading to vascular 

relaxation. 

Results and discussion 

High concentration of salicylates relaxed contracted aortic rings by 

inhibiting RhoA/Rho-kinase mediated Ca2•-sensitization. High doses of 

salicylates tend to dilate blood vessels in vivo. However the mechanism 

remains elusive. We observed that high concentration of sodium salicylate 

decreased contraction of endothelium-denuded rat aortic rings by angiotensin 

II, a critical regulator of blood pressure, with a half-maximal inhibitory 

concentration (IC50) of4.4-12.1mM (Fig. 4.1 a). High concentration of sodium 

salicylate also decreased contraction by other vasoconstrictors, including PE 

and KCI (Fig. 4.5 a). This vasodilator action of sodium salicylate can be 

attributable to the osmotic stress induced by high concentration of sodium 

salicylate only to a small extent, since the maximal effect of NaCI was 

markedly lower than that of sodium salicylate (5.3-36.7% versus 72.9-119.1%, 

NaCI and SS respectively). We next examined if high concentration of sodium 

salicylate affect the viability of vascular smooth muscle cells. In cultured 

vascular smooth muscle cells, treatment with 30 mM sodium salicylate for 30 
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minute did not significantly decrease the viability of cells. Additionally, 

incubation with 30 mM sodium salicylate for 30 minutes did not affect the 

contraction of endothelium-denuded rat aortic rings induced by KCI and PE. 

These results demonstrated that sodium salicylate have direct vasodilator 

action on vascular smooth muscle. 

Like sodium salicylate, aspirin relaxed endothelium-denuded rat aortic rings 

contracted by various vasoconstrictors as well (Fig. 4.5 b), suggesting this 

vasodilator action may be common in salicylates. Inhibition of cyclooxygenase 

is the major mechanism of action of salicylates, and the underling mechanism 

of NSAIDs. The failure of other tested NSAIDs at the highest concentration 

reported in patient plasma to relax the vasoconstriction by PE indicated this 

may be a unique action of salicylates (Fig. 4.5 c). 

The contractility of vascular smooth muscle is determined by the cytosolic 

calcium concentration and, its sensitivity to calcium [12]. To address the 

underlying mechanism of vasodilator action of salicylates, we next examined 

the effect of sodium salicylate on vasoconstriction by calyculin A, which 

directly inhibits MLCP and thus blocks the major signaling pathways that 

regulate the calcium sensitivity of vascular smooth muscle [2]. Results 

showed that sodium salicylate at the concentration of up to 30mM did not 

relax contraction induced by calyculin A, suggesting that salicylates relaxed 

aortic rings by decreasing the sensitivity to calcium (Fig. 4.1 b). PKC and 

RhoA/Rho-kinase are the critical intracellular regulators of the sensitivity of 

vascular smooth muscle [2]. Therefore, we next examined if the blockade of 

Rho-kinase and PKC affect the action of salicylates on contraction by 

angiotensin II. The treatment of a Rho-kinase inhibitor, Y-27632, significantly 
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decreased the vasodilator action of sodium salicylate, whereas inhibition of 

PKC by Calphostin C did not affect the vasodilator action of sodium salicylate 

on contraction by angiotensin II (Fig. 4.1 c), indicating that salicylates relaxed 

vascular smooth muscle by targeting RhoA/Rho-kinase pathway. Consistently, 

we observed that sodium salicylate inhibited MYPT1 phosphorylation induced 

by angiotensin II with a comparable IC50 (Fig. 4.1 d). In contrast, the CPI 

phosphorylation level did not change by either angiotensin II or salicylates 

(data not shown). However, in vitro kinase assay showed that both sodium 

salicylate and aspirin did not decreased Rho-kinase activity, suggesting 

salicylates may target upstream molecules (data not shown). 

High concentration of salicylates inhibited PYK2 to decrease RheA/rho

kinase activation by angiotensin II. We next examined the underlying 

mechanism of the vasodilator action of salicylates. Inhibition of COX is not 

likely to be the major mechanism, because 1) aspirin is more efficient on COX 

inhibition than sodium salicylate, however they have similar IC50 in 

vasodilation; 2) the IC50 to relax aortic rings is higher than the IC50 to inhibit 

COX in vivo; 3) other NSAIDs did not share this action at a concentration 

sufficient to inhibit COX (Fig. 4.2 a). 

High concentration of salicylates have also been shown to inhibit PYK2, a 

non-receptor tyrosine kinase that is regulated by a variety of extracellular 

stimuli [39]. However, there was no specific PYK2 inhibitor. Therefore, to test 

if salicylates relaxed aortic rings by targeting PYK2, we first examined the 

effect of treatment with a non-specific tyrosine inhibitor, genistein, on the 

vasodilator action of salicylates. Results demonstrated that the presence of 
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genistein dramatically deceased the vasodilator action of sodium salicylate on 

the contraction by angiotensin II (Fig. 4.2a), and totally abolished the 

vasodilator action of sodium salicylate on the contraction by KCI (Fig. 4.6). 

Additionally, the treatment of genistein completely abolished Rho-kinase 

activation by angiotensin II (Fig. 4.2b). These results indicated that PYK2 may 

be involved in vasoconstriction and salicylates relax aortic rings by inhibiting 

PYK2. Therefore, we further examined if knockdown of PYK2 in cultured rat 

aortic vascular smooth muscle cells decreased RheA/Rho-kinase activation 

by vasoconstrictors. Results showed that knock-down of PYK2 abolished the 

activation of RheA/Rho-kinase induced by angiotensin II (Fig. 4.2c), 

supporting the involvement of PYK2 in RheA/Rho-kinase activation by 

vasoconstrictors. 

PYK2 activates RhoA/Rho-kinase by phosphorylating PDZ-RhoGEF. 

RheA activation is finely-tuned through a balance between RhoGEFs and 

RhoGAPs. A recent report showed that PDZ-RhoGEF was pulled down by 

anti-PYK2, suggesting that it may play a role in the RheA activation by PYK2 

[40]. Therefore, we examined the interaction between PYK2 and PDZ

RhoGEF by co-immunoprecipitation. As expected, PDZ-RhoGEF and PYK2 

could be co-immunoprecipitated by either anti-PYK2 or anti-PDZ-RhoGEF 

(Fig. 4.3a). The co-immunoprecipitation was further confirmed by using anti

HA or -Myc to perform immunoprecipitation on lyzate of HEK293T that over

expressed of HA-tagged PYK2 and Myc-tagged PDZ-RhoGEF (Fig. 4.8a). We 

next examined how angiotensin II affected the interaction between PYK2 and 

PDZ-RhoGEF. Results demonstrated that angiotensin II rapidly increased the 
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interaction with a time course identical to that of tyrosine phosphorylation on 

PDZ-RhoGEF (Fig. 4.3b), suggesting the interaction between PYK2 and PDZ

RhoGEF may depend on the tyrosine phosphorylation. The similar time 

course of tyrosine phosphorylation on PYK2 and PDZ-RhoGEF indicated that 

PYK2 may be responsible for the tyrosine phosphorylation of PDZ-RhoGEF. 

Thus we performed in vitro tyrosine phospnorylation reaction using PYK2 

kinase domain and Myc-tagged PDZ-RhoGEF. Results demonstrated that 

PDZ-RhoGEF was tyrosine-phosphorylated by PYK2 kinase domain in a time

dependent manner (Fig. 4.3c). More importantly, we observed that the GEF 

activity of resultant PDZ-RhoGEF dramatically increased (Fig. 4.3d). 

Next, we examined the role of PDZ-RhoGEF in RhoA activation by 

angiotensin II. Over-expression of PDZ-RhoGEF in vascular smooth muscle 

cells dramatically increased the RhoA translocation and MYPT1 

phosphorylation induced by angiotensin II, whereas knock-down of PDZ

RhoGEF abolished the RhoA translocation and MYPT1 phosphorylation 

induced by angiotensin II (Fig. 4.3 e), supporting that PDZ-RhoGEF is 

sufficient and necessary to mediate RhoA activation by angiotensin II. We 

then tested if PDZ-RhoGEF linked PYK2 to RhoA. Results demonstrated that 

over-expression of PYK2 kinase domain in vascular smooth muscle cells was 

sufficient to activate RhoA, and knock-down of PDZ-RhoGEF almost 

abolished this RhoA activation, supporting that PDZ-RhoGEF is the major 

mediator. 

PYK2/PDZ-RhoGEF linked Ca2
• to RhoA. An important advance on 

RhoA/Rho-kinase mediated calcium sensitization achieved most recently is 
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that calcium itself may activate RhoA/Rho-kinase and result in calcium 

sensitization [41]. However, the underlying mechanism is unknown. PYK2 

activation is dependent on calcium, indicating that PYK2/PDZ-RhoGEF may 

mediate calcium signaling to RhoA. We observed that the RhoA activation by 

angiotensin II was completely abolished by AM-BAPTA, indicating the 

dependence of RhoA activation by angiotensin II on calcium signaling (Fig. 

4.4 a). Additionally, both high concentration of salicylates and genistein 

relaxed aortic rings contracted by various calcium mobilizers, including KCI, 

ionomycin and tharpsigargin, supporting that PYK2/PDZ-RhoGEF may play a 

role in calcium-induced calcium sensitization (data not shown). Consistent 

with previous reports, these calcium mobilizers also activated RhoA in either 

cultured vascular smooth muscle cells or aortic rings, and AM-BAPTA 

completely abolished the RhoA activation by them, indicating the activation of 

RhoA by them was mediated by calcium signaling. Then, we observed that 

knock-down of either PYK2 or PDZ-RhoGEF abolished RhoA activation by 

ionomycin, whereas over-expression enhanced RhoA activation by ionomycin 

(Fig. 4.4 b). These results indicate that PYK2/PDZ-Rho-GEF links calcium to 

RhoA. 

To test if this sigaling pathway functions in other types of cells, we examined 

the expression of PYK2 and PDZ-RhoGEF in several cell lines. Of them, both 

COS7 and HEK293T expressed PYK2, but only COS7 expressed PDZ

RhoGEF at a limited level (Fig. 4.4 c). Interestingly, ionomycin did not activate 

RhoA in COS7 but in HEK293T, whereas LPA, which activates RhoA mainly 

mediated by G12/13 coupled receptors, activated RhoA in COS7 but not in 

HEK293T (Fig. 4.4 d), supporting that PYK2/PDZ-RhoGEF link calcium to 
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RhoA not only in vascular smooth muscle but also in other cells. 

Materials and Methods 

Materials: Except for Y-27632 (a gift from Welfide Corporation,Osaka, Japan), 

all other chemicals were purchased from Sigma. 

Constructs: Human PDZ-RhoGEF and PYK2 full-length eDNA were amplified 

from HEK293 by PCR, and the sequences were verified by sequencing. To be 

easily measured, PDZ-RhoGEF was tagged with c-myc at 5', and PYK2 was 

tagged with HA at 5'. PYK2 kinase domain expression vector was generated 

with a similar method and HA-tagged as well. 

siRNA adenoviral vectors were generated by using a system from Ambion 

according to the manufacturer's instruction. PYK2 siRNA sequence was 

described previously [42]. PDZ-RhoGEF siRNA sequence was: sense strand, 

5-CCCCAUCAUUCCUCCACCA-3; antisense strand, 5-UGGUGGAGGAAUG 

AUGGGG-3. 

Preparation and culture of rat vascular smooth muscle cells: Primary cultures 

of rat vascular smooth muscle cells were prepared as previously described 

[22]. Briefly, the thoracic aortas of Sprague-Dawley rats (Harlan, Indianapolis, 

Indiana) were isolated aseptically, and the adventitia and outer media of the 

isolated aortas were cleanly stripped off and discarded. Then, the vessels 

were minced, placed in collagenase (Sigma Chemical Co, St. Louis, MO) 

solution at 37"C for 30 minutes, and washed. The remaining media was 

incubated in collagenase and elastase (Sigma Chemical Co, St. Louis, MO) 

with gentle agitation until the cells dispersed. The resulting cell suspension 

was centrifuged, and the cells seeded onto a plastic dish after resuspension. 
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The cells were maintained in DMEM supplemented with 10% fetal bovine 

serum (Invitrogen, Carlsbad, CA), 100 ~g/mL streptomycin, and 100 U/mL 

penicillin at 37"C under a 95% air/ 5% COz atmosphere. Only cells cultured 

less than 5 generations were used. 

Western blot analysis: Tissue or cells were lysed with RIPA buffer (Upstate, 

Waltham, MA). One hundred micrograms of protein were loaded per lane, 

resolved by 10% SDS-PAGE under reducing conditions, and transferred to a 

polyvinlidene fluoride membrane (BioRad, Hercules, California). Membrane 

was blocked by treatment with 5% milk in Tris-buffered saline, probed with 

respective antibodies and incubated with the horseradish peroxidase

·conjugated secondary antibody. Signals were detected by 

chemiluminescence and analyzed by densitometry. 

Tissue preparation and isometric force measurement: All animal procedures 

were performed in accordance with the "Guiding Principles for Research 

Involving Animals and Human Beings" of the American Physiological Society. 

Male Sprague-Dawley rats (275-300 g) were anesthetized with pentobarbital 

sodium (50 mg/kg ip), and the thoracic aorta was quickly removed and 

cleaned in physiological salt solution (PSS) of the following composition (mM): 

118 NaCI, 4.7 KCI, 1.18 KH2P04, 1.6 CaCI2·2H20, 1.6 MgS04·7H20, 25 

NaHC03, 5.5 dextrose, and 0.03 EDTA. The aorta was cut into 2-mm rings, 

and the endothelium was gently removed. The aortic rings were then mounted 

in a muscle bath containing PSS at 37"C and bubbled with 95% 02-5% C02. 

Isometric force generation was recorded with a Multi Myograph System 

(Danish Myo Technology A/S). A resting tension of 3 g was imposed on each 

ring, and the rings were allowed to equilibrate for 1 hour. The rings were 
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contracted with phenylephrine (PE, 10 nM), and acetylcholine (1 J.JM) was 

added during the plateau phase to verify efficient removal of endothelium. 

Then, the chemicals were washed out until the constriction of aortic rings 

returned to baseline levels. Subsequently, the experimental procedures were 

performed and responses of aortic rings were recorded. 
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Figure 4. 1 High concentration of sodium salicylate relaxed contracted aortic 

rings by inhibiting RhoA/Rho-kinase mediated Ca2•-sensitization .. a. Sodium 

salicylate attenuated contraction by angiotensin II in a concentration-

dependent manner. In the presence of NaG/ (n=9) or Sodium Salicylate (SS, 

n=9), endothelium denuded rat thoracic aortic rings were contracted by 

100nM angiotensin II. NaG/ and SS were resolved in PSS. Vehicle (n=5) was 

referred to the same volume of PSS. Pre-contraction by 120mM KGL was 

used to normalized the results. b. Sodium salicylate did not relax contraction 

by ca/yculin A. In the presence of 3mM NaG/ or SS, endothelium denuded rat 

thoracic aortic rings were contracted by 100nM angiotensin II and/or 300nM 

ca/yculin A. n~3. c. The vasodilator action of sodium salicylate is attenuated 

by Rho-kinase inhibitor, but not PKG inhibitors. In the presence of 3mM 
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sodium salicylate combined with 500nM Calphostin C or 10f.IM Y-27632, 

endothelium denuded rat thoracic aortic rings were contracted by 100nM 

angiotensin II. Results were presented as the difference between control 

(3mM NaG/) and sodium salicylate. n=9. d. Sodium salicylate decrerased 

MYPT1 phosphorylation induced by 100nM angiotensin II. Endothelium 

denuded rat thoracic aortic rings were incubated with 100nM angiotensin II or 

vehicle for 5 minutes, and then the phosphorylation of MYPT were measured 

by western blot. 
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Figure 4.2 High concentration of sodium salicylate relaxed aortic rings by 

inhibiting PYK2. a, Genistein attenuated the vasodilator action of sodium 

salicylate. In the presence of vehicle or 50pM genistein, endothelium denuded 

rat aortic rings was contracted by 1 OOnM angiotensin II. Summary of four 

independent experiments were presented. b, MYPT1 phosphorylation 

induced by angiotensin II was blocked by genistein. In the presence of vehicle 

or 50pM genistein, endothelium denuded rat aortic rings were stimulated by 

100nM angiotensin II for 5 minutes, and then the phosphorylation level of 

MYPT1 was measured by western blot. A representative result of three 

independent experiments was presented. c, knock-down of PYK2 in vascular 

smooth muscle cells blocked the activation of RhoA/Rho-kinase by 

angiotensin II. Aafter transduction by PYK2 siRNA or control adenoviral vector 

for 48 hours, rat aortic vascular smooth muscle cells were stimulated by 

100nM angiotensin II for 5 minutes, and then RhoA translocation and MYPT1 
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phosphorylation were measured by western blot. A representative result of 

five independent experiments was presented. 
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Figure 4.3 PDZ-RhoGEF linked PYK2 to RhoA. a, The interaction between 

PYK2 and PDZ-RhoGEF. Rat aorta was isolated and lyzed, then subject to 

immunoprecipitation with indicated antibodies, and finally visualized by 

western blot. Antibody against HA was used as a control. A representative 
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result of two independent experiments was shown. b, Angiotensin II 

increased tyrosine phosphorylation of PDZ-RhoGEF and the interaction 

between PYK2 and PDZ-RhoGEF. Endothelium denuded rat aortic rings were 

stimulated by 1 OOnM · angiotensin II for the indicated time, and then 

homogenized with RIPA buffer, the resultant lysates were subject to 

immmunoprecipitation and visualized by western blot. c, PYK2 kinase 

domain phosphorylated PDZ-RhoGEF in vitro. Myc-tagged PDZ-RhoGEF was 

over-expressed and purified from HEK293T, and commercially available PYK2 

kinase domain was used to perform phosphorylation reaction in vitro. The 

resultant product was visualized by western blot with anti-myc and anti-. 

phospho-tyrosine antibodies. d, Tyrosine phosphorylation of PDZ-RhoGEF by 

PYK2 increased its GEF activity. Myc-tagged PDZ-RhoGEF was in vitro 

phosphorylated by PYK2 kinase domain for 2 hours, and then subject to GEF 

activity assay, the phosphorylation level was visualized by western blot. -, 

water; +, DH domain of Db/; PYK2-, myc-tagged PDZ-RhoGEF 

phosphorylated by vehicle; PYK2+, myc-tagged PDZ-RhoGEF 

phosphorylated by PYK2 kinase domain. A representative result of four 

independent experiments was shown. e, PDZ-RhoGEF mediated RhoA/Rho

kinase activation by angiotensin II. After transduction by PDZ-RhoGEF siRNA 

or control adenoviral vector for 48 hours, rat aortic vascular smooth muscle 

cells were stimulated by 1 OOnM angiotensin II for 5 minutes, and then RhoA 

translocation and MYPT1 phosphorylation were measured by western blot. A 

representative result of six independent experiments was shown. f, PDZ

RhoGEF mediated RhoA/Rho-kinase activation by PYK2 kinase domain. Rat 

aortic vascular smooth muscle cells were infected with the indicated 
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adenoviral vectors. After 48 hours, cells were lyzed, and RhoA translocation 

and MYPT1 phosphorylation were measured by western blot. A representative 

result of two independent experiments was shown. 
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Figure 4.4 PYK2/PDZ-RhoGEF linked Ca2
• to RhoA. a, rat aortic vascular 

smooth muscle cells were incubated with vehicle or 50pM AM-BAPTA for 30 

minutes, and then stimulated with 0. 1pM angiotensin II for 5 minutes. The 

resultant cell lysate were visualized by western blot. b, after 48 hours of 
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infection by indicated adenoviral vector, rat aortic vascular smooth muscle 

cells were stimulated by vehicle or 10f1M ionomycin for 20 minutes, and cell 

lysate were visualized by western blot. c, Sub-confluent cells were collected 

and lyzed with RIPA buffer, the expression of PYK2 and PDZ-RhoGEF was 

then measured by western blot. d, sub-confluent COS7 (lane 1-4) or 

HEK293T (lane 5-8) were stimulated by vehicle for 20 minutes (1, 5), 10f1M 

LPA for 3 minutes (2, 6), 10pM ionomycin for 5 minutes (3, 7), and 10f1M 

ionomycin for 20 minutes (4, 8), and then RhoA translocation was visualized 

by western blot. All experiments were performed at least twice, and a 

representative result was presented. 
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Figure 4. 5 The vasodilator action of salicylates on rat aortic rings. a, 

Endothelium denuded rat thoracic aortic rings was contracted by 120mM KCI 

or 1 pM PE, and then the concentration-dependent response to sodium 

salicylate was recorded. A representative result (right panels) and summary 

(left panels} of six independent experiments were presented. b, Endothelium 

denuded rat thoracic aortic rings was contracted by BOmM KCI, 1 pM PE, or 
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0.1 pM U-46619, and then was relaxed by aspirin. A representative result from 

3-6 independent experiments was presented. c, Endothelium denuded rat 

thoracic aortic rings contracted by 1 pM PE were relaxed different NSAIDs. A 

representative result from 3 independent experiments was presented. 
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Figure 4.6 The interaction between PYK2 and PDZ-Rho. a, aortic rings were 

stimulated either vehicle or angiotensin II, and then homogenized and subject 

to immunoprecipitation. The resultant pellet and supernatant were visualized 

with anti-phospo-tyrosine. b, after striping, the same membrane was 

visualized with anti-PDZ-RhoGEF. HA-tagged PYK2 and Myc-tagged PDZ-

RhoGEF were transfected into HEK293T, after 48 hours, cells were lysed and 

subjected to immunoprecipitation and then visualized by western blot. c, HA-

tagged PYK2 and Myc-tagged PDZ-RhoGEF was over-expressed in 

HEK293T. Cell lysate then was subject to immunoprecipitation. The resultant 

pellets were visualized by western blot. 
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ChapterS 

Summary and Discussion 

This dissertation tested the working hypotheses that RGS domain 

containing RhoGEFs play a role in agonist induced Ca2+·sensitization, 

and their increased expression contributes to the increased RhoA/Rho

kinase-mediated-Ca2+-sensitization in hypertension. The supporting 

evidences were provided by studies on three specific aims: 

Specific Aim 1: To determine if the expression of these RGS domain 

containing RhoGEFs is up-regulated in vasculature from hypertensive 

rats. 

• The mRNA expression levels of RGS domain containing RhoGEFs 

were increased in aorta from adult hypertensive SHRSP, in comparison 

to adult normotensive WI<:(. 

• The differential expression of RGS domain containing RhoGEFs mRNA 

bwtween two strains was not observed until SHRSP developed 

hypertension. 

Specific Aim 2:. To determine if the expression of these RGS domain 

containing RhoGEFs is regulated by vasoconstrictors and vasodilators. 

• LARG expression is up-regulated by angiotensin II in cultured vascular 

smooth muscle cells. 

• The induction of LARG by angiotensin II is mediated by AT1 receptor 
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through P13 kinase/NF-KB signaling pathway. 

• Treatment with angiotensin II increased calcium sensitization induced 

by PE. 

Specific Aim 3: To determine if these RGS domain containing RhoGEFs 

couple the heterometric G proteins to RhoA in Ca2
• -sensitization. 

• High concentrations of sodium salicylate relaxed contracted aortic rings 

by inhibiting RhoA/Rho-kinase mediated Ca2•-sensitization. 

• High concentrations of salicylates relaxed contracted aortic rings by 

inhibiting PYK2. 

• PYK2 activated RhoAby phosphorylating PDZ-RhoGEF. 

• PYK2/PDZ-RhoGEF linked Ca2
• to RhoA. 

The implication of RhoAIRho-kinase pathway in the pathophysiology of 

hypertension has been established by using various pharmacological and 

biochemical methods [33]. Increased RhoA/Rho-kinase mediated calcium 

sensitization and its contribution to the abnormal contractility of vascular 

smooth muscle in hypertension has been demonstrated in both animal models 

and human beings [2]. However, the underlying mechanism remains elusive. 

Increased expression of RhoA and/or Rho-kinase is observed in blood vessels 

from SHR and angiotensin II induced hypertensive rats [18]. However, the 

expression level of neither RhoA nor Rho-kinase is increased in DOCA 

hypertensive rats [4]. Interestingly, the increased RhoA/Rho-kinase mediated 

Ca2•-sensitization in DOCA rats has already been established, indicating 

differential expression of genes other than RhoA and Rho-kinase in these 

animals. The RhoA/Rho-kinase signaling pathway also includes MLCP, which 
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is composed of several subunits. Thus far there is no evidence supporting that 

differential expression of these subunits contributes to the increased 

RhoA/Rho-kinase mediated Ca2
• sensitization. Therefore, it is hypothesized 

that increased expression of upstream proteins from RhoA is responsible for 

the increased Ca2• sensitization at least in some types of hypertension. 

RhoA is very finely-tuned by three families of proteins: guanine exchange 

factors (GEFs), guanine activation proteins (GAPs) and guanine dissociation 

inhibitors (GDis). GEFs activate RhoA by promoting the release of GOP and 

then facilitating the binding of GTP; whereas GAPs and GDis decrease the 

activity of RhoA by stimulating the intrinsic GTPase activity of RhoA and 

inhibiting the exchange of guanosine, respectively [19]. Thus far, 60 

RhoGAPs, 56 RhoGEFs, and at least 3 RhoGDis have been identified in 

human genome. In theory, either increased expression of RhoGEFs or 

decreased RhoGAPs and RhoGDis can contribute to the increased Ca2
• 

sensitization in hypertension. 

In chapter 2, we developed a RT-PCR based mRNA expression assay, and 

used this method to examine the expression of a group of RhoGEFs, LARG, 

p115RhoGEF and PDZ-RhoGEF in SHRSP. Due to a common domain, RGS 

domain, these RhoGEFs are known as RGS domain containing RhoGEFs. 

RGS domain is responsible for the interaction between the Ga subunit of 

heterotrimeric G proteins and RGS domain containing proteins [43]. During 

the interaction, RGS domain can function as GAP for the Ga subunit of 

heterotrimeric G proteins, and thus regulate the activation of heterotrimeric G 

proteins whereas these RGS domain containing RhoGEFs can be activated 

by the interaction between the Ga subunit of heterotrimeric G proteins and 
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RGS domain. Although in most cases, the RGS domain of RGS domain 

containing RhoGEFs can interact with activated G12/13, Most recently, 

evidence has shown that one of these RGS domain containing RhoGEFs, 

LARG, may interact with Gq and mediate the Gq-dependent activation of 

RhoA [1 0]. Since most vasoconstrictors contract blood vessels by binding to 

heterotrimeric G proteins coupled receptors, these RGS domain containing 

RhoGEFs are most likely to mediate Ca2
• sensitization induced by 

vasoconstrictors. 

Supporting our hypothesis that the expression of RGS domain containing 

RhoGEFs is up-regulated in hypertension and thus contributes to the 

increased activation of RhoA in hypertension, we observed that all three 

RhoGEFs were expressed at a higher level in adult SHRSP. Since RhoA plays 

an important role in regulation of vascular tone, it was expected that the 

increased expression of RGS domain containing RhoGEFs contributed to the 

abnormal contractility regulation in hypertension. A remaining question is if the 

increased expression of RGS domain containing RhoGEFs is a consequence 

of hypertensiion. This is indicated by the concurrency between the increased 

expression of RGS domain containing RhoGEFs and hypertension. At the age 

of 4 weeks when SHRSP had similar blood pressure to WKY, we did not 

observe the differential expression. 

Therefore, we were interested to examine if vasoconstrictors and vasodilators 

can regulate the expression of RGS domain containing RhoGEFs. 

Angiotensin II, one of the most potent vasoconstrictors, plays a critical role in 

blood pressure regulation. Recently, it is reported that one of angiotensin II 

receptors, AT1 receptor, can be directly activated by stretch applied to cells, 
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dramatically extending the role of angiotensin system in hypertension [44]. lr:1 

chapter 3, we thus examined how angiotensin II affected the expression of 

RGS domain containing RhoGEFs. 

Results demonstrate that angiotensin II up-regulates LARG, but not 
•. 

p115RhoGEF and PDZ-RhoGEF in cultured aorta or vascular smooth muscle 

cells. Although these three RhoGEFs all have a RGS domain, the small 

difference in sequences confers them different properties, in particular, the 

affinity for different Get subunit of heterotrimeric G proteins. All of them can 

bind to G12/G13, whereas only LARG has been shown to directly interact with 

Gq/11 [1 0], although the biological role of the later remains elusive. Most 

receptors of vasoconstrictors, including angiotensin II, are primarily coupled to 

Gq/11, the induction of LARG by angiotensin II indicates that LARG may be 

an important mediator between heterotrimeric G proteins and RhoA. The 

concurrency between the increased expression of LARG and the slightly 

increased sensitivity of aortic rings contracted by PE to Y-27632 provided 

further evidence supporting that LARG may link heterotrimeric G proteins to 

RhoA. However, the lack of in vivo induction of LARG by angiotensin II 

indicates that care should be taken when extrapolating the in vivo role of 

LARG (data not shown). 

The lack of specific inhibitors for RGS domain containing RhoGEFs made it 

very difficult to directly test their physiological functions. SiRNA has been 

developed to decrease the expression of particular genes, and is valuable in 

defining the in vivo role of particular genes. Therefore, we generated siRNA 

for these RhoGEFs using adenoviral vectors, and applied them to cultured 

vascular smooth muscle cells. Results demonstrated that siRNA specifically 
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knocked-down the expression of respective gene, and only knock-down of 

PDZ-RhoGEF abolished the RhoA activation by angiotensin II. Although 

results in chapter 4 suggested LARG may play a role in angiotensin II induced 

RhoA activation, we are not surprised by the role of PDZ-RhoGEF. PDZ

RhoGEF and LARG are so similar in structure that it is difficult to distinguish 

specific functions. They have four identified domains, RGS, PDZ, PH and DH 

domains, of which PH and DH domains are necessary for the GEF activity, 

whereas RGS and PDZ domains regulate the GEF activity upon binding to 

their ligand. 

What surprised us is the lack of effect when knocking-down LARG. Comparing 

the sequences of PDZ-RhoGEF and LARG demonstrated that they have 

similar N terminals but distinct C terminals. Differential modification of PDZ

RhoGEF at the C terminal has been reported recently, although the biological 

role of this modification is unknown [45]. This suggests that the distinct C 

terminal may be involved in mediating the RhoA activation by angiotensin II. 

Our results also demonstrated that the tyrosine phosphorylation of PDZ

RhoGEF by PYK2 is important in RhoA activation by angiotensin II. 

Interestingly, one report showed the phosphorylation site is just at the C 

terminal of PDZ-RhoGEF [45]. 

In this dissertation, we think the most important work was the definition of how 

the PYK2/PDZ-RhoGEF signaling pathway links calcium to RhoA. Initial 

studies with permeabilized vascular smooth muscle indicated that angiotensin 

II was not capable of inducing calcium sensitization. In contrast, following 

studies with intact vascular smooth muscle demonstrated that angiotensin II 

definitely activated RhoA and contracted vascular smooth muscle partially 
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through calcium sensitization [46, 47]. With regard to this discrepancy, one 

popular explanation is that the preparation of permeabilized vascular smooth 

muscle damages cellular components that are required for the activation of 

RhoA by angiotensin II. In one paper, the authors thought that the damaged 

components were heterotrimeric G proteins, in particular, G12/13 that have 

established capability of activating RhoA/Rho-kinase [47]. However, other 

vasoconstrictors using G12/13/RGS-domain containing RhoGEFs/ RhoA/Rho

kinase, such as ET-1 and U-46619, induce calcium sensitization· in 

permeabilized vascular smooth muscle, suggesting this signaling pathway 

existed and worked well at least in some conditions. 

Most recently, it was reported that calcium itself induced calcium sensitization, 

providing an alternative explanation for the above discrepancy [48, 49]. 

However, it is not known if the activation of RhoA by angiotensin II is 

dependent on calcium mobilization, and what the underlying mechanism is. In 

this dissertation, we demonstrated that blockade of calcium signaling by AM

BAPTA was sufficient to abolish the RhoA activation by angiotensin II, 

indicating the necessary role of calcium mobilization in angiotensin II induced 

RhoA activation. 

Tyrosine phosphorylation has been shown to play a critical role in regulating 

the GEF activity of VAVs, a subgroup of ROGEFs that are required for the 

development of the immuno system [50]. It was observed that LARG and 

PDZ-RhoGEF can be tyrosine phosphorylated at particular sites in vivo. The 

tyrosine phosphorylation on LARG was shown to potentate the activation of 

LARG by G12/13. Here; we showed that PDZ-RhoGEF was tyrosine 

phosphorylated by PYK2, and the phosphorylation was sufficient to increase 
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the GEF activity of PDZ-RhoGEF. Since PYK2 can be activated by calcium, 

we observed that PYK2/PDZ-RhoGEF is sufficient to mediate the RheA 

activation by calcium not only in vascular smooth muscle, but also in other 

cells, suggesting this is a basic signaling pathway. We also examined the 

expression pattern of PDZ-RhoGEF and PYK2. Results demonstrated that in 

addition to vascular smooth muscle, both are expressed in immune organs 

and brain (data not shown), indicating this signaling pathway may be 

important in these structures. 

It is reported that high-doses of salicylates are capable of inhibiting PYK2 

activation by angiotensin II. Here, we demonstrated that high-dose of 

salicylates dilated blood vessels by inhibiting RhoA/Ro-kinase mediated 

calcium sensitization. Salicylates are the most prescribed analgesic, 

antipyretic and anti-inflammatory agents in the world. Previous studies 

demonstrated that high doses of salicylates dilated blood vessels by an 

unknown mechanism. Our results indicate the underlying mechanism is 

inhibition of PYK2. With regard to the high concentration, the clinical 

importance may be limited when salicylates are used as analgesic and 

antipyretic agents. In these cases, low doses of salicylates (< 3.6 g/day) are 

shown to be effective enough. However, the above mechanism may work 

when salicylates are prescribed as anti-inflammatory agents that high dose (< 

4-6 g/day) is required. Using knock-out mice, PYK2 has been shown to be 

critical for the development of immune system, and macrophages from these 

mice are migration-deficient due to a decreased RheA activation by 

chemokines, providing evidence for the above mechanism may contribute to 

the anti-inflammatory action of salicylates. Therefore it is interesting to 
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examine to what extent the anti-inflammatory action of salicylates is 

dependent on inhibition of macrophage migration. 

In our studies, aortic rings were used as an in vitro system to investigate 

actions of vasoactive compounds. Although the contribution of the aorta to 

blood pressure regulation in vivo is limited, studies have established that 

aortic rings can mimic the response of small arteries, which determine the 

total peripheral resistance, and therefore contribute to blood pressure 

regulation. In our laboratory, it ·has demonstrated that, similar to what was 

observed in aortic rings, Ca2
• sensitization in mesenteric arteries from 

hypertensive rats was increased, suggesting aortic rings are a useful system 

to investigate the mechanisms associated with increased Ca2~ sensitization 

[51]. We finally tested if the signaling pathway that we defined is involved in 

the pathophysiology of hypertension by using sodium salicylate. We observed 

that aortic rings from SHR are more sensitive to sodium salicylate, in 

comparison to those from WKY, indicating PYK2/PDZ-RhoGEF mediated Ca2
• 

sensitization is increased in SHR. The effect of sodium salicylate on blood 

pressure is currently under investigation. Preliminary data indicated that 100 

mg/kg body weight sodium salicylate did not changed blood pressure, in 

contrast, 5 mg/kg body weight indomethacin increased blood pressure, 

strongly supporting PYK2/PDZ-RhoGEF mediated Ca2
• sensitization may 

contribute to blood pressure regulation. 
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Dissertation conclusion 

The data in this dissertation support the hypotheses that PDZ-RhoGEF, a 

RGS domain containing RhoGEF, is up-regulated in hypertension, and 

contributes to the increased RheA/Rho-kinase mediated calcium sensitization. 

1/ 
PLC 

Salicylates 
MLCP 

MLCK 

/ 
MLC Phosphorylation 

Contraction 

Figure 5. 1 Dissertation conclusion: PYK2/PDZ-RhoGEF links calcium to 

RhoA. Dashed lines mark the novel findings in this dissertation. 
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