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Pathology 

 

Liver fibrosis is mediated by hepatic stellate cells (HSCs), which respond to a variety of cytokine and 

growth factors to moderate the response to injury and create extracellular matrix at the site of injury. G-

protein coupled receptor (GPCR)-mediated signaling, via endothelin-1 (ET-1) and angiotensin II (AngII), 

increases HSC contraction, migration and fibrogenesis. Regulator of G-protein signaling-5 (RGS5), an 

inhibitor of vasoactive GPCR agonists, functions to control GPCR-mediated contraction and hypertrophy 

in pericytes and smooth muscle cells (SMCs). Therefore we hypothesized that RGS5 controls GPCR 

signaling in activated HSCs in the context of liver injury. In this study, we localize RGS5 to the HSCs and 

demonstrate that Rgs5 expression is regulated during carbon tetrachloride (CCl4)-induced acute and 

chronic liver injury in Rgs5LacZ/LacZ reporter mice. Furthermore, CCl4 treated RGS5-null mice develop 

increased hepatocyte damage and fibrosis in response to CCl4 and have increased expression of markers 

of HSC activation. Knockdown of Rgs5 enhances ET-1-mediated signaling in HSCs in vitro. Taken 

together, we demonstrate that RGS5 is a critical regulator of GPCR signaling in HSCs and regulates HSC 

activation and fibrogenesis in liver injury.   
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Chapter 1: Introduction 

Liver fibrosis is responsible for 29,000 deaths a year in the United States, making it the 12th leading 

cause of death [1]. It is caused by a chronic liver injury, commonly resulting from viral hepatitis, 

nonalcoholic steatosis, and alcoholic liver disease[2]. Five million people in the United states suffer from a 

form of chronic liver disease[3] and associated co-morbidities, including hepatorenal syndrome or hepatic 

encephalopathy[4]. The liver has tremendous capacity for self-repair; however, chronic injury, repair, and 

scaring results in the gradual loss of hepatocytes and replacement with scar tissue[5]. Liver fibrosis often 

progresses to cirrhosis, which is characterized by poorly perfused nodules of regenerated hepatocytes 

encased in scar tissue, resulting in diminished function, and ultimately, liver failure[6]. This chapter 

reviews liver fibrosis, co-morbidities, diseases of the liver and animal models of these diseases. Next, we 

detail the signaling pathways which control fibrosis, underscoring the role of GPCR signaling in control of 

fibrosis and the role of Regulator of G-protein Signaling (RGS) proteins in the control of these pathways. 

Finally, we present our hypothesis that RGS5 is a regulator of stellate cell activation in liver fibrosis and 

controls the stellate cell response to liver injury.  

1.1 Structure and cells of the liver 

The liver is comprised of heterogeneous cell-types: the parenchyma and the non-parenchyma. 

The parenchyma of the liver is comprised of hepatocytes; these maintain the body’s metabolic 

homeostasis. Hepatocytes control the levels of amino acids, carbohydrates, lipid, and vitamins. They also 

synthesize plasma proteins and detoxify endogenous waste products and xenobiotics[7]. Hepatocytes are 

arranged in plates radiating out from the central vein (Figure 1.1A). Blood from the intestines enters the 

portal vein, while blood from the heart enters via the hepatic artery. These separate blood sources mix at 

the edges of the hepatic lobule and enter the sinusoids. Blood flows through the sinusoids from the portal 

vein, between the rows of hepatocytes, and exits via the central vein.  

In addition to hepatocytes, the liver is comprised of non-parenchymal cells, including endothelial 

cells, Kupffer cells, and stellate cells. The lumens of the sinusoids are lined with endothelial cells, which 

are fenestrated and highly porous, making them permeable to blood components[8]. The pores allow 

blood plasma to interact with the hepatocytes (Figure 1.1B). Kupffer cells are the resident macrophage of 
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the liver[9]. They adhere to the luminal surface of the sinusoidal endothelial cells, scavenging dead cells, 

endotoxin, and pathogens in the blood. The area between the permeable endothelial layer and the 

hepatocytes is known as the space of Disse. Hepatocyte microvilli project into this space, increasing the 

membrane area in contact with plasma while being protected from blood flow. Hepatic stellate cells 

(HSCs) are found in the space of Disse, surrounding the sinusoidal endothelium. HSCs are astrocyte-like, 

with fine projections which branch through the space of Disse[10]. HSCs also store large amounts of 

vitamin A in lipid droplets. In a normal liver, HSCs exist in a quiescent state: astrocyte-like and non-

contractile. However in response to liver injury, HSCs are responsible for synthesizing collagen, which 

can result in hepatic fibrosis, and eventually cirrhosis[10].  

1.2 Liver Injury and cirrhosis 

Injury to the liver is rapidly repaired by hepatocyte regeneration; therefore, it is only detected in 

cases of acute liver failure or severe fibrosis and cirrhosis. With severe cirrhosis, progressive scar tissue 

deposition leads to sinusoidal remodeling, loss of parenchyma, formation of intrahepatic shunts, and 

increased hepatic resistance[4]. This induces portal hypertension and a series of cascading failures, 

culminating in multiple organ failure. The appearance of esophageal varices, ascites or other 

complications indicates decompensated cirrhosis, leading to significant morbidity and mortality[4].  

 Increased hepatic resistance increases shear stress in the portal and splanchnic vasculature, 

inducing endothelial production of nitric oxide (NO●) and vasodilation as a compensatory mechanism[11]. 

The combination of portal hypertension and vasodilation increases plasma exudate in intestinal 

capillaries, leading to the formation of ascites in advanced cirrhosis[12]. Compensatory high levels of NO● 

induce systemic vasodilation, leading to hepatopulmonary and hepatorenal syndromes. In 

hepatopulmonary syndrome, NO● vasodilation of the pulmonary vasculature leads to perfusion/ventilation 

mismatch. Higher blood volume than can be effectively oxygenated flows through the lungs, causing 

arterial hypoxemia[13]. In hepatorenal syndrome, systemic dilation and ascites reduce effective blood 

volume. This activates the renin-angiotensin-aldosterone system and the parasympathetic nervous 

system, inducing a constriction of the afferent renal artery and production of anti-natriuretic factors. The 

resulting reduction in sodium excretion and urine production causes fluid retention and kidney failure[11]. 
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Hepatorenal syndrome occurs in 10% of cirrhosis cases and accounts for nearly 20% of acute kidney 

failures in the United States.  

Hepatic encephalopathy occurs in up to 50% of cirrhosis patients[14], resulting in attention 

deficits, cognitive impairment, personality changes and decreased coordination in minor cases, and 

stupor, coma, and in severe cases, death [3]. One-year mortality of cirrhosis patients with encephalopathy 

is 64%[4]. Portal hypertension and splanchnic vasodilation induces the formation of portal-systemic 

shunts. This, in combination with decreased liver function, allows intestinal contaminants to bypass 

hepatic metabolism and enter the systemic circulation. Intestinal bacteria derived ammonia is the major 

contributor to hepatic encephalopathy[3], causing cerebral edema and inflammation.  

Hepatocellular carcinoma (HCC) is one of the greatest complications and risks of liver cirrhosis, 

being the third most common cause of cancer death worldwide[15]. While it is most associated with 

hepatitis B and hepatitis C infection[16], HCC can develop in cirrhosis induced by any cause[4]. Heavy 

alcohol use, nonalcoholic fatty liver disease (NAFLD), and carcinogen exposure are significant risk 

factors. With early detection, via screening of at risk patients, tumors can be resected or the entire liver 

can be transplanted.  Early detection and treatment boost survival to 50% at 5 years[15]. In the case of 

inoperable tumors or lack of a suitable transplant, treatment with the tyrosine kinase inhibitor sorafenib 

can delay tumor progression (5.5 months vs 2.8 months with placebo)[15].  

Cirrhosis, liver failure, and the consequences of decompensation are significant causes of 

mortality and morbidity, with 525,000 chronic liver disease coded discharges annually[17]. Current 

therapeutic strategy is to stabilize disease progression and delay decompensation and the eventual need 

for liver transplantation[4](Figure 1.2). A better understanding of the causes of liver fibrosis and cirrhosis 

may provide a possible mechanism to limit their progression.  

1.3 Causes of liver injury and fibrosis 

While the common endpoint of most liver diseases is cirrhosis, the cause of different liver 

diseases may vary. Damage to hepatocytes can occur by toxin exposure, viral infection, or genetic 

disease. Though understanding of these causes provides insight to treatment, transplantation remains as 
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the only curative therapy. Shortage of transplantable livers has led to a relaxation of donor organ 

requirements[18] and underscores the need for additional anti-fibrotic therapies.  

Alcoholic liver disease is caused by excessive consumption of alcohol, and causes symptoms 

ranging from fatty liver to cirrhosis[19]. A hallmark of alcoholic hepatitis is alcoholic steatosis, the 

accumulation of fat in hepatocytes. The metabolite of alcohol, acetaldehyde, directly inhibits proliferator-

activated receptor-α (PPAR-α) and suppresses fatty acid oxidation[20]. Acetaldehyde is toxic to 

hepatocytes, depleting glutathione and causing lipid peroxidation that induces apoptosis or necrosis[21]. 

Alcohol increases intestinal permeability, allowing enteric bacterial lipopolysaccharide (LPS) release into 

the portal blood flow. LPS triggers Kupffer cells to release TNFα and other inflammatory cytokines[21], 

causing neutrophilic infiltration. HSCs express TLR4, and are also activated by LPS. Stimulated HSCs, in 

combination with activated Kupffer cell signaling, leads to the persistent activation of HSCs which 

proliferate and generate extracellular matrix, eventually causing cirrhosis[21]. Management of alcoholic 

hepatitis requires cessation of alcohol intake, and corticosteroid treatment is used to reduce inflammation, 

at the cost of increased risk of infection. Patient compliance is critical as transplant programs require 6 

months of abstinence from alcohol prior to transplant[21,22].  

Currently, acetaminophen toxicity accounts for 50% of all cases of acute liver failure in the United 

States[23]; 48% of these cases were due to unintentional overdose[24]. With very high doses, normal 

metabolism by glucuronidation, sulfation and renal excretion are overwhelmed. Acetaminophen is 

therefore metabolized by cytochrome-P450, which creates the toxic metabolite N-acetyl-p-

benzoquinoneimine (NAQI)[9]. NAQI depletes glutathione and covalently arylates proteins, leading to 

centrilobular necrosis and fulminant liver failure. Toxicity is exacerbated by alcohol or drugs which up-

regulate cytochrome-P450 and accelerate the production off NAQI[9]. The resultant acute liver failure 

induces coagulopathy and encephalopathy, with a 65% survival rate[24].  

Hepatitis B and C virus, infecting approximately 450 million people worldwide, account for the 

57% of cirrhosis cases globally. One million of these patients die each year, typically from 

decompensated cirrhosis, liver failure, and HCC[25]. Antiviral therapy with nucleoside analogues treat 

infections, however 70% of Hepatitis C patients and 8% of hepatitis B patients develop chronic 
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infections[25]. Inflammation present in chronic infection induces persistent immune infiltration, cytokine 

secretion causes liver damage, and hepatocyte death. HSC are activated in response to this milieu, 

causing scar tissue deposition, fibrosis, and eventually cirrhosis. Hepatitis B infection accounts for 50% of 

HCCs[15]. Vaccination against hepatitis B is effective in preventing infection and thus the major cause of 

HCCs[26]. Antiviral treatment reduces the risk of HCC[27] and slows the progression of fibrosis, and 

reduces the risk of post-transplant recurrence. Successful viral response improves fibrosis, but does 

eliminate the risk of HCC[4]. 

Cholestatic liver injury occurs with the accumulation of bile in the liver, leading to hepatocyte 

death, fibrosis and cirrhosis. Obstructive cholestasis occurs when the extra-hepatic or intrahepatic bile 

ducts are blocked. Bile retention causes inflammation of the portal tracts, and results in bridging periportal 

fibrosis[28]. This eventually progresses to biliary cirrhosis. Removal of the obstruction leads to substantial 

reversal of fibrosis, over the course of years. Non-obstructive destruction of the intrahepatic bile ducts 

occurs in primary biliary cirrhosis, wherein autoimmune attack leads to the destruction of small 

intrahepatic bile ducts. This disease is progressive, leading to biliary fibrosis and cirrhosis. The current 

standard of care for cholestatic disease is ursodeoxycholic acid (UDCA), a secondary bile that acid 

reduces cholesterol absorption, symptoms of jaundice, and delays progression to cirrhosis[29].  

Non Alcoholic Fatty Liver Disease (NAFLD) is now the leading cause of chronic liver disease in 

the United States[30]. It is concomitant of the increased obesity and metabolic syndrome incidence 

worldwide[31]. Confirmation of fibrosis requires liver biopsy, and NAFLD is typically recognized by 

elevated levels of the liver enzyme alanine transaminase (ALT)[30,32]. While elevated ALT may be 

detected in severe NAFLD cases, progressive NAFLD often remains undetected. NAFLD is characterized 

by lipid accumulation in hepatocytes, ranging in appearance from steatosis to ballooned hepatocytes, with 

nuclei displaced to the side of the cell[31]. Histological confirmation is determined by the presence of 

Mallory-Denk bodies, comprised of condensed cytoplasmic proteins[31] and the loss of cytokeratins K8 

and K18 in ballooned hepatocytes. Collagen deposition occurs in the perisinusoidal space surrounding 

hepatocytes, appearing in a “chicken wire” pattern[31]. The molecular mechanisms of NAFLD are not well 

understood, but are thought to be due to “multiple hits” inducing inflammation and fibrosis in the liver. 
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Increased visceral fat leads to elevated production of adipokines (IL-6, TNFα), which are pro-

inflammatory[33]. There is also evidence for increase intestinal permeability[34], allowing endotoxin into 

the portal blood flow. The combination of these factors activates Kupffer cells, which then activate stellate 

cells, generating ECM and fibrosis. Management of NAFLD revolves around treating risk factors such as 

obesity and insulin resistance[32]. Bariatric surgery has been noted as improving insulin resistance, 

obesity, steatohepatitis, and fibrosis, however more studies are needed[32].  

In summary, treatment of liver fibrosis and cirrhosis, of any etiology, revolves around managing 

the cause of hepatocyte injury and limiting progression to cirrhosis and liver failure. Ultimately, 

transplantation is the only curative treatment for progressive liver disease. There are currently no 

therapeutic strategies inhibiting the fibrosis that actually destroys the liver architecture and disrupts 

function.  

1.4 Animal models of liver disease 

The processes of liver injury, repair, and fibrosis have been studied extensively in mice and rats, 

with various models replicating different aspects of hepatic injury and repair[35–37]. These models are 

used to study fibrosis, with the goal of understanding the fibrotic process and identifying targets for 

therapy. The most commonly used fibrotic injury models include carbon tetrachloride (CCl4) exposure or 

ligation of the bile duct (BDL). 

 Acute CCl4 exposure is a necrotic inflammatory model, causing rapid death and necrosis of 

hepatocytes surrounding the central vein of a hepatic lobule. CCl4 is a teratogen[38] and it is metabolized 

by hepatocytes, via oxidation by cytochrome P450[39]. This generates a CCl3
● radical that reacts with 

proteins, lipids, and DNA, which causes rapid cell death and necrosis. The expression of cytochrome 

P450 is restricted to the hepatocytes surrounding the central vein. These hepatocytes specialize in the 

metabolism of xenobiotics[40], such as drugs and toxins; thus, CCl4 treatment causes rapid necrosis of 

these cells.  

 The damaged hepatocytes release tumor necrosis factor-α (TNFα), which activates the Kupffer 

cells (Figure 1.3). Necrotic hepatocytes release damage-associated molecular patterns (DAMPs)[41] 
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which also stimulate the Kupffer cells to release an array of cytokines including TNFα, IL-1β, and IL-6[35]. 

IL-1β provokes the infiltration of neutrophils and macrophage, which absorb the necrotic hepatocytes[9]. 

IL-6 is anti-apoptotic in injured hepatocytes, balancing TNFα-mediated pro-apoptotic signaling [35]. 

Kupffer cells also release TGFβ, which activates the HSCs[9]. Activated HSCs become contractile, 

exocytose their lipid droplets and proliferate. In this myofibroblast state, the activated HSC is the primary 

source of collagen and extracellular matrix (ECM) in liver fibrosis[42]. HSC migrate to the injury[43], 

secreting ET-1 and TGFβ, which are activating and profibrotic stimuli[44]. Active HSCs secrete matrix to 

stabilize the wound. Over time, hepatocytes proliferate to replace lost parenchyma. Subsequently, 

activated HSCs may revert to a quiescent state[45], or become senescent and apoptose, terminating the 

progression of fibrosis[46,47].  

Experimental models of both acute and chronic liver injury have been described. A single CCl4 

injection is an acute toxicity model, which follows the progression outlined above and is repaired over the 

course of 7 days[48]. A variation of this model is the chronic CCl4 exposure model. This model of 

continuous injury is used to replicate severe liver fibrosis and cirrhosis. Mice are injected with CCl4 2-3 

times a week for up to 8 weeks. Injury, inflammation, and HSC activation occur as in acute CCl4 

exposure. Chronic damage and subsequent repair of the liver results in fibrogenesis and diminished liver 

function, replicating human disease. Resolution of fibrosis occurs with the cessation of CCl4 exposure.  

 Thioacetamide is an alternative necrotic inflammatory model, however it induces both periportal 

and pericentral fibrosis[49]. Administration is via drinking water, making exact dosage difficult. Fibrotic 

progression requires 10 weeks of treatment, and long term treatment can cause HCC[36].  

Another model of liver fibrosis is ligation of the bile duct. This method mimics biliary cirrhosis in 

humans, where bile drainage from hepatocytes is prevented due to occlusion of the bile duct[7]. 

Experimentally, the bile duct is surgically ligated, causing cholestasis. Bile accumulation results in 

oxidative stress to hepatocytes and apoptosis[50]. Kupffer cells engulf apoptotic bodies, causing 

inflammation[51]. HSCs are activated by the inflammation, causing progressive fibrosis around the bile 

ducts. Bile toxicity also causes proliferation of duct epithelial cells, portal inflammation, and fibrosis[36]. 

Cirrhosis is evident 4-8 weeks after ligation of the bile duct. The associated complications of portal 
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hypertension, portosystemic shunting and ascites, have been observed in rats, making this model useful 

for studies of decompensated cirrhosis.  

Many transgenic murine models mimic fibrosis by overexpressing profibrotic cytokines in 

hepatocytes. TGFβ and PDGFs are potent HSC mitogens[52] and thus replicate fibrosis by activating 

these cells. Overexpression of TGFβ in hepatocytes, under the direction of the albumin promoter, causes 

widespread fibrosis and collagen secretion[53]. Another model induces severe liver fibrosis through the 

overexpression of PDGF-C in the liver [54]. PDGF-C induces the activation and proliferation of HSCs, 

which secrete excessive collagen and causes rapid liver fibrosis. The environment of elevated 

inflammation and increased PDGF-C expression eventually progress to hepatocellular carcinoma (HCC). 

By 9 months of age, the livers of these mice are fibrotic and have large vascularized tumors, making it 

useful as a model of HCC. Other models such as the Tsc1fl/fl;AlbCre and Ptenfl/fl;AlbCre mice have 

disregulated mTOR or AKT signaling, leading to the development of HCC[55]. Only the PDGF-C 

transgenic and the Ptenfl/fl;AlbCre models develop fibrosis in addition to HCC, making them valuable for the 

study of carcinogenesis in cirrhosis.  

In my studies, I have chosen to use CCl4 exposure as a method of inducing fibrosis. This allows 

for the investigation of both the acute and severe injury response, and treatment can be stopped, allowing 

study of the resolution of fibrosis. The exposure procedure is a simple intraperitoneal injection of CCl4, 

allowing treatment of mice from any genetic background, such as the transgenic RGS5-LacZ reporter 

mouse used in these studies. Alternatively, if a PDGF-C mediated fibrosis model were used, it would 

require breeding the RGS5-LacZ mice with PDGF-C transgenic mice. While this genetic approach would 

allow the investigation of Rgs5's role in chronic fibrosis and development of HCC, it is beyond the scope 

of my thesis work.  

Injury to the liver can be experimentally induced by numerous means, but in general, damage to 

the parenchyma incites a Kupffer cell-mediated inflammatory response which activates the HSCs. 

Activated HSCs proliferate, migrate, become contractile, and secrete ECM. The collagen and ECM 

secreted by active HSCs provide a scaffold for regeneration of the wound. The liver regenerates lost 

parenchyma and the activated stellate cells become quiescent and apoptose. Because the activation of 
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HSCs is central to fibrogenesis, understanding factors that control HSC activation and behavior is critical 

for managing disease.  

1.5 Stellate cell activation: a critical role for cytokines.  

The process of HSC activation can be initiated by growth factor signaling, inflammatory signaling, 

fibrogenic signaling, and many other pathways[56]. Each of these pathways can also influence the 

behavior and fibrogenesis of activated HSCs, prolonging and intensifying fibrosis. While many cytokines 

have been implicated in hepatic fibrogenic signaling, the most studied are the platelet derived growth 

factor (PDGF), transforming growth factor-β (TGFβ), tumor necrosis factor-α (TNFα) and endothelin-1 

(ET-1)-mediated signaling.  

PDGF: Platelet derived growth factor-mediated signaling induces rapid proliferation of HSCs[57]. 

As HSC are activated, expression of PDGFRβ receptors is up-regulated[58]. This is 

followed by an increase in contractility[59]. PDGF signaling is one of the most studied 

pathways in HSC activation. Sorafenib is a general inhibitor of receptor tyrosine kinases, 

and it therefore blocks signal transduction downstream of PDGF receptors. In rats, 

sorafenib treatment reduces collagen expression and liver fibrosis[60], and it remains the 

standard of care in human HCC. 

TGFβ: Transforming Growth Factor-β is secreted in an inactive form, bound to a latency-

associated protein. In this form, it binds to type IV collagen, fibronectin and fibrillin[61]. It 

remains bound to ECM and stored until activated by matrix metalloproteinases, plasmin, 

and thrombospondins[61], which can be secreted by macrophages or released from 

platelets. Quiescent HSCs are activated by TGFβ and subsequently secrete collagen. 

TGFβ also regulates the growth of hepatocytes: it can be pro-apoptotic during fibrosis, 

and anti-proliferative during hepatocyte regeneration[61,62]. Inhibition of TGFβ as 

treatment for hepatic fibrosis is difficult due its varied roles in liver disease[63]. It has 

been reported that TGFβ intracellular signaling is altered depending on the injury; the 

TGFβ signal transduction proceeds via ERK in CCl4–induced injury and by Smad3 and 

p38 in the bile duct ligation injury model[64].  
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TNFα: Tumor Necrosis Factor-α is secreted by injured hepatocytes, which activates Kupffer cells. 

Activated Kupffer cells initiate an acute phase response, secreting IL-1, IL-6, TGFβ, and 

TNFα[9]. The acute phase response attracts macrophages and other immune cells to the 

site of injury. TNFα signaling induces both pro-apoptotic and anti-apoptotic signaling[65]. 

Pro-apoptotic signaling is FADD- and caspase-8-mediated. To counter balance this, anti-

apoptotic effects are mediated by NF-κB, inducing the expression of pro-survival 

genes[9]. The balance of these pathways can be influenced by IL-6 and other cytokines, 

determining hepatocyte survival. TNFα signaling is mediated by 2 receptors, TNFR1 and 

TNFR2. Mice lacking TNFR1 do not develop fibrosis in response to CCl4 exposure[66], 

suggesting that TNFα-mediated activation of Kupffer cells is required to activate HSCs.  

1.6 G-proteins coupled receptors in stellate activation 

Several G-Protein Coupled Receptor (GPCR) signaling pathways also contribute to liver fibrosis. 

They do not directly activate HSCs like the above growth factors; however they have significant effects 

during HSC activation, and can alter survival, migration, and fibrogenesis. G-protein coupled receptors 

are the most pharmaceutically targeted receptors in the body[67]. With many drugs already available and 

high selectivity, GPCRs are attractive targets for therapeutic intervention.  

AngII: Angiotensin II is a vasoconstrictor peptide, which is cleaved from an inactive form by 

angiotensin converting enzyme (ACE). Active AngII induces inflammatory cytokines and 

promotes contractility and hypertrophy[68]. Activated HSCs express AngII, ACE, and 

Angiotensin receptor 1 (AT1)[69]. HSCs contract, proliferate, and up-regulate collagen 

mRNA in response to AngII stimulation in vitro, and infusion of AngII in BDL-injured rats 

exacerbates fibrosis[70]. Blockade of AngII signaling reduces HSC activation and fibrosis 

in cirrhotic rats after surgical resection[71]. 

S1P: Sphingosine-1-phosphate is a lipid with both intra- and extracellular signaling roles. S1P 

is bound to albumin in the serum. S1P stimulates the fibrotic activation of 

myofibroblasts[72], and fibrosis in general[73]. Mice lacking the S1P2 receptor had 

reduced fibrotic area following chronic CCl4 injury[74]. S1P induces HSC contractility and 
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proliferation in culture[75]. In vitro studies demonstrate S1P enhances migration and 

expression of fibrotic markers in HSCs[76].  

Shh: Sonic Hedgehog promotes the survival of HSCs in vivo, and blocking Shh leads to 

increased apoptosis of activated HSC[77]. Pretreatment of mice with Shh-neutralizing 

antibodies or cyclopamine, an inhibitor of the Shh signaling cascade, reduced markers of 

activation and collagen expression in isolated HSCs and in healthy mice[78]. 

Hepatocytes which show ballooning degeneration secrete increased Shh to stromal 

cells[79]. Loss of Shh signaling in mouse models of cirrhosis abrogated fibrosis in a 

conditional knock out of the Shh co-receptor, Smoothened (Smo), in HSCs [80]. Liver 

regeneration was also inhibited in these Smo conditional knock-out mice, as hepatocyte 

progenitor cells did not proliferate[81]. Control of Shh signaling in the liver may provide a 

useful target for future anti-fibrotic therapies.  

ET-1: Endothelin-1 is an established mediator of HSC activation and hepatic fibrosis. Prior to 

injury, the main source of ET-1 is the sinusoidal endothelial cell, but over the course of 

the injury, production shifts to the HSCs [82]. Inhibition of ET-1 signaling in HSCs reduces 

markers of HSC activation and fibrogenesis in vitro[83], and ET-1 antagonism also 

reduces fibrotic markers in vivo [84,85]. HSCs have been identified as the primary target 

of ET-1 in the liver, as after injury they express more ET receptors than any other hepatic 

cell type[86]. ET-1 signaling plays a complex role in HSCs, which have abundant ETA and 

ETB receptors. ET-1 also induces proliferation of quiescent cells, yet is anti-proliferative in 

active HSCs[87]. The anti-proliferative effect is thought to be ETB-mediated, as HSCs up-

regulate ETB receptors as they are activated [88,89]. The fibrotic effect of ET-1 may be 

due to an interaction with TGFβ signaling. TGFβ has been shown to stimulate ET-1 

production in HSCs[90], and ET-1 induces TGFβ expression and secretion [89,91]. This 

is an autocrine loop to promote collagen secretion and fibrosis in HSCs (Figure 1.3). 

However it has been reported that TGFβ down-regulates ET-1 binding sites in HSCs in 
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vitro[92]. We have observed a down-regulation of ETB mRNA in response to TGFβ (see 

Fig. Figure 2.4B), but the question is remains unresolved.  

In summary, the pathogenesis of liver fibrosis is affected by numerous GPCR signaling pathways 

that alter HSC survival, contraction or migration; however, ET-1 signaling is directly implicated in the 

activation of HSCs and the autocrine production of TGFβ. The importance of ET-1 signaling in HSC 

activation implicates it as a prime target for therapeutic intervention.  

1.7 Endothelin-1 signaling regulates vascular tone and vascular injury.  

ET-1 is a potent vasoconstrictor peptide that is produced primarily in endothelial cells of vessels 

and in the uninjured liver. It is produced as preproET-1, which is cleaved to big-ET and then again 

cleaved by endothelin converting enzyme (ECE). ET-1 induces the contraction and proliferation of 

vascular smooth muscle cells (vSMCs)[93,94]. Production of ET-1 in endothelial cells counter-balances 

NO· production, with both pathways signaling to regulate vSMC tone and blood flow[94]. The two ET-1 

receptor subtypes (ETA and ETB) signal through the large Gα proteins: ETA via Gαi, Gαq, and Gα12/13; ETB 

via Gαq and Gαi[95] (Figure 1.4). Both receptor subtypes are expressed in medial vSMCs[94]. ET 

receptors are also expressed in the vascular adventitia; adventitial ETB has been shown to aid in ET-1 

clearance from the blood[96]. Sequestration of ET-1 prevents excessive signaling in the media of arteries, 

reducing constriction, pathogenic remodeling, and hypertrophy.  

ET-1 signaling has been implicated in vascular diseases such as scleroderma, and pulmonary 

hypertension[97]. The involvement of ET-1 in numerous human diseases has led to the development of a 

series of selective and general ET receptor agonists and antagonists, which have been used in clinical 

trials [44]. More relevant to our study, the drugs BQ-123 and BQ-788 have both been used to treat 

cirrhosis and portal hypertension, targeting ETA and ETB, respectively[44]. These strategies have had 

mixed results, as ET-1 antagonism leads to side effects in the cardiovascular system and the drugs are 

hepatotoxic[98]. Targeting intracellular signaling downstream of ET-1 receptors could provide an 

alternative strategy for the inhibition of hepatic fibrosis. RGS proteins are endogenous inhibitors of GPCR 

signaling, and provide another mechanism by which ET-1 signaling may be selectively inhibited.  
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1.8 Regulator of G-protein signaling proteins regulate signaling through GPCRs.  

The Regulator of G-protein Signaling (RGS) family are GTPase activating proteins (GAP) which 

accelerate the termination of Gα signaling downstream of GPCRs. More than 30 family members have 

been identified[99], many inhibiting specific GPCRs. The presence of a RGS protein allows a rapid 

termination of signaling after activation of the receptor. RGS-mediated termination of GPCR signaling was 

proposed as a receptor desensitization mechanism after known mechanisms, such as receptor 

inactivation and internalization, were determined to be too slow[100]. The first RGS protein described was 

sst2p in yeast, which activates GAP activity of Gα downstream of pheromone receptors, thereby blocking 

the mating response[101]. RGS proteins in mammalian cells were subsequently demonstrated to block 

GPCR signaling [102]. There are 6 subfamilies of RGS proteins, defined by an RGS domain that interacts 

with Gα subunits. These families include G-protein coupled receptor kinases (GRKs), Guanidine 

exchange factors (GEFs), AKAPs and others, subdivided by structural similarities (as reviewed in [99]).  

The RGS-R4 subfamily, of which RGS5 is a member, are small proteins consisting of the RGS 

domain and a short N-terminal domain[99] The N-terminus is responsible for receptor selectivity and 

cellular localization[103]. Several members of this family have physiological importance in regulating 

GPCR signaling in the cardiovascular system and the regulation of metabolism. RGS2 has been shown to 

control blood pressure: mutant mice are hypertensive [104] and transplantation of RGS2 deficient kidneys 

into normal mice can induce hypertension[105]. RGS4 is highly expressed in the sinoatrial node of the 

heart, thereby suppressing parasympathetic nervous system stimulation of the heart by blocking Gαi 

signaling downstream of the M2 muscarinic receptor[106]. RGS4-null mice show increased bradycardia in 

response to parasympathetic stimulation. A metabolic syndrome phenotype has been identified in RGS4-

null mice[107], as RGS4 also controls the release of catecholamines by the adrenal glands. Loss of 

RGS4 results in increases in circulating catecholamines and free fatty acids. RGS4-null mice have liver 

steatosis, decreased insulin production, and higher glucose intolerance. RGS16 expression is diurnally 

regulated in mouse brains, and expression is up-regulated in the liver in response to fasting and down-

regulated in response to feeding[108]. RGS16 is an inhibitor of fatty acid oxidation in the liver[109], 

causing knockout mice to have higher expression of fatty acid oxidation genes and fatty acid oxidation.  
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RGS proteins have also been implicated in numerous cancers[110,111]. Lysophosphatidic acid 

(LPA) is a GPCR-mediated growth factor promotes the progression of ovarian cancer. RGS2, RGS6, 

RGS9 inhibit LPA receptor G-protein pathways, and thus their expression is altered in ovarian cancer cell 

lines[112]. Angiogenesis in tumors can allow continued expansion and metastasis[113]. RGS5 has been 

identified as a marker of tumor vasculature[114], and decreased RGS5 expression normalizes this 

vasculature[115]. Further, RGS5 and RGS17 expression are altered in hepatocellular carcinoma (HCC).  

1.9 Regulator of G-protein Signaling 5 in the cardiovascular system 

The expression of RGS5 reduces sensitivity to a number of vasoactive GPCR agonists, including 

AngII, ET-1, serotonin[116], and bradykinin[117,118]. RGS5 has also been shown to regulate Shh[119] 

and S1P[120]. Aortic banding studies demonstrate that RGS5 is down-regulated at early time points 

following injury and up-regulated late after hypertrophic remodeling is complete. RGS4 and RGS5 are 

down-regulated after banding, but are highly overexpressed 28 days after injury. High RGS4 and RGS5 

expression in aortas showed reduced contraction in response to Gαq and Gαi- mediated 

vasoconstrictors[121]. RGS5 is highly expressed in vSMCs of the major arteries, with varied expression 

levels in cells derived from different embryonic origins[122] (Mahoney, unpublished data). RGS5 

expression is related to the regulation of vascular tone, as multiple polymorphisms in RGS5 are strongly 

associated with hypertension[123,124]. In addition to its expression in vSMC of the large arteries, RGS5 

is also a maker of pericytes[120] The expression of RGS5 by pericytes on new capillaries indicates 

maturity and stability, making RGS5 expressing pericyte coated capillaries resistant to pruning and 

regression[125]. 

RGS proteins are also regulated by selective degradation in response to NO●. Endothelial cells 

produce NO● in response to shear stress, which signals to adjacent vSMCs[126]. NO● signaling triggers 

the hyperpolarization of the cell, via cGMP and PKG, and allows relaxation of arterial SMCs. The vascular 

expressed RGS proteins (RGS4, RGS5 and RGS16) are negatively regulated by NO● signaling via the 

proteasomal degradation (N-end rule[127,128]. These RGS proteins have an N-terminal cysteine, which 

in the presence of NO●, are oxidized and arginylated by arginyl-tRNA-protein transferase-1 (ATE1), 

ubiquitinated and degraded[128]. ATE1-null mice are embryonically lethal, and have impaired Gαq-
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mediated ERK1/2 signaling due to increased levels of RGS4 and RGS5[129]. NO● regulated RGS protein 

degradation in the cardiovascular system may provide a feedback mechanism for tuning vascular 

contractile sensitivity to GPCR agonists.  

Overexpression of RGS5 in cardiomyocytes has been shown to be cardioprotective in the 

thoracic aortic constriction model by inhibiting fibrosis and pathogenic remodeling[130]. RGS5 also serves 

as a marker for vascular remodeling[131] and for pericyte coverage of capillaries[125]. RGS5-null mice 

develop normally but are hypotensive[132]. A lower body weight compared to wild-type littermates has 

been observed[133]. Conversely, Deng et al. determined RGS5-null mice have increased bodyweight and 

are prone to metabolic disorder[134]. This may be related to mouse colony differences, as this phenotype 

has not been reported previously and we do not observe this phenotype in our colony (personal 

observations). RGS5-null mice have increased smooth muscle cell hypertrophy and fibrosis in a 

hypertension injury model[135].  

1.10 The role of pericytes in fibrosis 

 Pericytes are perivascular cells located on the exterior surface of the microvasculature, with 

multiple fine projections allowing contact with multiple endothelial cells[136]. Markers such as PDGFRβ, 

SMA, desmin, and RGS5 commonly identify pericytes. The pericytes derive from the same developmental 

origin of the resident tissue. Brain and thymus pericytes are neural crest in origin, while pericytes of 

coelomic organs are mesothelium derived[137]. Despite having similar origins, their signaling behaviors 

may differ. Developmental studies of PDGF-BB/PDGFRβ signaling showed that PDGF-BB is important for 

pericyte localization and periendothelial recruitment in the heart, lungs, and gut, but the HSCs do not 

require PDGF-BB signaling and do not express PDGFRβ during development[138]. The control of 

vascular permeability is thought to be regulated by pericytes, as loss of pericyte encoatment results in 

increased endothelial transcytosis[137]. Pericytes in various organ systems differentiate into 

myofibroblasts, which create scar tissue in response to injury. Fate mapping studies in models of kidney 

fibrosis, including unilateral ureter ligation (UUO) injury model and ischemia reperfusion, confirmed that 

kidney myofibroblasts are pericyte-derived[139,140]. In the liver, fate mapping has shown that HSCs, the 

pericytes of the liver[141], give rise to between 82% and 96% of myofibroblasts in fibrotic liver injury[142]. 
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In the skin, capillary rarefaction and fibrosis occurs in scleroderma. Scleroderma is characterized by the 

loss of skin capillaries and scar tissue deposition, resulting in skin thickening and necrosis. The role of 

RGS5 in scleroderma is not known, however skin fibrosis is associated with activated myofibroblasts 

expressing RGS5 and this RGS5 expression normalizes following the resolution of fibrosis [143,144]. 

1.11 Regulator of G-protein Signaling 5 in fibrosis 

Models of fibrotic disease and injury with potential roles for RGS5 include kidney fibrosis, lung 

fibrosis, and liver fibrosis. In an experimental murine model of kidney fibrosis induced by UUO, the up-

regulation of RGS5 expression coincides with progressive fibrosis (Mahoney unpublished data). Similarly, 

bleomycin–induced lung fibrosis causes inflammation, cell death, and fibrosis, and RGS5 expression is 

up-regulated as fibrosis progresses (Mahoney unpublished data). This phenomenon is also observed in 

the CCl4–induced liver injury model, with RGS5 expression being up-regulated during the activation of 

HSCs and during chronic fibrosis (Chapter 2). In each of these injuries, a tissue-specific pericyte 

population is activated and differentiates into myofibroblasts. RGS5 expression in these pericytes and the 

pattern of RGS5 up-regulation during fibrotic remodeling across multiple organ systems suggests a 

central role in a common pathway regulating fibrosis. Pathways involved in multiple organs suggests a 

conserved and fundamental target for controlling fibrosis[145]. Taken together, we suggest that an RGS5-

based therapy would be widely applicable to many forms of fibrotic injury.  

1.12 Summary 

Fibrosis is the common endpoint of numerous liver diseases, and ultimately leads to cirrhosis. 

The few therapeutic options are aimed at managing the symptoms of cirrhosis, and insufficient numbers 

of organs for transplant result in high mortality and morbidity. A lack of anti-fibrotic strategies leaves the 

primary mechanism of hepatic destruction un-addressed. Activated HSCs create the collagen that 

disrupts liver function. Inhibition of HSC activation via targeting GPCR signaling could provide a means of 

reducing fibrosis. RGS5 is an inhibitor of GPCR signaling expressed in pericytes throughout the body and 

regulated in response to fibrosis. This thesis explores the regulation and function of RGS5-mediated 

control of signaling in HSCs and liver fibrosis, identifying a novel target for anti-fibrotic therapy. We 

hypothesize that RGS5 is up-regulated during injury to control HSC activation and thus fibrosis.  Our 
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major findings are that RGS5 is a marker of HSCs and expression is up-regulated in response to injury. 

CCl4-induced injury in RGS5-null mice causes increased HSC activation and increased hepatocyte 

damage and fibrosis. Therefore we propose that RGS5 is a critical regulator of the HSC response to 

injury and fibrosis.  
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1.13 Figures 

Figure 1.1 Hepatic structure and cell types 

A. Hepatic lobules are the working unit of the liver. Blood flows in through the portal vein, down the 
sinusoids, and drains from the central vein. Figure adapted from Le Lay et al. 2010[146]. B. Cell types of 
the liver. The sinusoids are lined with fenestrated endothelial cells. Between the hepatocytes and 
endothelial cells is the space of Disse, which contains the HSC (in blue). Kupffer cells adhere to the 
lumen of the sinusoids (purple) Figure adapted from Friedman et al 2008[147]. 

A 

B 
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Figure 1.2 Current strategy in the management of cirrhosis.  

Adapted from Tsochatzis et al. 2014 [4]  
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Figure 1.3 Hepatocyte injury and Kupffer cell mediated inflammation activate stellate cell 
fibrogenesis. 

A. Hepatocyte death and damaged hepatocytes release Tumor Necrosis Factor-α (TNFα), which 
activates the Kupffer cells. Necrotic hepatocytes release damage-associated molecular patterns (DAMPs) 
which also stimulate the Kupffer cells to release an array of cytokines including TNFα, IL-1β, and IL-6. IL-
1β provokes the infiltration of neutrophil and macrophages, which remove the necrotic tissue. IL-6 is anti-
apoptotic in injured hepatocytes, balancing the pro-apoptotic signaling from TNFα. B. TNFα, TGFβ, and 
PDGF-BB activate HSCs. Activated HSCs become contractile, exocytose their lipid droplets and 
proliferate. Active HSC migrate to the injury, while secreting ET-1 and TGFβ, which maintaining activation 
and promote collagen expression and extracellular matrix (ECM) production.  

 

 



 

Figure 1.4 ETA and ETB receptors utilize different G

RGS5 inhibits Gαq- and Gαi-mediated signaling, completely blocking ET
signaling to Gα12/13 mediated pathways. 
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ETA and ETB receptors utilize different Gα subunits. 

mediated signaling, completely blocking ETB signaling, and restricting ET
mediated pathways.  

signaling, and restricting ETA 
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Chapter 2:  

Regulator of G-Protein 5 is a marker of hepatic stellate cells  

and expression mediates response to liver injury. 

ABSTRACT:  

Liver fibrosis is mediated by hepatic stellate cells (HSCs), which respond to a variety of cytokine 

and growth factors to moderate the response to injury and create extracellular matrix at the site of injury. 

G-protein coupled receptor (GPCR)-mediated signaling, via endothelin-1 (ET-1) and angiotensin II 

(AngII), increases HSC contraction, migration and fibrogenesis. Regulator of G-protein signaling-5 

(RGS5), an inhibitor of vasoactive GPCR agonists, functions to control GPCR-mediated contraction and 

hypertrophy in pericytes and smooth muscle cells (SMCs). Therefore we hypothesized that RGS5 

controls GPCR signaling in activated HSCs in the context of liver injury. In this study, we localize RGS5 to 

the HSCs and demonstrate that Rgs5 expression is regulated during carbon tetrachloride (CCl4)-induced 

acute and chronic liver injury in Rgs5LacZ/LacZ reporter mice. Furthermore, CCl4 treated RGS5-null mice 

develop increased hepatocyte damage and fibrosis in response to CCl4 and have increased expression of 

markers of HSC activation. Knockdown of Rgs5 enhances ET-1-mediated signaling in HSCs in vitro. 

Taken together, we demonstrate that RGS5 is a critical regulator of GPCR signaling in HSCs and 

regulates HSC activation and fibrogenesis in liver injury.  

 
 
Submitted to PLoS One (06-2014) 
Contributing authors: Arya J. Bahrami, Jagadambika J. Gunaje, Brian J. Hayes, Kimberly Riehle, Heidi L. 
Kenerson, Raymond S. Yeung, April S. Stempien-Otero, Jean S. Campbell, William M. Mahoney, Jr. 
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2.1 Introduction: 

Liver fibrosis and its sequelea of cirrhosis and hepatocellular carcinoma (HCC) are responsible 

for 29,000 deaths a year in the United States, making it the 12th leading cause of death[148]. Injury to the 

liver results in a wave of cytokine mobilization[149], many of which are secreted by Kupffer cells, the 

liver’s resident macrophages. These cytokines (e.g. tumor necrosis factor α (TNF- α)[150] and 

transforming growth factor-β1 (TGF- β) [62]) then activate HSCs, which deposit extracellular matrix (e.g. 

collagen) as part of the wound repair response. With chronic injury, ongoing inflammation and HSC 

activation results in accumulation of scar tissue and eventual decreased liver function[151].  

In the uninjured liver, quiescent HSCs behave like pericytes[141], surrounding the endothelium of 

the sinusoids. However, upon injury-induced activation, HSCs become the primary collagen-producing 

cell in the fibrotic liver[10,152]. HSC activation, in response to platelet derived growth factor BB (PDGF-

BB)[57–59] and TGFβ[61,62], is well characterized; however, G-protein coupled receptor (GPCR) 

signaling pathways also influence their behavior during fibrosis. AngII[69–71], ET-1[82–85,153], and 

norepinephrine (NE)[154–157] have been implicated in promoting HSC activation and thus fibrosis. 

Therefore, modulating signaling downstream of GPCRs may represent a novel therapeutic target in liver 

fibrosis, potentially preventing HCC.  

RGS5 is a small GTPase activating protein that inhibits Gαq and Gαi-mediated signaling 

downstream of GPCRs[158]. RGS5 is primarily expressed in vascular smooth muscle cells (SMCs) and 

pericytes[120,125,132,159], and inhibits AngII- and ET-1-mediated signaling[116,160] to regulate blood 

pressure[123,124,132,133] and vascular remodeling[121,161]. Moreover, RGS5 expression correlates 

with both cardiac[130] and skin[162] fibrosis, and expression is increased in multiple cancers (e.g., 

breast, ovarian, acute myeloid leukemia, and liver)[110–112,163–165].  

We hypothesized that RGS5 controls liver injury via its ability to modulate GPCR-mediated signaling in 

activated HSCs. In this study, we localize expression of RGS5 to HSCs in the liver, and demonstrate that 

Rgs5 expression is regulated in both acute and chronic liver injury. Furthermore, mice lacking RGS5 

expression develop increased hepatocyte damage and fibrosis in response to carbon tetrachloride (CCl4). 

Rgs5 expression is regulated in cultured HSCs in response to fibrogenic agonists, and ET-1-mediated 

signaling is potentiated in the absence of Rgs5 expression. Taken together, we demonstrate that RGS5 is 
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a critical regulator of GPCR signaling in HSCs, and controls HSC activation and fibrogenesis in response 

to liver injury.  

2.2 Materials and methods: 

 Rgs5LacZ mice, which have a nuclear localized β-galactosidase reporter gene knocked 

into exon 2 of the Rgs5 locus and mice have been backcrossed to a C57BL/6 background , were 

purchased (Deltagen[166]). To induce acute liver injury, mice were injected (i.p.) with 10 µl/g body weight 

CCl4 (Sigma-Aldrich) diluted 10% (v/v) in olive oil once. To induce chronic liver injury, mice were injected 

twice weekly for four weeks. Olive oil-injected animals served as controls for CCl4-injected mice. At the 

indicated time-points, mice were sacrificed using CO2 inhalation. The Institutional Animal Care and Use 

Committee of the University of Washington, which is certified by the Association for Assessment and 

Accreditation of Laboratory Animal Care International, approved all experiments. 

To preserve β-galactosidase activity, liver tissue was fixed in PLP (4% 

paraformaldehyde (PFA), 75 mM L-lysine, 10 mM sodium periodate) for 2 hours at 4°C , cryopreserved in 

18% sucrose, frozen in optimum cutting temperature compound, and 5-µm cryosections were prepared 

for X-gal labeling or immunofluorescence (IF). LacZ activity was measured using a standard 5-bromo-4-

chloro-3-indolyl-β-D-galactoside (X-gal) staining protocol[139] for 16 hours at 37°C. After washing, 

sections were post-fixed in 1% PFA for 5 minutes and immunolabeled for additional histologic analysis 

(see below).  

Approximately twenty 10x fields of 

H&E stained 5 µm paraffin embedded sections liver were imaged, each representing a 1.19x.89 mm area. 

Using the ImageJ software package, the relative cleared hepatocyte cytoplasmic area was measured. 

Images were automatically adjusted for contrast, converted to grey scale, and sharpened to enhance 

borders. The threshold tool isolated the tissue from slide background. Particle analysis included sizes 49 

µm2 to 324 µm2 and circularity value between 0.3 and 1.0, yielding total particle area measured as a 

percentage of slide area. Data was processed by macro to remove potential bias.  

To label collagen deposition (indicative of fibrosis), 5 µm 

2.2.1 Animals: 

2.2.2 X-gal labeling:  

2.2.3 Measurement of relative hepatocyte cytoplasmic clearing:  

2.2.4 Quantification of collagen deposition:  
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paraffin embedded tissue sections were stained with picrosirius red (365548 and P6744, Sigma) and 

0.1% Fast Green (F7258, Sigma) at room temperature for 30 minutes. The relative quantification of 

fibrosis was measured using ImageJ. Ten 4x fields were imaged for each liver, representing a 

2.95x2.21mm area. Using the color threshold tool, red staining was isolated. The image is then converted 

to grey scale, and threshold is used to subtract remaining background. Measurement of the remaining 

area yielded the area of the slide with red staining. This was normalized to the area of the tissue (vessel 

lumen subtracted) for each slide to yield the percent of tissue with picrosirius red staining. Data was 

processed by macro to remove potential bias.  

IF was performed using standard techniques, with liver sections 

incubated overnight with the following primary antibodies: rabbit anti-GFAP 1:1000 (Z0334, Dako), 

chicken anti-β-gal 1:1000 (ab9361, Abcam), rabbit anti-SMA1:200 (ab32575 Abcam), rabbit anti-CRBP1 

1:200 (sc30106, Santa Cruz), rabbit anti-VWF 1:200 (A0082, Dako), Rat anti-CD-31 1:100 (553370, BD 

Pharmingen), and Rat anti-F4/80 1:200 (122603, Biolegend). Immune complexes were detected with the 

following secondary antibodies: Alexa 488 conjugated goat anti-Rabbit IgG (A11034, Life Technologies), 

Alexa 488 conjugated goat anti-rat IgG (A21208, Life Technologies), Alexa 647 conjugated donkey anti-

rat IgG (A21247, Life Technologies), Alexa 594 conjugated donkey anti-chicken IgG (703-516-155, 

Jackson Immunoresearch), antibodies. Sections were mounted with VectaShield (H-1000, Vector Labs) 

and imaged with a Zeiss Axiovert 200 microscope. Confocal images generated using an Olympus 

FV1000 confocal microscope.  

The LX-2 HSC cell line was generously provided by Scott L. Friedman[167]. LX-2 

cells were passaged in DMEM high glucose (Gibco/Life Technologies) supplemented with 2% FBS and 

penicillin-streptomycin and used between passages 10 and 20.  

Mouse primary HSCs were prepared by perfusion with 

collagenase/pronase and density centrifugation using Optiprep (Sigma) as reported previously[168].  

Rgs5 was knocked down in LX-2 cells using a specific 

small interfering RNA (siRNA) from Life Technologies (5′-AGGAGAUUAAGAUCAAGUUTT-3′). LX-2 

2.2.5 Immunofluorescence (IF):  

2.2.6 Cell Culture:  

2.2.7 Hepatic stellate cell isolation:  

2.2.8 siRNA Knockdown of Rgs5 Expression:  
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HSCs were transfected with Lipofectamine RNAiMAX Transfection reagent (Life Technologies) following 

the manufacturer’s specifications. Briefly, 5x105 cells were transfected with either Rgs5-specific siRNA 

(12.5 nM) or siRNA negative control (12.5 nM; Life technologies) and plated at a final density of 

105 cells/60 mm dish (for protein isolation) or 4 × 104 cells/6-well dish (for RNA isolation) and grown in 2% 

FBS growth media. After 24hr, the media were changed to serum-free media and cells were starved for 

24 hr. Where indicated, cells were stimulated with endothelin-1 (ET-1; 100 nM; Sigma), TGFβ (5 ng/ml; 

R&D systems), TNFα (5 ng/ml; R&D systems), or PDGF-BB (10 ng/ml; R&D systems).  

RNA was isolated from LX-2 cells and mouse 

livers using the E.Z.N.A. Total RNA Kit I (Omega Bio Tek). For tissue lysates, 27 mm3 were homogenized 

in TRK lysis buffer using a stator-rotor homogenizer, as per kit instructions. cDNA was prepared by 

reverse transcription using the High-Capacity cDNA Reverse Transcription Kit; (Applied Biosystems). 

20ng cDNA was used in each qPCR reaction, using PerfeCTa SYBR Green FastMix (Quanta 

biosciences). Gene expression was calculated by the ∆∆Ct method: Fold expression = 2−∆∆Ct. Gene 

expression was normalized to Gapdh expression within each sample then normalized to individual control 

treatment conditions within each dataset. 

Lysates were prepared from LX-2 cells 0, 10, and 20, min after ET-1 treatment by 

resuspending scraped cell pellets in lysis buffer [50 mM Tris·HCl (pH 8.0), 120 mM NaCl, 0.5% Igepal, 1 

mM EDTA, with protease inhibitors (Calbiochem)]. After protein quantitation, 10 µg of each protein extract 

was separated on 10% bis-Tris gels. Proteins were transferred to PVDF and blocked with 5% nonfat dry 

milk (NFDM) in TBS-T (0.1% Tween). Membranes were incubated with the following primary antibodies 

diluted in 5% NFDM in TBS-T overnight at 4°C: 1:1,0 00 phospho-p42/44 (Thr202/Tyr204; pERK) (Cell 

Signaling); 1:5,000 total p42/44 (ERK)[169]. After 3× washes with TBS-T, membranes were incubated 

with the following secondary antibodies diluted in 5% NFDM in TBS-T at room temperature for 1 h: 

1:8,000 goat α-rabbit IgG HRP conjugate (Bio-Rad); 1:8,000 goat α-mouse IgG HRP (Bio-Rad). After 4× 

washes with TBS-T, blots were incubated in ECL reagent (Super Signal West Pico, Pierce) and exposed 

to autoradiographic film. 

2.2.9 RNA isolation and quantitative RT-PCR (qPCR):  

2.2.10 Immunoblot:  

2.2.11 Statistics:  
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Quantitative data were analyzed by unpaired t-test in excel. A p-value of less than 0.05 was considered 

significant. Where indicated, significance was analyzed using a non-parametric Mann-Whitney U test. 

 Mice were housed in a specific pathogen-free environment overseen by the 

Department of Comparative Medicine at the University of Washington with IACUC approval under 

protocol 4253-01. 

2.3 Results: 

Using RGS5LacZ reporter mice, we localized 

the expression of RGS5 in the liver by X-gal staining (Figure 2.1A). β-gal+ cells, and therefore RGS5+ 

cells, are observed adjacent to liver sinusoids. As expected, a subset of vascular SMCs of large vessels 

(arrows, Figure 2.1A) express both RGS5 and smooth muscle α-actin (SMA) (Figure 2.1B) by IF, 

consistent with published findings[161]. Glial fibrillary acidic protein (GFAP) is expressed in 

HSCs[147,170], and co-labeling with the GFAP and the β-gal antibody demonstrates co-localization of the 

RGS5 reporter and GFAP in HSCs adjacent to sinusoids (Figure 2.1C). Another protein expressed in 

HSCs, cellular retinol-binding protein-1 (CRBP1[171]), also co-localizes with β-gal, confirming that these 

cells are HSCs (Figure 2.1D). Von Willebrand Factor (VWF) is expressed in endothelial cells, including 

those in the liver sinusoids (LSECs)[172]. IF for VWF and β-gal demonstrates that LSECs are distinct 

from β-gal+ cells (Figure 2.1E); LSECs are VWF+, whereas the β-gal+ cells are sparse and evenly 

distributed, and do not overlap with VWF+ cells. Similarly, F4/80+ Kupffer cells and β-gal+ cells are also 

distinct, with no co-localization observed (Figure 2.1F). Confocal imaging for GFAP and β-gal confirms 

that the nuclei of GFAP+ HSC are β-gal+ (Figure 2.1G). No co-localization is observed in confocal imaging 

for CD31+, another endothelial cell marker, and β-gal+ cells (Figure 2.1H). Finally, to verify that RGS5 

expression is restricted to HSCs, we measured Rgs5 expression in primary HSCs isolated from WT 

mice[168]. We found that primary HSCs express high levels of Rgs5 relative to other non-parenchymal 

cell markers (Figure 2.11A, B). In summary, our co-localization analyses determined that RGS5 is 

specifically expressed in HSCs, but not in hepatocytes, LSECs, or Kupffer cells.  

2.2.12 Ethics statement:  

Regulator of G-Protein 5 is expressed in HSCs.  

2.3.1 Increased Regulator of G-Protein 5 expression is associated with liver tumor and liver fibrosis.   
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Multiple studies have demonstrated RGS5 expression in liver tumors[163,164]. Because these tumors are 

associated with HSC activation, we examined RGS5 expression in two mouse models of HCC, mice with 

hepatocyte-specific deletion of either tuberous sclerosis complex 1 (Tsc1) or phosphatase and tensin 

homolog (Pten). The loss of either of these genes results in disruption of the (PI3K)/AKT/mTORC1 

pathway, leading to HCC or cholangiocarcinoma[55]. First we performed trichrome staining on 

Tsc1fl/fl;AlbCre and Ptenfl/fl;AlbCre liver sections spanning HCCs and adjacent non-tumor liver. Tsc1fl/fl;AlbCre 

mice had collagen deposition in tumors (Figure 2.2C), but not in adjacent non-tumor liver (Figure 2.2A), 

while Ptenfl/fl;AlbCre mice had significant trichrome staining in both tumor and non-tumor liver (Figure 2.2B, 

D). When we macro-dissected tumors from these mice and performed qPCR for Rgs5 expression (Figure 

2.2E, F), we found that Rgs5 expression mirrored collagen deposition: 1) Rgs5 is elevated in fibrotic 

Tsc1fl/fl;AlbCre tumors but not adjacent non-fibrotic liver; 2) Rgs5 is elevated in both tumor and surrounding 

liver (both fibrotic) in Ptenfl/fl;AlbCre mice. The up-regulation of Rgs5 expression in fibrotic liver tissue 

suggests that Rgs5 expression may be associated with HSC activation, which occurs both in liver injury 

and in HCC[173].  

Acute injection of CCl4 leads to hepatocyte death and a subsequent injury response[36,49,174]. We found 

that acute CCl4-induced injury induces a 4-fold up-regulation of Rgs5 mRNA expression 48 hours after 

injection (Figure 2.3A). Elevated Rgs5 expression correlates with the increased expression of additional 

markers of HSC activation and fibrosis in the murine liver, including Sma (Figure 2.3B), Desmin (Figure 

2.3C), and Pdgfrβ (Figure 2.3D)[71,175], which also peak at 48 hours post injury. Pdgfrα (Fig 3E) and 

Col1a (Fig 3F) are up-regulated at 48 hours, but peak at 72 hours post injury. Taken together, these data 

support the hypothesis that RGS5 is associated with fibrosis and HSC activation in both tumor and non-

tumor associated fibrosis, and that the observed up-regulation of RGS5 expression in fibrotic liver 

tumors[163,164] may be due to tumor associated activated HSCs.  

HSCs are activated in response to the growth factor and cytokine milieu released during the response to 

hepatocyte injury, including TNFα[9], TGFβ[63], PDGF-BB[176], and ET-1[44]. To determine whether 

2.3.2 Regulator of G-Protein 5 expression is up-regulated in acute Carbon tetrachloride injury. 

2.3.3 Regulator of G-Protein 5 expression is regulated in response to inflammatory and  

profibrotic stimuli in vitro.   
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RGS5 expression is affected by any of these factors, we stimulated LX-2 cells and assayed the 

expression of Rgs5 by qPCR. Rgs5 expression was up-regulated by TNFα stimulation but inhibited by 

TGFβ stimulation. Interestingly, both of these agonists had a similar relative effect upon endothelin 

receptor B (ETB) expression (Figure 2.4), a marker of HSC activation[177]. ETB receptors are rapidly 

internalized after activation, serving as a sink for ET-1 agonists[96]. The simultaneous co-regulation of 

RGS5 and ETB expression makes sense, as ETB sequestering ET-1 agonist and RGS5 inhibiting Gαq-

mediated signaling results both result in the blockade of ET-1-mediated signal transduction. Regulation of 

RGS5 in response to cytokines released after hepatocyte injury could enable tunable control of ET-1-

mediated signaling in HSCs. 

As stated above, RGS5 expression is up-regulated in both genetically-induced HCC (Figure 2.2) and 

acutely in response to CCl4-induced liver injury (Figure 2.3). To investigate the role of RGS5 in mediating 

HSC activation and liver fibrosis, we induced liver injury (CCl4 model, as above) in Rgs5LacZ/LacZ mice to 

assess the changes in RGS5 cellular expression over time during injury. To identify RGS5+ HSCs during 

the injury response, we co-localized expression of GFAP and β-gal by IF. In uninjured liver tissue, HSCs 

are sparsely distributed throughout the liver of both RGS5+/+
 and RGS5LacZ/LacZ mice (Figure 2.5A,D). 

However, 48hr post CCl4 injury, HSCs migrate to the necrotic foci (Figure 2.5B). β-gal+ HSCs are 

clustered in the necrotic foci, and are scarce in the uninjured parenchyma (Figure 2.5E). At 96 hours, 

HSCs are tightly clustered at the foci of injury and are rare in the parenchyma (Figure 2.5C, F). Co-

localization analysis (Figure 2.12) shows 75% of β-gal+ cells are GFAP+, and that this ratio does not 

significantly change over the course of injury. The expression of RGS5 remains localized to GFAP+ HSCs 

before and during injury (Figure 2.5G-I), and its up-regulation correlates with expression of HSC 

activation markers (desmin and SMA)[71,175], peaking at 48hr post injury (Figure 2.3). Since RGS5 

functions to inhibit GPCR signaling[158], the up-regulation of RGS5 mRNA in migrating HSC during the 

liver injury response suggests a role in controlling GPCR mediated HSC activation.  

2.3.4 Regulator of G-Protein 5+ Hepatic stellate cells participate in the response to hepatic injury.  

2.3.5 Regulator of G-Protein 5 deficient mice have increased hepatocyte damage in response to acute 

liver injury.  
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Given the induction of RGS5 expression after CCl4 injection, we next used RGS5LacZ/LacZ mice to assess 

the functional consequences of loss of RGS5 expression. Uninjured liver appears histologically normal in 

Rgs5LacZ/LacZ mice (Figure 2.6A,D). At 48hr post injury, foci of necrosis are visible around the central veins 

(Figure 2.6B,E). At 96hr post injury, necrotic hepatocytes undergo clearance and infiltrating cells remain 

at the site of injury (denoted by arrow in Figure 2.6C&F). In Rgs5LacZ/LacZ mice, necrotic foci are similar to 

wild-type mice. At 96hr post injury, the foci of necrosis are diminished; however, hepatocytes throughout 

the liver have cleared cytoplasm and have a ballooned appearance (Figure 2.6F). To determine if 

RGS5LacZ/LacZ mice are more susceptible to CCl4-induced liver damage than wild-type mice, we performed 

careful morphological analysis of H&E stained sections of liver tissue 96hr after injury. RGS5+/+ mice have 

comparatively normal hepatocytes (Figure 2.7A, B). In contrast, RGS5LacZ/LacZ mice demonstrated 

widespread hepatocyte ballooning (Figure 2.7C, D). Furthermore, in RGS5LacZ/LacZ mice, the hepatocytes 

are characterized by cleared cytoplasm and central nuclei (Figure 2.7D). Quantification of cleared 

hepatocyte area, using ImageJ, confirms a significant increase in injured hepatocyte area in RGS5LacZ/LacZ 

mice (Figure 2.7E). Further, by analyzing the liver/body weight ratio in RGS5+/+ compared to RGS5LacZ/LacZ 

mice, we observe injured RGS5LacZ/LacZ livers are larger than uninjured livers, while RGS5+/+ liver/body 

weight ratios do not show an injury-induced increase in size (Figure 2.13). Oil red-O staining shows that 

the cleared hepatocytes do not contain lipids (Figure 2.14), nor accumulated glycogen (Figure 2.15). 

TUNEL staining shows no difference in apoptosis between the genotypes, and no association with 

cleared hepatocytes (Figure 2.16).  

We propose that in the absence of RGS5 expression in HSCs, HSCs are increasingly sensitive to GPCR 

agonists, such as ET-1 and AngII, which contribute to HSC activation, portal hypertension, and the 

severity of fibrosis[70,71,82–85]. Excessive ET-1 or AngII signaling in RGS5LacZ/LacZ mice may induce 

inappropriate or excessive activation of HSCs, causing increased stress on hepatocytes during injury. 

Therefore, we compared the mRNA expression of HSC activation markers in RGS5+/+ and RGS5LacZ/LacZ 

mice in acutely injured liver tissue. Expression of desmin, endothelin-1 receptor B (ETB), and 

PDGFRβ[71,175] is increased in RGS5LacZ/LacZ mouse liver tissue relative to RGS5+/+ littermates at 48hr 

post CCl4 injury (Figure 2.7F). The observed increase in expression of HSC activation markers may be 
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attributed to an increase in HSC proliferation or an increase in HSC activation throughout the liver of 

RGS5LacZ/LacZ mice. Taken together these data suggest RGS5 controls HSC activation in acute liver injury.  

As stated above, the 

increased hepatocyte injury and fibrosis observed in the RGS5LacZ/LacZ mouse may be due to excessive 

signaling through GPCRs, since RGS5 inhibits Gαq signal transduction[158]. To elucidate the role of 

RGS5 in HSCs during activation and fibrosis, we utilized a human HSC cell line (LX-2 HSCs[167]) to 

investigate RGS5-mediated ET-1 signaling in vitro. LX-2 cells are transfected with RGS5 siRNA or non-

specific siRNA, stimulated with ET-1, and the activation of MAPK signaling was determined. As shown in 

Figure 2.8A and 8B, knock-down of RGS5 expression significantly increases ERK1/2 phosphorylation in 

response to ET-1 in LX-2 HSCs. Therefore, in the context of increased ET-1-mediated signaling during 

liver injury, the absence of RGS5 expression could further exacerbate fibrogenic signaling.  

While acute injury models 

provide insight to the HSC response to damage, HSCs produce detectable fibrosis and scarring during 

chronic liver injury. Chronic exposure to CCl4 in mice recapitulates the fibrosis observed in human chronic 

liver disease[36]. RGS5+/+ and RGS5LacZ/LacZ mice were repeatedly injected with CCl4 over a period of 4 

weeks. In damaged RGS5LacZ/LacZ liver tissue, SMA expression localizes activate HSCs in fibrotic septa 

(Figure 2.9A). HSCs (GFAP+, βGAL+) were associated with fibrotic septa bridging the portal veins, near 

the sites of collagen deposition (Figure 2.9B). Interestingly, the β-gal reporter is limited to these GFAP 

expressing cells in the chronically injured liver. RGS5 mRNA expression is increased 8-fold in the chronic 

CCl4 injured liver (Figure 2.9C), while HSC activation markers desmin, SMA, PDGFRα, and PDGFRβ are 

elevated, yet below the levels observed in acute CCl4 injury (Figure 2.3). Elevated expression of RGS5 in 

HSCs during the chronic CCl4 injury indicates an ongoing role during fibrosis, while classic markers of 

HSC activation have subsided, suggesting RGS5’s function may extend beyond controlling HSC 

activation.  

In the acute liver injury model, RGS5LacZ/LacZ mice were characterized by an increase in ballooning 

of hepatocytes (Figure 2.7E) and increased liver/body weight ratio (Figure 2.13), as compared to RGS5+/+ 

mice. To determine whether this phenotype persists in the chronic liver injury setting, hepatic fibrosis was 

2.3.6 Regulator of G-Protein 5 suppresses ET-1 signaling in HSCs.  

2.3.7 RGS5 expression is up-regulated in chronic liver injury:  

2.3.8 Regulator of G-Protein 5 deficient mice have increased liver fibrosis during chronic Injury.  
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visualized and quantified using picrosirius red. Fibular collagen is stained red, and the relative degree of 

fibrosis is quantitated by ImageJ (Figure 2.10 A-D). Chronic CCl4-treated RGS5+/+ mice develop scar 

tissue bridging between portal veins (Figure 2.10A), while oil-treated control mice are histologically 

normal, with minimal picrosirius red staining in RGS5+/+ (Figure 2.10C) and RGS5LacZ/LacZ (Figure 2.10D). 

In contrast, chronic CCl4-treated RGS5LacZ/LacZ mice develop severe fibrosis, as demonstrated by fibrotic 

septa bridging between portal veins and encircling hepatic lobules (Figure 2.10B). Quantification of 

picrosirius red staining reveals significantly increased fibrosis in RGS5LacZ/LacZ mice relative to RGS5+/+ 

mice (Figure 2.10E). Taken together with the finding that RGS5 is up-regulated in chronic injury (Figure 

2.9A), the increase in fibrosis in RGS5LacZ/LacZ mice suggests a RGS5-dependent role in controlling HSC-

mediated collagen deposition.  

 

2.4 Discussion:  

In this study, we have identified RGS5 as a marker of HSCs and a regulator of GPCR-mediated 

signaling in the liver. Up-regulation of Rgs5 expression correlates with HSC activation during liver injury, 

and Rgs5 is highly expressed in the fibrotic liver. RGS5 deficient mice develop more severe liver injury 

following acute CCl4 exposure, and increased fibrosis after chronic CCl4 administration. In vitro, profibrotic 

and pro-inflammatory mediators regulate Rgs5 expression in HSCs, and RGS5 knockdown in HSCs 

resulted in increased ERK1/2 signaling in response to ET-1, a possible mechanism for its effects in the 

liver. Taken together, these data suggest that the regulation of RGS5 in HSCs allows for tunable 

sensitivity to ET-1 signaling following hepatic injury. Loss of RGS5 disrupts this fine level of control, 

leading to increased HSC activation, hepatic injury, and fibrosis.  

The Rgs5LacZ reporter mouse provides a robust and sensitive method to specifically localize 

RGS5 expression in vivo. Co-localization of β-galactosidase activity and traditional HSC markers 

(GFAP[147] and CRBP1[178]) in these mice establishes RGS5 as a marker of HSCs in the liver. RGS 

proteins have been implicated in the progression of HCC[164,179], and an earlier study localized hepatic 

Rgs5 expression to endothelial cells in HCC[163] using in situ hybridization (ISH). However, the nature of 

ISH makes precise localization and discrimination between adjacent cells difficult. IF labeling of 

endothelial cells with an antibody to detect VWF confirms that RGS5+ HSCs are distinct from endothelial 
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cells. A recent publication correlates RGS5 expression with increased vascular invasion, tumor 

recurrence, and decreased survival in patients with HCC[164]. However, HSCs are the major stromal cell 

in the tumor microenvironment, and promote HCC proliferation and invasion[180–182]. The correlation of 

increased RGS5 expression with decreased survival may reflect the level of HSC activation within the 

tumor, therefore predicting tumor metastasis and proliferation. High RGS5 expression has also been 

found in select patient-derived HCC cell lines, suggesting expression by transformed hepatocytes. These 

data should be interpreted with caution, however, as high passage number in culture conditions 

containing serum and associated growth factors may select for a phenotype that does not reflect in vivo 

expression. We therefore propose that the specific co-localization of β-gal expression (and therefore 

RGS5 expression) with markers of HSCs, and not with markers of other non-parenchymal cells, 

establishes RGS5 as a marker of HSCs.  

We observed that RGS5 deficient mice had widespread hepatocyte clearing after a single CCl4 

injection, while this phenotype was not observed in Rgs5+/+ mice (Figure 2.7). The hepatocyte cytoplasmic 

clearing observed after acute CCl4 treated Rgs5LacZ/LacZ mice is similar to ballooning observed in human 

cases of non-alcoholic fatty liver disease (NAFLD). Conflicting evidence suggests RGS5 plays a role in 

maintaining body weight and steatosis, with one group reporting that Rgs5-/- mice exhibit spontaneous 

hepatic steatosis and obesity[134] while another study demonstrates RGS5-/- mice have low body 

weight[133]. Although RGS proteins have been implicated in the control of hepatic fatty acid 

oxidation[109] and homeostasis[107], we did not observe any differences in baseline mouse body weight 

or oil red-o staining (Figure 2.13,Figure 2.14) after CCl4 injection, indicating that the ballooning is not due 

to lipid accumulation. The differences in our findings may be due to differences in mouse strains or 

housing conditions used in the different institutions, and the overall effects of RGS5 expression on body 

weight are unclear. Glycogen storage can also induce ballooning in hepatocytes, but periodic acid-schiff 

staining showed no difference between Rgs5LacZ/LacZ mice and wild type littermates (Figure 2.15). 

Hepatocyte swelling reflects reversible cell injury[7] in Rgs5LacZ/LacZ mice, and it has been suggested that 

ballooning is protective in hepatotoxicity[175,183]. To explore this possibility, TUNEL staining was 

conducted to determine whether ballooned hepatocytes were undergoing apoptosis. However, there was 

minimal staining in hepatocytes 96hrs after CCl4 injection, and no difference was observed between 
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Rgs5LacZ/LacZ mice and wild type littermates (Figure 2.16). We similarly did not appreciate a difference in 

liver necrosis between the genotypes, and Rgs5LacZ/LacZ mice survive repeated doses of CCl4 in the 

chronic liver injury model, suggesting that the hepatocyte swelling is reversible.  

Feathery hepatocyte degeneration is commonly observed in cholestasis[28] and is characterized 

by enlarged periportal hepatocytes with a flocculent cytoplasm. Intrahepatic cholestasis due to 

endotoxemia or drug toxicity can induce feathery degeneration; however, we did not observe pigmented 

hepatocytes in Rgs5LacZ/LacZ mice, and the hepatocyte swelling was equally distributed throughout the liver 

lobule. Whether hepatocyte swelling enhances hepatocyte survival or is simply a surrogate for more 

severe injury, Rgs5LacZ/LacZ mice show extensive hepatocyte swelling after a single injection of CCl4, while 

Rgs5+/+ mice have normal histology. 

 Potential mechanisms for the increased injury observed in Rgs5LacZ/LacZ mice include portal 

hypertension or increased activation of HSCs. ET-1 and AngII-mediated sinusoidal constriction by HSCs 

induces portal hypertension[85,184,185]; loss of RGS5 expression enhances GPCR signaling[160] in 

response to these agonists, and may thus result in sinusoidal constriction. Loss of VEGF induces 

sinusoidal capillarization, portal hypertension and HSC activation[186] in mice. However no parenchymal 

injury was observed, invalidating portal hypertension as a potential mechanism.  

The increased hepatocyte injury in Rgs5LacZ/LacZ mice may be due to enhanced HSC activation via 

GPCR signaling. ET-1-mediated control of HSC activation has been demonstrated in previous studies, in 

which pharmaceutical inhibition of AngII and ET-1 reduces HSC activation in vitro[69,83] and in rat 

models of cirrhosis[71,85]. Our findings of increased expression of HSC markers (desmin, ETB, and 

PDGFRβ) in Rgs5LacZ/LacZ mice are consistent with this hypothesis, as removal of ET-1 inhibition would 

enhance expression of markers of HSC activation. ET-1 induced TGFβ secretion[89,91] would be 

expected to increase in the absence of RGS5 expression, further activating HSCs and contributing to 

enhanced fibrosis after chronic CCl4 administration. This hypothesis could be further confirmed by rescue 

of the RGS5-null phenotype through ET-1 antagonism. For instance, the ETA antagonist BQ-123 and the 

ETB antagonist BQ-788 could be administered to Rgs5LacZ/LacZ mice during CCl4 injury, and would be 

expected to mitigate the hepatocyte swelling and increased fibrosis that we found in these mice.  
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RGS5-deficient mice exhibit enhanced arterial hypertrophy and perivascular fibrosis in a 

hypertension-induced vascular injury model[135]. This pathogenic remodeling was attributed to enhanced 

MEK/ERK and Rho kinase (ROCK) signaling via increased AngII-induced Gαq signaling in RGS5-null 

mice. Enhanced ERK activity due to RGS5 knock-down has been previously reported in aortic 

SMCs[160], and we observed enhanced ERK signaling in LX-2 cells following RGS5 siRNA treatment 

(Figure 2.8A,B). ET-1 induced Rho activation in HSCs has been shown to enhance migration in vitro[187], 

and inhibition of ROCK improves fibrosis in choline deficient diet fed rats[188]. Loss of RGS5-mediated 

inhibition of ROCK could be one mechanism behind the enhanced HSC activation and fibrosis observed 

in Rgs5LacZ/LacZ mice.  

RGS5 inhibition of ET-1 signaling has potential in the treatment of liver fibrosis and cirrhosis. 

While animal models of cirrhosis benefit from ET-1 antagonism, patients risk liver failure[98] due the 

hepatotoxic effects these drugs. RGS5 inhibition of ET-1 signaling specifically in HSCs provides a novel 

avenue for future therapies. Enhancing the expression of RGS5 in HSCs could reduce their activation and 

subsequent development of fibrosis and cirrhosis. The anti-fibrotic effects of RGS5 overexpression could 

be validated with studies of chronic CCl4 administration to mice in which RGS5 expression is conditionally 

overexpressed in HSCs. High RGS5 expression would be expected to block ET-1 mediated signaling in 

HSCs, potentially reducing HSC activation, contraction, migration, and ultimately fibrosis.  

2.5 Conclusions: 

RGS5 is a marker of HSCs that is up-regulated as HSCs respond to injury. RGS5 controls HSC 

activation via inhibition of ET-1 signaling and reduction of ERK activation. The critical role of RGS5 in liver 

injury is demonstrated by enhanced HSC activation, hepatocyte ballooning, and fibrosis in CCl4 treated 

RGS5-deficient mice. RGS5-mediated control of GPCR signaling in the liver is a novel mechanism by 

which HSC activation can be controlled, and a potential target of therapeutic intervention for liver fibrosis.  
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2.6 Figures 

 
Figure 2.1 Hepatic Stellate Cells express RGS5. 

A. Rgs5LacZ/LacZ mouse liver with X-gal labeling. RGS5+ peri-sinusoidal cells are distributed throughout the 
liver. RGS5 is also expressed in a subset of SMC of the portal vein (yellow arrows). B-G. 
Immunofluorescence (IF) for cell-specific markers in the RGS5LacZ/LacZ liver. B. SMA and α-β-gal show 
RGS5 expression in vascular SMCs, as expected. C. GFAP and α-β-gal IF in RGS5LacZ/LacZ mouse liver. 
β-gal+ nuclei are visible within GFAP+ astrocyte-like HSC cells, localizing RGS5 expression to HSCs. D. 
CRBP1 and α-β-gal IF are co-localized in HSC of RGS5LacZ/LacZ liver. E. VWF (a marker of endothelial 
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cells) and α-β-gal are not co-localized. VWF extends through all sinusoids, while β-gal+ cells are sparsely 
distributed. F. F4/80 (a maker of macrophage/Kupffer cells) and β-gal+ cells represent distinct cell 
populations. G. Confocal image of α-GFAP IF showing co-localization of the nuclear α-β-gal. H. Confocal 
image of CD31 (a marker of endothelial cells) and α-β-gal. CD31+ cells have β-gal- nuclei, while β-gal+ 
nuclei are not associated with CD31+ endothelial cells. All scale bars are 100µm. 

 

 

Figure 2.2 RGS5 expression is up-regulated in HCC and liver fibrosis 
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Sections of liver from Tsc1fl/fl;AlbCre (A,C) and Ptenfl/fl;AlbCre (B,D) mice were stained with Masson’s 
trichrome. A. Tsc1fl/fl;AlbCre non-tumor liver is histologically normal. B. Ptenfl/fl;AlbCre non-tumor liver 
tissue is steatotic and shows collagen deposition in sinusoids (blue). C. Tsc1fl/fl;AlbCre tumor tissue 
shows disorganized architecture and high levels of collagen deposition. D. Ptenfl/fl;AlbCre tumor tissue is 
glandular in appearance, with robust collagen deposition. Scale bars are 100 µm. E-F. RNA was isolated 
from wild-type normal tissue and matched tumor and non-tumor tissues of Tsc1fl/fl;AlbCre and Ptenfl/fl;AlbCre 
E. Tsc1fl/fl;AlbCre mice have normal RGS5, SMA, and Collagen expression in non-tumor parenchyma, and 
elevated expression in tumor tissue. F. Ptenfl/fl;AlbCre mice have elevated expression of RGS5 and 
collagen in non-tumor parenchyma and in tumors. Data is normalized to expression in wild-type liver 
tissue. n= 5, error bars=SEM, *=p<0.05  
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Figure 2.3 RGS5 expression is up-regulated in acute liver injury 

C57BL/6 mice were injected i.p. with 10 µl/g body weight 10% CCl4 diluted in olive oil 10% (v/v). Livers 
were collected at 24, 48, 72hr post injection. RNA was isolated and expression of HSC activation markers 
was determined by qPCR. A. RGS5 expression is elevated from 24 to 72hr post injury, peaking at 48hr. 
Expression of B. SMA, C. Desmin, and D. PDGFRβ is up-regulated at 24 and 48 hours post injury. E. 
PDGFRα and F. Col 1a are up-regulated 48 hours post injury and remain high at 72 hr. Data is 
normalized to expression in untreated (ut) samples. n=3-5, error bars=SEM, *=p<0.05  
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Figure 2.4  RGS5 expression is regulated by profibrotic cytokines in concert with ETB 

LX2 HSCs were treated with TNFα (5ng/ml), TGFβ (5ng/ml), PDGF-BB (10 µM), and ET-1 (100 nm) for 
24hr. RNA was collected for qPCR analysis of RGS5 and ETB expression. Both RGS5 and ETB are up-
regulated by TNFα stimulation and down-regulated by TGFβ stimulation. RGS5 and ETB expression are 
correlated, responding similarly to the same stimuli. n=3, error bars=SEM, *=p<0.05 
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Figure 2.5  RGS5+ HSCs participate in the response to acute hepatic injury 

Anti-GFAP and anti-β-gal immunofluorescence were used to localize HSCs in acutely injured liver tissue. 
A-F. Low magnification images. G-I. High magnification of Rgs5LacZ/LacZ A,D Uninjured liver tissue from 
Rgs5+/+

 and Rgs5LacZ/LacZ mice show sparse HSCs distributed throughout the liver. High magnification in 
uninjured Rgs5LacZ/LacZ shows HSCs are GFAP+ and β-gal+. B,E. At 48 hours post injury, HSCs are 
concentrated in the necrotic foci surrounding the central veins. β-gal+ cells (E,H) are associated with 
GFAP+ cells. C,F At 96 hours post injury, HSCs are tightly clustered at the foci of injury. I. β-gal+ cells are 
GFAP+. All scale bars are 100µm.  
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Figure 2.6  Rgs5LacZ/LacZ mice have disrupted hepatocyte morphology after injury 

Acute CCl4-induced injury in Rgs5+/+ mice (A-C) and Rgs5LacZ/LacZ (D-F). A,D. Uninjured mice are 
histologically normal. B,E At 48hr post CCl4 injection, foci of necrosis are visible central veins in both 
Rgs5+/+ and Rgs5LacZ/LacZ mice. C,F. At 96hr post injury, clearance of necrotic hepatocytes is underway 
and infiltrating cells remain at the site of injury. F. In Rgs5LacZ/LacZ mice, hepatocytes throughout the liver 
have cleared cytoplasm. Scale bars are 100 µm. 
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Figure 2.7  Rgs5LacZ/LacZ mice have increased liver injury and HSC activation following acute injury 

Livers from Rgs5+/+ and Rgs5LacZ/LacZ were collected at 96hr following a single CCl4 injection. A. and B. 
H&E stain of Rgs5+/+ mice recover normally from acute injury. Foci of necrosis are centered on the central 
veins. B. Hepatocytes appear normal. C. and D. Rgs5LacZ/LacZ livers have extensive ballooning of 
hepatocytes throughout the liver. Foci of necrosis are present. D. Rgs5LacZ/LacZ hepatocytes show cleared 
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cytoplasm and centralized nuclei in hepatocytes distant from necrotic foci. Scale bars are 100 µm. E. 
Quantification of damaged hepatocyte area reveals a significant increase in ballooning in Rgs5LacZ/LacZ 
mice compared to Rgs5+/+ mice (n=8-10; error bars=SEM; *=p<0.05) F. mRNA expression of markers of 
HSC activation (Desmin, PDGFRβ, and ETB) are elevated in Rgs5LacZ/LacZ mice compared to Rgs5+/+ mice 
following acute CCl4 injury. n= 4-6, *=p<0.05 by Mann-Whitney U test.  
 

Figure 2.8  Knock-down of RGS5 expression enhances endothelin-1-mediated signaling in LX-2 
HSCs 

LX2 cells were treated with Rgs5 siRNA or non-specific siRNA for 24 hours, then stimulated with 100nM 
ET-1 for the indicated times. Whole cell protein extracts were isolated and analyzed by Western blot. A. A 
representative immunoblot against pERK1/2 demonstrates increased ET-1-mediated signaling in the 
absence of RGS5 expression; tERK serves as loading control. B. Quantitation of densitometry of (A) n=7, 
error bars=SEM, *=p<0.05 
 

 

 

 

 

 

 

 



45 
 

Figure 2.9  RGS5 expression is up-regulated with HSC activation in chronic liver injury 

Rgs5LacZ/LacZ mice were chronically injected with CCl4 (or oil), twice weekly for 4 weeks. RNA was isolated 
from whole liver and analyzed by qPCR for expression of Rgs5 and HSC activation markers. A. Chronic 
CCl4 treated Rgs5LacZ/LacZ dab labeled with anti-SMA shows activated HSCs. B. Rgs5LacZ/LacZ liver 
immunolabeled with α-β-gal and α-GFAP antibodies. GFAP+ HSCs are visible along fibrotic septa bridging 
the portal veins. β-gal+ HSCs are visible in Rgs5LacZ/LacZ (B) around the fibrotic septa. Scale bars are 100 
µm. C. qPCR of Rgs5+/+ liver RNA shows Rgs5 is up-regulated in chronic CCl4 injury. Collagen 1α 
expression is elevated and multiple HSC activation markers (PDGFRα, PDGFRβ, and SMA) are 
increased relative to oil-injected mice. Data is normalized to oil injected mice. n=6; error bars=SEM; 
*=p<.05 
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Figure 2.10  RGS5LacZ/LacZ mice have increased fibrosis during chronic liver injury 
Mice were injected with CCl4 (or oil), twice weekly for 4 weeks. Formalin fixed, paraffin embedded liver 
sections were stained with picrosirius red to assess fibrosis. A. Rgs5+/+ mice show periportal fibrosis and 
bridging fibrosis between portal veins. B. Rgs5LacZ/LacZ mice show severe periportal fibrosis bridging 
between portal veins and surrounding lobules. C. Rgs5+/+ and D. Rgs5LacZ/LacZ oil injected mice have 
minimal fibrosis. Scale bars are 500 µm. E. ImageJ quantitation of total picrosirius red staining in chronic 
CCl4 injury shows significantly more fibrosis in Rgs5LacZ/LacZ mice, compared to Rgs5+/+ mice. n=6, 
*=p<0.05 by Mann-Whitney U test.  
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Figure 2.11  Supplemental 1: RGS5 is expressed in freshly isolated primary HSCs 

1˚ HSC have astrocyte-like morphology. A. Isolated 1˚ HSCs have an astrocyte-like phenotype and store 
vitamin A in lipid droplets. B. Isolated 1˚ HSCs are characterized by high RGS5 expression and low Tie1 
and CD68 expression, indicating there are few contaminating cells. Low PDGFRβ expression 
demonstrates the 1˚ HSCs are in a quiescent state.  
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Figure 2.12  Supplemental 2: Co-localization of β-gal+ nuclei and GFAP staining does not change 
during injury 

Frozen sections of CCl4 injected mouse liver were immunofluorescently labeled with antibodies for β-gal 
and GFAP. Co-localization analysis using ImagePro showed that the fraction of β-gal+ cells that are β-gal+ 
and GFAP+ does not significantly change during the course of injury. n=3 mice per group.  
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Figure 2.13  Supplemental 3. Liver weight to body weight ratio is moderately elevated in 
Rgs5LacZ/LacZ mice at 96hr post CCl4 injury 

Body and liver weights of CCl4 injected mice were measured at time of sacrifice. Rgs5LacZ/LacZ mice had 
elevated liver to body weight ratio 96h post injury. Rgs5+/+ liver to body weight ratio was not significantly 
different from untreated mice. *p= .001, ‡ p= .06 n=4-6  
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Figure 2.14  Supplemental 4: Hepatocyte clearing is not associated with lipid accumulation 

Oil red O staining of mouse liver 96hr post CCl4 injection was used to assess lipid accumulation. A. Lipid 
droplets are visible around the site of injury in both Rgs5+/+ A,C and Rgs5LacZ/LacZ B,D mice. Cleared 
hepatocytes are visible in B, distant from the site of injury and droplets of lipid. C,D. Oil red O staining is 
present, but there is no accumulation of lipid in hepatocytes. Scale bar is 100 µm.  
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Figure 2.15  Supplemental 5: Hepatocyte clearing is not associated with glycogen accumulation 

Periodic acid schiff stain of frozen mouse liver 96hr post CCl4 injection was used to assess glycogen 
accumulation. A. Hepatocytes appear normal in Rgs5+/+ liver. Intense magenta staining labels glycogen in 
the hepatocytes. B. Cleared hepatocytes are visible in Rgs5LacZ/LacZ and glycogen staining is present in 
hepatocytes. High magnification of C Rgs5+/+ and D Rgs5LacZ/LacZ liver show RGS5 that cleared 
hepatocytes do not contain accumulated glycogen. Scale bar is 100 µm.  
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Figure 2.16  Supplemental 6: Cleared hepatocytes are not apoptotic 

TUNEL staining of mouse liver 96hr post CCl4 injection was used to assess apoptosis. A. Rgs5+/+ liver 
shows TUNEL minimal staining 96hr post injection. B. Cleared hepatocytes are visible in Rgs5LacZ/LacZ 
liver 96hr post CCl4. No difference in TUNEL staining is visible in cleared hepatocytes. C. DNAse I treated 
positive control shows intense staining. D. Uninjured Rgs5LacZ/LacZ has minimal TUNEL staining. Scale bar 
is 100 µm.  
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Chapter 3: Studies investigating the regulation of RGS5 expression 

 The expression of RGS5 alters GPCR signaling and modulates the cellular response to injury. As 

noted in Chapter 1, previous studies have shown that RGS5 is down-regulated in response to acute 

arterial injury and up-regulated with chronic arterial injury[121]. Additionally, the absence of RGS5 

expression leads to increased SMC hypertrophy and perivascular fibrosis[135]. Combined with my 

findings that RGS5 moderates liver fibrosis (Chapter 2), these data suggest that RGS5 expression may 

control the cellular response to injury. Therefore, understanding of the signaling and growth factors that 

affect RGS5 regulation may provide a means of manipulating its expression therapeutically. In order to 

study the cell-specific regulation of Rgs5 expression, we used a reporter mouse to localize expression in 

vivo, experiments to study factors controlling its expression in vitro. This chapter is a summary of these 

descriptive studies I contributed to in the Mahoney laboratory, and provide a foundation for future 

exploration.  

3.1 Developmental regulation of RGS5 

 In arterial injury, smooth muscle cells dedifferentiate and reactivate embryonic genes associated 

with development[189]. Understanding gene expression changes in the smooth muscle lineage may 

inform our understanding of their behavior during the response to injury. RGS5 is expressed in the SMCs 

of the great arteries of adult mice; however the onset and changes in RGS5 expression not known. 

Developmental studies were conducted using the RGS5LacZ reporter mouse (commercially available from 

Deltagen[166]), and expression of RGS was localized using the x-gal labeling procedure[139]. Timed 

matings of RGS5LacZ/+ mice produced fetuses at 12,15,18,21 days post fertilization, and post natal day 2 

(P2). Periodate-Lysine-paraformaldehyde (PLP) fixation and cryosectioning was used to generate x-gal 

stained sections at each stage of development. Sectioning through the aortic arch (Figure 3.1) shows that 

the expression of RGS5 is controlled by embryonic lineage. The different origins of the aorta are visible, 

the aortic root and arch are derived from neural crest, while the thoracic aorta is derived from the 

somites[190]. The boundary between the segments is visible due to high expression of RGS5 in the aortic 

arch and relatively low expression in the thoracic aorta at 15 days post fertilization. This is consistent with 

our observations that RGS5 expression is organized by vascular beds, which is determined during 

development. We observe that expression of RGS5 is high in the thoracic aorta and low in the vena cava 
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by sectioning through the thorax and below the heart at post natal day 2 (Figure 3.2). At this stage in 

development, RGS5 expression is now elevated throughout the aorta; however, it is still greatest in the 

abdominal aorta and aortic arch. The mechanical properties of the aorta develop with increased cardiac 

output and pressure. This is demonstrated in elastin deficient mice, which have normal aortic 

development until 18 days[191], despite having fragile, inelastic vessels. After day 18, increasing 

pressure requires mature, layered vessels. The onset of RGS5 expression in the thoracic aorta occurs 

between days 15 and birth, and is likely related to SMC maturation and hypertrophy. These 

developmental studies of RGS5 are still in progress, with ongoing work examining Shh signaling between 

arterial SMCs and the adventitia. The RGS5 mediated inhibition of Shh signaling during vessel 

maturation, remodeling and injury are being studied using a Gli1LacZ;Rgs5GFP dual reporter mouse.  

  The developmental origins and expression patterns of RGS5 in vessels can inform our 

understanding of its regulation. Atherosclerotic lesions of the large vessels occur most commonly in the 

aortic arch, abdominal aorta, and iliac arteries[192]. These segments have distinct embryonic origins, and 

have very high expression of RGS5[122] (Mahoney, personal observations), suggesting a connection with 

pathogenic remodeling of the arteries.  

3.2 Growth factor regulation of RGS5 

 Growth factors produced in arterial injury affect SMC proliferation and phenotype, and these 

factors may target or work in tandem with RGS5. PDGF-BB is involved in recruitment of pericytes to 

endothelial tubes during vascular development. RGS5 is an established marker of pericytes and is down-

regulated in embryos lacking PDGF-BB[120,138,159], suggesting it may control the expression of RGS5 

in in vSMCs. PDGF-BB is released from platelets in injury, and promotes the proliferation of SMCs in 

culture[193]. After arterial injury, neointimal SMCs express TGFβ[194], which promotes SMC proliferation 

via Smad3 and ERK signaling[195] and causes the de-differentiation of SMC to a developmental 

phenotype[196]. These findings are detailed[160] in the appendix.  

  Conversely, BMP4 inhibits the proliferation and migration of SMCs. Endothelial expression of 

BMP4 is up-regulated after carotid artery banding, with peak intensity 7 days post injury[197]. The anti-

proliferative effects of BMP4 inhibit PDGF-BB driven migration and proliferation. The changes in 
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expression of RGS5 with arterial injury occur in sync with signaling via these growth factors, suggesting 

they may control its expression. Therefore, we measured the effects of these agonists on the expression 

of RGS5 in rat aortic SMCs and the mesenchymal stem cell line, C3H10T1/2, which differentiate into 

SMCs. Analysis of mRNA expression by qPCR (Figure 3.3) demonstrated that RGS5 is up-regulated by 

BMP4, and down-regulated by PDGF-BB, while TGFβ did not alter RGS5 expression. Interestingly, the 

effects of BMP4 stimulation were different in C3H10T1/2 and aortic SMCs. BMP4 induced a modest 

increase in RGS5 expression in aortic SMC, and a large increase in RGS5 expression in C3H10T1/2 

cells. Because BMP4 is associated with promoting the differentiated state of vascular SMCs[198], a 

greater effect in an undifferentiated mesenchymal stem cell is expected as compared to the differentiated 

aortic SMCs. BMP4-mediated up-regulation of RGS5 expression is consistent with its role as an anti-

proliferative factor, promoting the differentiated state of SMCs. PDGF-BB down-regulated RGS5 in aortic 

SMCs[160]. This may be the mechanism by which RGS5 is down-regulated in arterial injury models. 

PDGF-BB signaling from platelets at the time of injury may down-regulate RGS5 expression in medial 

SMCs, when SMCs de-differentiate and proliferate[199]. Seven days post injury, endothelial cells express 

BMP4, which inhibits SMC proliferation and promotes the differentiated SMC phenotype[197] and up-

regulates RGS5, restoring the vessel to the normal, quiescent state. My work identified BMP4 as a 

modulator of RGS5 expression, and as the potential factor that induces RGS5 expression post-injury. 

This hypothesis is the focus of a R01 currently under review. 

 These growth factor-induced changes in RGS5 expression have dramatic effects on GPCR 

signaling. Down regulation of RGS5 enhances Gαq mediated signaling in response to GPCR agonists, 

increasing the sensitivity to AngII and ET-1. AngII induced ERK1/2 phosphorylation is enhanced in the 

absence of RGS5, increasing migration and hypertrophy[160]. The expression of RGS5 may be a ‘switch’ 

that renders a cell resistant to pathogenic remodeling. With growth factor modulation of RGS5, we have 

identified a mechanism linking injury and repair to GPCR signaling in SMC.  

While growth factor-mediated changes in the expression of RGS5 are likely due to significant 

changes in the cell’s behavior, GPCR-mediated changes in RGS protein expression would be likely due a 

negative feedback loop to moderate GPCR signaling. In this scenario, decreases in arterial expression of 
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RGS5 would result in increased signaling by AngII. To examine this possibility, cultured rat aortic smooth 

muscle cells were stimulated with an array vasoactive GPCR agonists. In response to these agonists, 

RGS5 expression was unchanged, indicating its regulation is not solely a negative feedback 

mechanism[160].  

These data suggest RGS5 expression is a marker of the differentiated/quiescent SMCs. We 

hypothesize PDGF-BB signaling in response to an arterial injury down-regulates RGS5 and promotes 

proliferation of de-differentiated cells to repair the injury. As the vessel is repaired, endothelial-derived 

BMP4 signaling promotes the differentiation of the SMCs, and the up-regulation of RGS5 expression. 

This dynamic regulation of RGS5 modulates Gαq signaling in the SMCs, providing a mechanism for 

enhanced GPCR agonist sensitivity in the injured arteries. As stated above, this is the central hypothesis 

to a grant currently under review.  

  



 

3.3 Figures 

Figure 3.1  15 day embryo shows onset of RGS5 expression in different structures.

Rgs5LacZ 15 day mouse embryo stained with 
Brachiocephalic artery E. Esophagus. T. Trachea. 
labeling indicates high expression of RGS5 in the root o
Section is through the aortic arch and highlights the neural crest derived aortic root and the somite 
derived descending thoracic aorta. RGS5 expression and thus X
is weaker, and staining of esophageal
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15 day embryo shows onset of RGS5 expression in different structures.

15 day mouse embryo stained with LacZ, Cryosection through the aortic arch. 
Brachiocephalic artery E. Esophagus. T. Trachea. V. Vertebra. 15 days post fertilization, Strong x
labeling indicates high expression of RGS5 in the root of the aortic arch and brachiocephalic artery.
Section is through the aortic arch and highlights the neural crest derived aortic root and the somite 

RGS5 expression and thus X-gal staining of the thoracic aorta (right) 
esophageal smooth muscle is absent.  
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15 day embryo shows onset of RGS5 expression in different structures. 

  A. Aortic Arch. B. 
15 days post fertilization, Strong x-gal 

f the aortic arch and brachiocephalic artery. 
Section is through the aortic arch and highlights the neural crest derived aortic root and the somite 

gal staining of the thoracic aorta (right) 
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Figure 3.2  P2 mouse stained with X

Rgs5LacZ 2 day old mouse stained with 
Aorta. E. Esophagus. VC. Vena cava. 
expression of RGS5 in the thoracic aortic.
muscle is visible.  
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P2 mouse stained with X-gal shows RGS5 expression in thoracic aorta.

2 day old mouse stained with LacZ, Cryosections through the thorax. A. Descending thoracic 
Vena cava. V. Vertebra. In Day old mice strong x-gal labeling indicates high 

expression of RGS5 in the thoracic aortic. X-gal staining of the vena cava and esophageal 

A 

V 

E 

gal shows RGS5 expression in thoracic aorta. 

Descending thoracic 
gal labeling indicates high 

gal staining of the vena cava and esophageal smooth 

 



 

Figure 3.3 RGS5 regulation in response to growth factor signaling.

RGS5 regulation in response to growth factor signaling.
C3H10T1/2 cells were treated with BMP4
qPCR measured RGS5 expression relative to GAPDH. 
expression in aortic smooth muscle cells, while PDGF
expression. n=4 *= p< 0.05 B. BMP4
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RGS5 regulation in response to growth factor signaling. 

RGS5 regulation in response to growth factor signaling. A. Rat aortic smooth muscle cells and B. 
BMP4, TGFβ, and PDGF-BB for 24 hours. RNA was isolated, and 

qPCR measured RGS5 expression relative to GAPDH. A. BMP4 induced a moderate increase in RGS5 
expression in aortic smooth muscle cells, while PDGF-bb induced a 10 fold reduction in RGS5 

BMP4 induced a 5 fold increase in RGS5 expression.  n=3 *= p< 0.05

 

A. Rat aortic smooth muscle cells and B. 
RNA was isolated, and 

induced a moderate increase in RGS5 
tion in RGS5 

n=3 *= p< 0.05 
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Chapter 4: Conclusions and future directions 

Understanding the processes that lead to fibrosis is critical to reducing the mortality and morbidity 

associated with liver cirrhosis and failure. No therapies today target the deposition of collagen that 

disrupts liver function. Chronic disease of many etiologies inflicts liver injury and inflammation, promoting 

the activation of HSCs. The active HSCs proliferate, migrate, and generate scar tissue, disrupting hepatic 

perfusion and reducing functional capacity and eventually inducing liver failure. The sources of liver injury 

are often difficult to treat and are typically undetected until significant damage has occurred. Treatment of 

cirrhosis and liver failure are mainly palliative measures to prolong remaining function. Therefore, the 

activation of HSCs and the deposition of matrix represent the best targets for therapeutic intervention in 

treating liver disease. RGS5 expression moderates the fibrotic response to injury, and reduces HSC 

activation. As a marker and moderator of HSC activation and fibrosis, RGS5 is a valuable target 

necessitating further study as a therapeutic target.  

4.1 Major findings 

The primary findings of my dissertation are presented in Chapter 2, demonstrating that HSCs are 

the RGS5 expressing cell in the liver and that RGS5 expression is up-regulated with HSC activation 

during injury. This up-regulation occurs in acute and chronic CCl4-induced necrosis and repair. In vitro 

experiments using the LX-2 cell line show that RGS5 inhibits normal Gαq-mediated GPCR signaling in 

HSCs. These data suggest that RGS5 is a critical component of GPCR signaling in activated HSCs. The 

observed increase of RGS5 expression occurred in sync with acute HSC activation, suggesting a role in 

GPCR signaling during cell activation. In the chronic injury model, RGS5 is elevated in active HSCs as 

they generate scar tissue. This signifies a role of altered GPCR signaling in the fibrogenic HSC.  

RGS5-null mice were found to have increased liver injury, as measured by hepatocyte 

cytoplasmic clearing in an acute CCl4–induced injury. Additionally, they develop increased fibrosis with 

chronic CCl4–induced injury. The absence of RGS5 results in unregulated GPCR-mediated signaling via 

Gαq with chronic injury and HSC activation, thereby increasing the deposition of collagen. Therefore 

RGS5 controls the HSC response to injury and is a regulator of hepatic fibrosis.  
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4.2 Future studies: 

To determine if RGS5-null mice have altered HSC proliferation, these studies would require more 

stringent quantification of HSCs. GFAP is expressed in the majority, but not by not all HSCs. Additionally, 

we observed that GFAP expression is regulated with injury, making it less useful as a marker for cell 

number quantification. If there is a population of HSCs that are GFAP- and RGS5-, they would not be 

detected by the methods used in the studies presented here. Approximately 70% of HSCs in the liver 

express GFAP and 70% express desmin; however if used together, these markers cover 90% of 

HSCs[200], making quantification and RGS5/β-gal co-localization more accurate. In future studies, 

double-labeling HSCs with desmin and GFAP would allow more precise quantification. Alternatively, the 

HSC marker lecithin-retinol acyltransferase (Lrat), which identifies 99% of HSCs[142], could be used. The 

tracing of HSCs in RGS5-null livers could be determined unambiguously by crossing the LRAT-Cre;GFP 

mice with the RGS5lacZ mouse.  

A recent publication characterizes RGS5 as a switch that blocks Gαq signaling and promotes 

Gα12/13 signaling in vascular smooth muscle cells[201]. They report that SMC GPCR stimulation promotes 

Gαq-mediated contraction with low RGS5, and Gα12/13 mediated RhoA activation and stress fiber 

formation needed for vascular remodeling. This is consistent with findings that RGS5 regulates vascular 

remodeling via a RhoA mediated pathway[135]. Future work could test these findings in LX-2 HSCs or 

primary HSCs treated with RGS5 siRNA and stimulated with ET-1. We expect immunofluorescent labeling 

for F-actin would reveal increased stress fiber staining in ET-1 treated cells.  RGS5-knockdown cells 

would have reduced or no change in F-actin staining with ET-1 treatment. Addition of a RhoA inhibitor 

would block this effect. If RGS5 is indeed shifting GPCR signaling from Gαq to Gα12/13, then the RGS5-null 

mice would have reduced RhoA signaling compared to wild-type mice. Numerous studies have linked ET-

1 induced, Gα12/13
 mediated, contraction and migration in HSCs[187,188,202,203]. This is predicted to 

reduce HSC contraction and migration and would likely be beneficial in controlling fibrosis. In the RGS5-

null animals, the benefits of reduced RhoA activation may be undetectable against the effects of 

unregulated Gαq signaling.  

The observed increase in hepatocyte cytoplasmic clearing in the RGS5-null mice is unexpected, 

as hepatocytes do not express RGS5. As stated before, this organ-wide clearance is not associated with 
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lipid or glycogen accumulation; only a decrease in cytoplasmic eosin staining is observed. This suggests 

a systemic effect, such as a change in a soluble factor produced by HSCs, is able to induce this damage. 

One potential mechanism is via increased oxidative stress in RGS5-null mice. As stated before, RGS5-

null mice are more sensitive to vasoactive agonists, producing changes in blood pressure regulation. In 

the injured RGS5-null liver, increased ET-1 and AngII signaling may cause excessive vasoconstriction in 

HSCs. To compensate for the resulting increased shear stress, endothelial cells produce NO• to signal for 

vasodilation, and this increased NO•
 by sinusoidal endothelial cells can diffuse into adjacent hepatocytes. 

Oxidative stress due to injury, inflammation, and CCl4 can produce superoxide (O2
-) in hepatocytes[204]. 

The reaction of superoxide and NO• yields peroxynitrite (ONOO-), a potent oxidant that generates lipid 

radicals, protein oxidation, and nitration. The presence of peroxynitrite increases hepatocyte injury and 

can induce hepatocyte apoptosis[205]; however, we did not observe an increase in hepatocyte apoptosis 

in the RGS5-null mice (Figure 2.16). To test for increased oxidative stress, the level of lipid peroxidation 

can be measured via liver tissue levels of F2-isoprostanes, a byproduct of the lipid peroxidation of 

arachidonic acid[206,207]. The relative levels of peroxynitrite formation between RGS5-null and wild-type 

mice can be measured using a plasma protein nitration assay[208]. Increased markers of oxidation and 

nitration would support the NO•-mediated compensation hypothesis. Confirmation of NO•-mediated 

oxidative damage could be tested by the administration of the nitric oxide synthase inhibitor L-

NAME[209]. If the inhibition of NO• production restores hepatocyte lipid peroxidation and protein nitration 

to wild-type levels, it may reduce the hepatocyte ballooning as well.  

 Confirmation of the Rgs5LacZ/LacZ phenotype and validation of its potential therapeutic potential 

could be demonstrated using an RGS5 overexpression mouse model. A future study using a tamoxifen 

inducible Cre recombinase driven by a HSC-specific promoter, such as GFAP, would provide a model to 

analyze RGS5-mediated protection against fibrosis. Pretreatment of the mouse with tamoxifen would 

induce the overexpression of RGS5 in HSCs. With acute CCl4 treatment, HSC activation and hepatocyte 

clearance could be measured. Increased RGS5 expression is expected to block Gαq signaling and 

prevent GPCR mediated HSC signaling and activation. We anticipate that this would be beneficial in a 

chronic CCl4 model as well, and would further validate RGS5 as a therapeutic target. The ET-1 inhibition 

provided by overexpression of RGS5 could be combined with existing ET-1 antagonists, allowing a lower 
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dose that improves fibrosis and avoids hepatotoxic effects that limit their use. Validating this approach in 

mice would support the need for therapies that enhance RGS5 expression.  

 RGS5 interacts with a number of GPCRs that have significant roles in stellate cells including S1P, 

Shh, and AngII. Consequently, our understanding of the mechanisms of RGS5-mediated HSC activation 

and fibrosis is complicated. Dosing of mice with an ET-1 receptor antagonist could mitigate the effects of 

excessive to Gαq signaling. However, the phenotype observed may be due to the combinatorial effect of 

unregulated Gαq signaling through a combination of GPCR pathways, complicating the identification of 

the dominant pathway.  

Progressive chronic disease is rarely detected before the liver is significantly compromised. With the 

development of a therapeutic a strategy that targets HSC activation and fibrosis, the progression of 

disease can be halted and resolution of accumulated fibrosis can begin. Future therapies could inhibit 

RGS5 degradation via targeting the N-end rule of proteasomal degradation. Interruption of the activity of 

ATE-1 would block the arginylation and ubiquitination of RGS5. In cells where RGS5 is highly expressed, 

such as HSCs, RGS5 protein levels would be increased, or at a minimum, maintained at steady-state 

levels. The increased levels of RGS5 protein would inhibit GPCR signaling, reduce HSC activation, and 

consequently, reduce collagen deposition. Such a therapy could be combined with ET-1 antagonists at 

reduced doses to avoid the hepatotoxic complications that have precluded their use previously.  

4.3 Conclusion 

RGS5 is a HSC specific modulator of GPCR signaling that is up-regulated in response to liver injury. 

The increased expression limits Gαq mediated signaling, reducing the activating stimuli, and thus the 

activation of HSCs. Mice lacking RGS5 have increased HSC activation in response to injury and 

increased hepatocyte damage. During chronic liver injury, aberrant HSC activation results in increased 

collagen deposition. Our studies identify RGS5 as a novel regulator of fibrosis in the liver and a potential 

target for future anti-fibrotic therapies. RGS5 is associated with the injury response and pathogenic 

remodeling of smooth muscle and pericyte-like cells. Further studies are warranted, as understanding of 

the function of RGS5 may provide insight to the general pathways that control injury induced 

myofibroblast activation and fibrotic diseases.  
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ABSTRACT:  

Regulator of G-protein signaling (RGS) proteins, and notably members of the RGS-R4 subfamily, control 

vasocontractility by accelerating the inactivation of Gα-dependent signaling. RGS5 is the most highly and 

differently expressed RGS-R4 subfamily member in arterial smooth muscle. Expression of RGS5 first 

appears in pericytes during development of the afferent vascular tree, suggesting that RGS5 is a good 

candidate for a regulator of arterial contractility and, perhaps, for determining the mass of the smooth 

muscle coats required to regulate blood flow in the branches of the arterial tree. Consistent with this 

hypothesis, using cultured vascular smooth muscle cells (SMCs), we demonstrate RGS5 over-expression 

inhibits G-protein coupled receptor (GPCR)-mediated hypertrophic responses. The next objective was to 

determine which physiologic agonists directly control RGS5 expression in vascular SMCs. GPCR 

agonists failed to directly regulate RGS5 mRNA expression, however platelet derived growth factor 

(PDGF) acutely represses expression. Down-regulation of RGS5 results in the induction of migration and 

the activation of the GPCR-mediated signaling pathways. This stimulation leads to the activation of 

mitogen-activated protein kinases (MAPKs) directly down-stream of receptor stimulation, and ultimately 

vSMC hypertrophy. These results demonstrate that RGS5 expression is a critical mediator of both vSMC 

contraction and potentially, arterial remodeling.  
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INTRODUCTION: 

Angiotensin, endothelin, thrombin, acetylcholine, and catcholamines are major regulators of both smooth 

muscle contraction and arterial wall mass. All of these agonists transmit their signals through G-protein 

coupled receptors (GPCRs), a family of genes that comprise ~1% of the mammalian genome (11). 

GPCR-mediated signaling has many implications for vascular disease. The characterization of the 

receptor-agonist interaction should be and has been an important therapeutic target for both systemic and 

pulmonary hypertension. An equally important target may be the complex of regulatory molecules that 

determine the extent and duration of GPCR signaling within the vascular smooth muscle cell (vSMC). 

Expression of different regulators may determine very different functions for the same GPCR in different 

cells. One such group of regulatory protein, the regulator of G-protein signaling (RGS) proteins has been 

implicated in controlling the function of vasoactive GPCRs.  

 

Members of the RGS protein family determine the signaling pathways downstream of activation of G 

proteins (5, 20, 32, 37, 58, 82, 83). Modulation of GPCR signaling by RGS proteins depends on the 

function of RGS proteins as activators of GTPase activity for GTP-bound G large G-proteins (9, 25). 

Due to this activity, members of the RGS-R4 subfamily appear to be critical to cardiovascular function and 

pathology (5, 62). For example, cardiac-directed over-expression of RGS5 and RGS4 results in the failure 

to efficiently remodel in response to pressure overload (41, 59, 60). RGS2 has been linked to blood 

pressure regulation, presumably via modulation of vasocontractility (31, 38, 56, 66, 70). We have 

demonstrated RGS5 is preferentially expressed in aortic SMCs, relative to venous SMCs (1, 2). 

Developmental studies and studies of tumor angiogenesis suggest RGS5 may be critical to vascular 

stability in newly formed vascular beds (7, 34, 51). Finally, we (55) and others (18, 22, 30) determined 

that RGS5 is also linked to blood pressure regulation.  

 

The present study is aimed at determining which physiologic agonists control RGS5 expression in 

vascular SMCs. Very little is known about regulation of expression in this gene family other than the 



83 
 

observation that angiotensin II (AngII) up-regulates RGS2 expression in vitro, both at the transcript and 

protein level (43, 61), while sphingosine-1-phosphate (S1P) up-regulates RGS2 and RGS16 expression 

(36). In contrast, we found that RGS5 expression is not directly regulated by any of the 7 candidate 

GPCR agonists assayed following either 2, 6, or 24 hours of stimulation. We previously demonstrated 

RGS5 expression is down-regulated in response to aortic constriction (79). Perhaps explaining this in vivo 

response, RGS5 expression is down-regulated in response to platelet derived growth factor (PDGF) 

treatment. This results in increased migration and hypertrophic signaling in vSMCs. These results suggest 

that the role of PDGF in the vascular response to injury may be mediated by cross-talk between the 

growth factor and GPCR signaling pathways.  
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MATERIALS and METHODS:  

Cell culture. All cells lines were derived from the rat aorta. The RGS5- vSMC line is described in Wang et 

al. (79) and was cultured in DMEM (Gibco), supplemented with 10% FBS (Hyclone) and 

penicillin/streptomycin. The RGS5+ vSMC line was kindly provided by Dr. Gary Owens (University of 

Virginia (68)) and was cultured in DMEM/F12 (Gibco), supplemented with 10% FBS (Hyclone) and 

penicillin/streptomycin. All cells are grown at 37°C and 5%CO2. Importantly, RGS5+ vSMCs express 

members of the RGS-R4 subfamily at endogenous levels (see below).  

 

Viral over-expression of RGS5. The construction and production of RGS5 retrovirus are described in 

Wang et al (79). 

 

siRNA knock-down of RGS5 expression. RGS5 was knocked-down in RGS5+ vSMCs using a specific 

siRNA from Invitrogen (5’-AAUUCUCACAGGCAACCCAGAACUC-3’). vSMCs were transfected by 

electroporation with the human AoSMC nuclefector kit (Amaxa Biosystems) following manufacturers 

specifications. Briefly, 6x106 cells were transfected with either RGS5-specific siRNA (40nM) or non-

specific siRNA (40nM; Invitrogen) and plated at a final density of 1x106 cells/100mm dish (for protein 

isolation) or 1x105 cells/6-well dish (for RNA isolation) and grown in complete growth media. After 24 

hours, the cells were changed to serum-free media and starved for 24 hours. Cells were subsequently 

treated with the following agonists for 24 hours: angiotensin II (AngII; 100nM; Sigma), endothelin-1 (ET-1; 

100nM; Sigma), phenylepherine (PE; 10M; Sigma), isoproterenol (Iso; 10M; Sigma), serotonin (5-HT; 

5M; Sigma), norepinephrine (NE; 10M; Sigma), sphingosine-1-phosphate (S1P, 1M; Cayman), 

platelet-derived growth factor (PDGF; 10ng/mL; R&D systems), vascular endothelial growth factor (VEGF; 

10ng/mL; R&D systems), and epidermal growth factor (EGF; 10ng/mL; R&D systems).  
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Quantitative real-time RT-PCR (qPCR). RNA was isolated from vSMCs with or without agonist treatment 

using the RNAEasy RNA isolation mini kit (Qiagen). Following determination of RNA quantity and quality, 

cDNA was prepared by reverse transcription (Reverse Transcription cDNA Synthesis kit; Applied 

Biosystems), using random hexamer primers. Real-time PCR was performed by mixing 20ng cDNA with 

20X primer-probe mixes and 2X Taqman PCR Master Mix (Applied Biosystems), and the quantity of each 

product was determined on the 7900HT Real Time PCR machine (Applied Biosystems). Thermal cycling 

for PCR was as follows: 2 min. at 50ºC, 10 min. at 95ºC, followed by 40 cycles of 15 sec. at 95ºC for 

denaturation and 1 min. at 60ºC for annealing and extension. The amount of each target molecule mRNA 

was calculated using a comparative CT method (2^-CT; Applied Biosystems, Relative Quantitation Of 

Gene Expression, ABI PRISM 7700 Sequence Detection System: User Bulletin #2), after normalized to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (48). The rat genes assayed were: RGS2 

(Rn00584932_m1; Applied Biosystems), RGS4 (Rn00568067_m1; Applied Biosystems), RGS5 

(Rn00571047_m1; Applied Biosystems), and GAPDH (Rn99999916_s1; Applied Biosystems).  

 

Immunoblot. Protein cell lysates were prepared from vSMCs following 0 minute, 2 minutes, 5 minutes, 10 

minutes, 30 minutes, and 60 minutes of agonist treatment. Briefly, cells were washed and scraped into 

1xPBS. Whole cell extracts were prepared by resuspending the cell pellet in lysis buffer (50mM Tris-HCl 

(pH 8.0), 120mM NaCl, 0.5% Igepal, 1mM EDTA, and protease inhibitor cocktail (Calbiochem)). Following 

protein quantitation, 16g of each protein extract was separated on 10% Bis-Tris gels. Proteins were 

transferred to PVDF and blocked with 5% non-fat dry milk (NFDM) in TBS-T (0.1% Tween). Membranes 

were incubated with the following primary antibodies overnight at 4°C, diluted in 5% NFDM in TBS-T : 

1:1000 phospho-p42/44 (Thr202/Tyr204; pERK) (Cell Signaling); 1:5000 total p42/44 (ERK) (kindly 

provided by Dr. Jean Campbell (65)); 1:1000 phospho-Akt (Ser437) (Cell Signaling), 1:1000 phospho-

SAPK/JNK (Thr183/Tyr185) (Cell Signaling), 1:1000 phospho-JNK2/3 (Cell Signaling); and 1:20,000 

Actin (Abcam). Following 4X washes with TBS-T, membranes were incubated with the following 

secondary antibodies at room temperature for 1 hour, diluted in 5% NFDM in TBS-T: 1:8000 goat -rabbit 

IgG HRP conjugate (Bio-Rad); 1:8000 goat -mouse IgG HRP (Bio-Rad). Following 4X washes with TBS-
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T, blots were incubated in ECL reagent (Super Signal West Pico, Pierce) and exposed to 

autoradiographic film.  

 

Hypertrophy assay. Following agonist stimulation for 24 hours, cells were incubated with 1Ci [3H]-

leucine for 5 hours. Cells were washed 2X with cold PBS, followed by washing 2X with 10% TCA. To 

precipitate proteins, the cells were incubated with 1mL 0.5N NaOH for 15 minutes at room temperature. 

Cell lysates were transferred to scintillation vials, mixed with scintillation fluid, and the radioactivity was 

quantified with a scintillation counter.  

 

Migration assay. Transwell plates (Costar) were pre-treated with 0.1% collagen (type 1) (Sigma) overnight 

at 4°C. RGS5+ vSMCs were trypsinized, counted, and re-suspended in migration media (DMEM/F12 

supplemented with 0.2% BSA (Sigma)) at a final concentration of 1x106 cells/mL. Following removal of 

collagen and washing with serum-free media, 1x105 cells were plated in upper chamber of each well each 

well. Migration media containing PDGF (0ng/mL, 0.3ng/mL, 1ng/mL, or 3ng/mL) or VEGF (0ng/mL or 

1ng/mL) was added to the lower chamber after incubation of the cells for 30 minutes at 37°C. Following 

incubation for 7 hours, the cells are fixed (MeOH for 15 minutes, 70% EtOH overnight at 4°C). The 

migrated cells are stained with hematoxylin and Scotts blue. The membrane was excised, mounted on 

glass slides, and the number of cells/40X field was counted.  
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RESULTS: 

Over-expression of RGS5 inhibits the hypertrophic response in rat aortic vSMCs. 

Multiple studies have implicated members of the RGS-R4 subfamily in the control of cardiovascular 

function (reviewed in Wieland and Mittman (83) , Bansal et al. (5), Riddle et al. (58), and Gu et al. (32)). 

RGS-R4 subfamily proteins interact specifically with the Gq and Gi large G-proteins (9, 25, 69). 

Therefore, it is expected that RGS-R4 subfamily members will regulate signals of common vasoactive 

agonists, which signal through Gq- and Gi-dependent GPCRs. Among others, RGS2 has been shown 

to interact with the 1A-adrenergic receptor (33, 80), while RGS4 interacts with the acetylcholine receptor 

(63) and the opioid receptor (29). Here, we demonstrate that viral over-expression of RGS5 results in a 

down-regulation of hypertrophic responses to GPCR agonists (Figure 1). Using [3H]-leucine incorporation 

as a measure of hypertrophic protein production, we demonstrate phyenylepherine (PE), endothelin-1 

(ET-1), and angiotensin II (AngII)-induced hypertrophy is inhibited by approximately 25% on average 

(25%, 18%, and 36%, respectively). Therefore, in vSMCs, RGS5 interacts with Gi and Gq and 

effectively inhibits GPCR-mediated hypertrophy.  

 

Characterization of an in vitro model system: expression of RGS5 in a cultured vSMC line. 

Rat aortic vSMCs express RGS-R4 subfamily members.  

Because of the concern with the physiologic relevance of over-expression of a regulator of signal 

transduction, we explored the physiologic role of RGS-R4 proteins in an in vitro rat aortic cell line which 

expresses RGS5, and other members of the RGS-R4 subfamily, at endogenous levels. Although RGS5 is 

the most abundant arterial RGS-R4 subfamily member (see below), vSMC cell lines derived from rodents 

rapidly down-regulate RGS5 expression when placed in culture. After screening a number of available 

cell lines, we obtained and characterized a rat aortic vSMC cell line which maintains expression of the 

RGS-R4 subfamily members.  
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Relative qPCR analysis demonstrates RGS5 and RGS4 are approximately equally expressed, while 

RGS2 is expressed at lower levels (Figure 2A). This closely relates to additional analyses from our 

laboratory demonstrating the differential expression pattern for individual members of the RGS-R4 

subfamily in the rat and the mouse aorta in vivo: RGS5 > RGS4 > RGS2 > RGS16 (data not shown). 

While an absence of sensitive antibodies makes protein quantification of the RGS-R4 subfamily members 

difficult, we propose the modulation of RGS mRNA expression and the subsequent measurement of 

GPCR signaling activity is the best approach to study the functional effect of RGS-R4 expression 

changes.  

 

Knock-down of RGS5 by siRNA is specific to RGS5 relative to other closely related RGS-R4 subfamily 

members. 

RGS proteins have highly conserved structures and functions throughout evolution. This is of particular 

importance when comparing members of the RGS-R4 subfamily, since this family is structurally described 

as having short N- and C-terminal domains and the catalytic RGS domain, which comprises ~2/3 of the 

protein (25, 69). Therefore, when specifically targeting one member of the family with a siRNA, it is 

necessary to determine whether the expression of additional members is accidently modified. As 

demonstrated in Figure 2B, relative to RGS2, RGS4, and RGS16, we have specifically targeted RGS5 by 

siRNA knock-down. Furthermore, we analyzed RGS5 expression 24hr following knock-down with two 

additional siRNAs (Supplemental Figures 1 and 2B) and confirmed that multiple independent siRNAs 

have equivalent effects upon RGS5 expression. Therefore, in subsequent studies, we are confident we 

have knocked-down RGS5, and we can attribute the functional response in these cells to RGS5 

expression (or loss thereof). 

 

RGS5 expression regulates the functional response in vSMCs.  

Knock-down of RGS5 activates endogenous GPCR-mediate signaling in vSMCs. 
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RGS proteins, as GTPase activating proteins (GAPs) (24, 27, 62, 87), function to inhibit GPCR signaling 

through GGTP-dependent pathways. Since over-expression of RGS5 affected the AngII-dependent 

hypertrophic response, we focused on the effects of RGS5 knock-down on this signaling pathway. AngII 

has been shown to activate multiple signaling pathways (74, 84). Importantly, phosphorylation of mitogen-

activated protein kinases (MAPKs) has been implicated in the contractile, mitogenic and trophic 

responses of arterial vSMCs (16, 42, 44, 47, 67, 86). Therefore, to determine whether RGS5 expression 

regulates AngII-dependent signaling, the effect of specific knock-down of RGS5 upon MAPK stimulation 

was analyzed in vitro.  

 

Figure 2C demonstrates that targeted knock-down of RGS5 results in the potentiation of AngII-mediated 

activation of multiple downstream MAPKs. Twenty-four hours following siRNA treatment, vSMCs were 

stimulated with 100nM AngII. Relative to the vSMCs treated with non-specific siRNA, phosphorylated 

ERK (p42/p44) was markedly activated in the vSMCs treated with RGS5 siRNA. A similar response was 

observed for the two additional RGS5-specific siRNAs assayed (Supplemental Figure 2). This response is 

quantified in Figure 2D. This induction occurred within 2 minutes following AngII treatment and diminishes 

after 10 minutes of AngII treatment. Phosphorylation of two additional kinases, Akt and Jnk, was similarly 

activated within 2 minutes of stimulation, although the phosphorylation was not as sustained as observed 

for pERK. Similarly, RGS5-dependent responses were observed for additional GPCR agonists studied 

(ET-1, PE, Iso, S1P, NE, 5-HT; see Supplemental Figure 3A-F). In summary, RGS5 expression clearly 

controls the GPCR-mediated rapid and transient increase in kinase phosphorylation in vSMCs. 

 

RGS5 inhibition activates the hypertrophic response in vSMCs. 

To confirm the activation of functional cascades down-stream of AngII stimulation, the analysis of 

hypertrophic incorporation of [3H]-leucine was analyzed in the presence and absence of RGS5-specific 

siRNA. As expected, knock-down of RGS5 resulted in an approximately 5-fold increase in hypertrophic 

protein production (Figure 2E). Interestingly, knock-down of RGS5 expression does not sensitize vSMCs 
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to the AngII-mediated hypertrophic response. Specifically, an induction of hypertrophy is only observed 

when vSMCs are stimulated with 100nM AngII, but not at lesser AngII concentrations (either 10nM or 

50nM). As above, similar RGS5-dependent hypertrophic responses were observed for additional GPCR 

agonists studied (ET-1, PE, Iso, S1P, NE, 5-HT; see Supplemental Figure 3G). Taken together, these 

data indicate that in vSMCs, RGS5 expression controls both the transient signaling events (MAPK 

activation is largely complete 10min following AngII stimulation; Figures 2C and D) and the more long-

term physiologic effects in response to GPCR stimulation (hypertrophic growth is assayed 29hr following 

AngII stimulation; Figure 2E), and specifically, the signaling pathways stimulated by AngII treatment.  

 

Agonist-dependent regulation of RGS5 expression. 

GPCR agonists do not directly activate RGS5 expression in vSMCs. 

Expression of some members of the RGS-R4 subfamily is directly controlled by GPCR agonist 

stimulation. For example, RGS2 expression is up-regulated in response to AngII treatment both in 

cultured vSMCs (43) and in the adrenocortical carcinoma cell line (61). To determine whether RGS5 

expression is similarly induced in response to GPCR stimulation, vSMCs were treated with AngII, ET-1, 

PE, Iso, 5-HT, NE, and S1P, and the expression of RGS5 was determined by qPCR. In contrast to the 

described induction of RGS2 in response to AngII stimulation, none of the GPCR agonists studied 

significantly affected RGS5 expression levels, following 2hrs, 6hrs, or 24hrs of stimulation (Figure 3A). As 

demonstrated in Figures 2C and 2D, when RGS5 is knocked down, AngII-mediated phosphorylation of 

ERK, Akt, and Jnk occurs rapidly. Therefore, to investigate whether short-term GPCR stimulation had any 

affect upon RGS5 expression, we assayed a few candidate GPCR agonists (AngII, PE, ET-1) for changes 

in RGS5 mRNA levels. As expected from the more extended stimulation assays, acute stimulation by 

these three candidate agonists had no significant effect upon RGS5 expression (Figure 3B). Taken 

together, this indicates an alternative mechanism(s) is controlling expression of RGS5, and potentially 

additional candidate RGS-R4 subfamily members, in cultured vSMCs. 
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PDGF-BB stimulation directly represses RGS5 expression in vSMCs.  

We are interested in the possibility that PDGF might regulate RGS5 expression because RGS5 and the 

PDGF-R are expressed in pericytes, which function to stabilize neovasculature (7, 12, 13, 21, 53). The 

effect of PDGF upon a GPCR-mediated pathway is not unexpected because there is growing evidence of 

cross-talk between GPCRs and receptor tyrosine kinases (RTKs) (40, 54, 78, 81). Treatment of vSMCs 

with PDGF-BB resulted in the immediate and sustained down-regulation of RGS5 expression (Figure 3C). 

As shown, RGS5 expression is down-regulated by 25%, 50%, and 80% following 2hrs, 6hrs, and 24hrs of 

PDGF stimulation, respectively. Importantly, this effect is specific to PDGF, whereas additional RTK 

stimulants (VEGF and EGF) failed to alter RGS5 expression.  

 

PDGF isoforms have different effects on RGS-R4 subfamily member expression. 

Figure 3C clearly demonstrates that PDGF-BB treatment down-regulates RGS5 expression. 

Unfortunately, PDGF-BB binds all conformations of the PDGF-receptor in vitro: the PDGFR homodimer, 

the PDGF homodimer, and the PDGFR/ heterodimer (3, 71). Therefore, to determine which receptor 

is responsible for the down-regulation of RGS5, vSMCs were treated with each PDGF isoform (PDGF-AA, 

-BB, -CC, and -DD). In addition to RGS5 expression, the expression of both RGS4 and RGS2 was also 

determined by qPCR in response to each of the PDGF isoforms.  

 

In vSMCs, the PDGF-AA and PDGF-CC isoforms did not significantly affect RGS2, RGS4, or RGS5 

expression following stimulation for 2hrs, 6hrs, and 24hrs (Figure 3D). Conversely, the PDGF-BB and 

PDGF-DD isoforms regulated expression of these RGS-R4 subfamily members. RGS5 and RGS4 were 

down-regulated by both PDGF-BB and PDGF-DD throughout the stimulation time-course. Interestingly, 

RGS2 was acutely induced by PDGF-BB and PDGF-DD stimulation; however, expression decreases in a 

similar pattern to both RGS5 and RGS4 following 6hrs and 24hrs of stimulation. As with the published 

activation of RGS2 by AngII (43, 61), our results provide another example of different regulatory 

mechanisms controlling the expression of these different RGS-R4 subfamily members. Finally, since an 
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equivalent effect on RGS5 and RGS4 expression is observed following PDGF-BB and PDGF-DD 

treatment, and PDGF-BB has been shown to only signal through the PDGFR in vivo (3, 49, 73), the 

PDGF-mediated effect in vSMCs is most likely through PDGFR.  

 

RGS5 expression controls physiologic responses of vSMCs.  

Inhibition of RGS5 expression enhances PDGF-mediated vSMC migration. 

Classically, PDGF-BB functions to induce the migration and proliferation of vSMCs (15, 28, 57). To 

determine whether RGS5 expression regulates a cell’s migratory capability, vSMCs were treated with 

RGS5-specific siRNA and exposed to increasing concentrations of PDGF-BB. As shown in Figure 4A, 

PDGF-dependent migration is induced approximately 1.5-fold upon knock-down of RGS5 expression. 

Interestingly, there is not a concentration dependence of this migratory phenotype, as an equal number of 

cells migrate at all concentrations of PDGF-BB assayed when RGS5 is knocked-down. To confirm that 

this effect was dependent upon PDGF, cells were treated with VEGF and the number of migrated cells 

was quantitated (Figure 4B). As expected for this negative control treatment, VEGF failed to induce vSMC 

migration when RGS5 was knocked-down.  

 

PDGF-dependent inhibition of RGS5 expression activates AngII-dependent signaling in vSMCs. 

Beyond vSMC migration, we determined whether PDGF-BB treatment performed the same physiologic 

role as knocking-down RGS5 expression by siRNA in vSMCs. Specifically, we determined whether the 

signaling and hypertrophic events characterized in Figure 2 could be recapitulated though the 

pharmacologic knock-down of RGS5 expression by PDGF-BB. As shown in Figure 5, treatment with 

PDGF-BB for 24hrs, followed by a short time-course of AngII stimulation, resulted in an equivalent, yet 

transient increase in phosphorylated MAPK (Figure 5A and Supplemental Figure 5). Conversely, when 

cells were not treated with PDGF-BB for 24 hours, AngII-dependent pERK stimulation is not observed in 

these RGS5+ vSMCs. The combined effect of PDGF-BB and AngII on pERK stimulation is quantitated in 
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Figure 5B. This indicates the GPCR-mediated activation of pERK is dependent upon first knocking-down 

RGS5 expression by PDGF-BB treatment. Importantly, not only are the signaling pathways down-stream 

of AngII stimulated, but the hypertrophic response in vSMCs is also activated by the combination of 

PDGF-BB and AngII treatment. Similar to the effect in vSMCs treated with AngII and RGS5-specific 

siRNA, vSMCs treated with PDGF-BB for 24 hours followed by AngII treatment exhibited a 6-fold increase 

in hypertrophic protein production (Figure 5C). Also, as observed following specific knock-down of RGS5 

by siRNA (Figure 2E), PDGF-mediated knock-down of RGS5 does not sensitize vSMCs to the AngII-

mediated hypertrophic response. As predicted by the siRNA experiment, hypertrophic growth is only 

observed when vSMCs are stimulated with 100nM AngII, but not at the lesser AngII concentrations. To 

confirm RGS5 expression remained inhibited following PDGF-BB treatment, we assayed RGS5 mRNA 

expression at each time-point of potential agonist addition during the hypertrophy assay. As shown in 

Supplemental Figure 4, once RGS5 expression is inhibited, it remains repressed throughout the entire 

53hr experimental time-course. Combined, these data provide the first evidence of RTK activation directly 

regulating the expression of a mediator of G signaling, RGS5, leading to increased cell migration and 

enhanced hypertrophic signaling.  
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DISCUSSION: 

Beyond its role in controlling blood pressure (18, 22, 30, 55), RGS5 has been implicated in the control of 

vessel branching in normal development (7, 53), as well as in cancer (34, 51). The observations 

presented here suggest a mechanism by which the PDGF signaling cascade directly regulates GPCR-

mediated signaling via RGS5 down-regulation, thereby linking vascular remodeling to the intricate control 

of RGS protein expression and the downstream physiologic responses (i.e. vSMC migration and 

hypertrophy). 

 

As expected, we found that RGS5 over-expression inhibits GPCR-mediated hypertrophy in vSMCs 

(Figure 1). This might lead one to expect a feed-back regulation of RGS5 expression, as has been 

reported for AngII-mediated induction of RGS2 in both vSMCs (43) and adrenocortical cells (61). 

However, we found that expression of RGS5 is neither stimulated nor repressed in response to 

stimulation with GPCR agonists (Figures 3A and 3B). In contrast, when vSMCs are treated with PDGF, 

RGS5 expression is inhibited (Figures 3C and 3D). When RGS5 is inhibited, either by siRNA (Figure 2B) 

or pharmacologically (Figures 3C and 3D), vSMCs become more migratory (Figure 4) and GPCR-

mediated signaling is induced (Figures 2 and 5). It is interesting to note that the hypertrophic response is 

stimulated when RGS5 is knocked-down, even in the absence of exogenous GPCR agonists (Figure 2E 

and Supplemental Figure 3G). This implies that RGS5 functions to inhibit GPCR-mediated signaling by 

endogenous agonists present in the culture media. Therefore, by simply knocking-out RGS5, signaling, 

and ultimately hypertrophic growth, is induced. However, when cells are stimulated by additional GPCR 

agonists, hypertrophic growth is further stimulated in the absence of RGS5. Therefore, RGS5 functions to 

maintain the ‘steady-state’ of the SMC 

 

While RGS5 identifies the pericyte and its expression is down-regulated in PDGF-BB and PDGFR 

knock-out mice, RGS5-null animals do not have a deficiency in pericyte coverage (12, 13, 35, 55). 

Pericytes are SMC-like cells that function to stabilize newly formed capillaries during angiogenesis, 
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including tumor angiogenesis and development (4, 76). The pericyte is believed to be derived by PDGF-

mediated migration of adventitial mesenchymal cells along the axis of newly formed endothelial branches. 

The process is dependent upon endothelial cell-derived PDGF-BB and PDGFR(6, 10, 35, 45). PDGF-

BB and PDGFR knock-out mice are characterized by “leaky” and unstable vessels because of the lack 

of pericytes. Our data suggests that at this stage of pericyte formation, RGS5 expression would be down-

regulated. RGS5 expression would be up-regulated once neovessels are fully encoated by perictyes and 

are therefore functionally capable of distributing blood flow, as suggested by Mitchell et al (53). One 

possible function of RGS5 is the stabilization or organization of the newly formed vessels, perhaps 

accounting for the observation that RGS5 controls blood flow through experimental tumors in RGS5 

knock-out mice (34) and the observation of RGS5 as a tumor progression marker (7, 17, 19, 51).  

 

This hypothesis is strengthened by our observation that RGS5 also opposes PDGF function. This may 

open up a new and unsuspected variation on the idea of crosstalk between GPCRs and RTKs (14, 52, 

54). Usually this has been thought of in terms of activation of the growth factor receptors following GPCR 

stimulation (23, 40, 75). Recently, Wang et al. demonstrated signaling through the angiotensin type I 

receptor (AT1R) activates the PDGFR-dependent signaling cascade (78). However, all of these studies 

imply a one-way activation of RTK signaling cascades following GPCR stimulation. This mechanism has 

been referred to as the triple-membrane-passing-signaling (TMPS) model (77, 81). Our data showing 

PDGFR stimulation functions to down-regulate RGS5 expression establishes a link between the RTK 

and GPCR signaling cascade, independent of the GPCR-to-RTK connection established previously. 

 

Taken together, our results have led us to propose the following model (Figure 6). In the quiescent arterial 

wall, differentiated vSMCs express RGS5, resulting in the inhibition of the GPCR-mediated signaling 

cascade. Therefore, Gq/i signaling is inhibited and cells do not migrate or undergo hypertrophy, even in 

the presence of circulating/local GPCR agonists (Figure 6A). However, upon vascular injury, the local 

concentration of PDGF-BB increases, through release from platelets, activated endothelial cells, and 
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invading macrophages (50, 64, 72). As a result, RGS5 expression is inhibited and vSMCs become more 

migratory and proliferative. In addition, the inhibition of RGS5 expression enables signaling through the 

relevant GPCRs. The specific inhibition of RGS5 results in the phosphorylation-mediated activation of 

MAPKs downstream of Gq/i, and ultimately, vSMC hypertrophy/remodeling (Figure 6B). Once the injury 

response is complete, the platelets and macrophage dissipate and the local concentration of PDGF-BB is 

diminished. As a result, RGS5 expression returns to endogenous levels, and GPCR-mediated signaling is 

consequently inhibited.  

 

This data correlates with our previously described expression pattern for RGS5 in vivo, in the remodeling 

response to thoracic aortic banding in the rat (79). Upon vascular injury, the expression of PDGF is 

induced, along with the expression of Krupple-like factor 4 (KLF4), which results in a down-regulation 

genes expressed in differentiated vSMCs, including smooth muscle myosin heavy chain and 

SM22/transgelin (26, 46, 85). Acutely, injured arteries also go into spasm, perhaps due to the combined 

contractile effect of PDGF and the loss of expression of RGS5 (8). In addition to stimulating contraction, 

PDGF also induces vSMCs to de-differentiate and become more proliferative and migratory (39), resulting 

in the classic vascular response to injury.  

 

The data presented here provide a mechanism by which the combined effects of vasoactive GPCR 

stimulants and the circulating PDGF account for the classic vascular response to injury. Furthermore, our 

results establish a central role for RGS5, and potentially additional members of the RGS-R4 subfamily, in 

cardiovascular remodeling.  
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FIGURE LEGENDS: 

 

 

Figure 1. RGS5 over-expression inhibits hypertrophy in vSMCs. Rat aortic vSMCs were infected with 

retrovirus over-expressing either RGS5 or GFP (control). Following stimulation with the GPCR agonists 

(10M PE, 100nM ET-1, 100nM AngII) for 24hrs and pulsed with 1Ci [3H]-leucine for 5hrs, the amount 

of [3H]-leucine incorporated into new protein was quantitated to assess hypertrophic growth. Each GPCR 

agonist assayed stimulated hypertrophic growth of vSMCs. When RGS5 was over-expressed, but not 

when GFP was over-expressed, hypertrophic growth was inhibited. (error bars are SEM; n=3.) 
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Figure 2. RGS5 expression regulates AngII stimulated signaling pathways. (A.) The relative expression of 

RGS-R4 subfamily members was assessed in rat aortic vSMCs by qPCR. In multiple rat aortic vSMC 

isolates, the expression RGS2, RGS4, and RGS5 was determined, and normalized to the relative 

expression of RGS2 (2-Ct) (error bars are SEM; n=4). (B.) The specificity of the RGS5 siRNA was 

assessed by qPCR. As shown, the siRNA specifically down-regulates RGS5, independently from other 
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RGS-R4 subfamily members (error bars are SEM; n=3). (C.) Knock-down of RGS5 expression stimulates 

AngII-stimulated phosphorylation cascades. vSMCs were stimulated with AngII (100nM) in the presence 

of either RGS5 siRNA (left) or non-specific siRNA (right). Whole-cell extracts were prepared and 

immunoblotted. The phosphorylation of ERK, AKT, and JNK is stimulated when RGS5 is specifically 

knocked-down. Actin is shown as a control for equivalent protein loading. (D.) Quantitation of 

immunoblots (error bars are SEM; n=3) demonstrating RGS5 knock-down stimulates AngII-mediated 

phosphorylation of ERK. (E.) RGS5 knock-down induces AngII-stimulated hypertrophy. vSMCs were 

transfected with either RGS5 siRNA or non-specific siRNA, stimulated with AngII (0, 10nM, 50nM, and 

100nM) for 24 hrs, pulsed with 1Ci [3H]-leucine for 5hrs, and the amount of 3H-leucine incorporated into 

new protein was quantitated to assess hypertrophic growth. (error bars are SEM; n=3.) 
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Figure 3. The effect of GPCR- and RTK-stimulation on RGS-R4 subfamily expression.  

(A.) vSMCs were stimulated, for 2hrs, 6hrs, and 24hrs, with GPCR agonists: AngII (100nM), ET-1 

(100nM), PE (10M), Iso(10M), 5-HT (5M), NE (10M), and S1P (1M). The expression of RGS5 

was quantitated by qPCR, and normalized to the relative expression of RGS5 in untreated cells. (B) 

vSMCs were stimulated for 10min, 30min, 60min, 90min, and 120min with candidate GPCR agonists: 

AngII (100nM), PE (10mM), and ET-1 (100nM). The expression of RGS5 was quantitated by qPCR, and 
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normalized to the relative expression of RGS5 in untreated cells. (C.) vSMCs were stimulated, for 2hrs, 

6hrs, and 24hrs, with RTK agonists: PDGF (10ng/mL), VEGF (10ng/mL), and EGF (10ng/mL),. The 

expression of RGS5 was quantitated by qPCR, and normalized to the relative expression of RGS5 in 

untreated cells. (D.) vSMCs were stimulated, for 2hrs, 6hrs, and 24hrs, with each PDGF isoform: PDGF-

AA, -BB, -CC, -DD. The relative expression of RGS5 (top), RGS4 (middle), and RGS2 (lower) was 

quantitated by qPCR, and normalized to the relative expression of RGS5, RGS4 and RGS2 in untreated 

cells, respectively. (error bars are SEM; n=4.) 
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Figure 4. Knock-down of RGS5 expression by siRNA induces PDGF-induced vSMC migration. (A.) A 

migration assay was performed in the presence of either RGS5 siRNA or non-specific siRNA. At each 

concentration of PDGF-BB (0.3ng/mL, 1ng/mL, and 3ng/mL), vSMCs are more migratory when RGS5 has 

been specifically knocked-down. (B.) The migration assay was performed in the presence of PDGF-BB or 

VEGF in vSMCs, where RGS5 is specifically knocked-down. Only PDGF-BB stimulates migration in 

vSMCs. (error bars are SEM; n=3.) 
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Figure 5. PDGF-BB stimulates RGS5 knock-down, induces AngII-mediated ERK phosphorylation, and 

induces Ang-II mediated hypertrophy. (A.) vSMCs were stimulated with AngII (100nM) for the indicated 

times, following 24hrs treatment of PDGF-BB (10ng/mL; left) or without PDGF-BB treatment (right). 

Whole-cell extracts were prepared and immunoblotted for the expression of phosphorylated ERK. Actin 

is shown as a control for equivalent protein loading. (Note: For comparison, the pERK blot is over-

exposed relative to the + non-specific siRNA blot (Figure 2E). (B.) Quantitation of immunoblots (n=4) 

demonstrating PDGF-BB treatment stimulates AngII-mediated phosphorylation of ERK. (C.) PDGF-BB 

induces AngII-stimulated hypertrophy. vSMCs were treated with or without PDGF-BB for 24hrs, 

stimulated with AngII (0, 10nM, 50nM, and 100nM) for 24hrs, pulsed with 1Ci [3H]-leucine for 5hrs, and 

the amount of [3H]-leucine incorporated into new protein was quantitated to assess hypertrophic growth. 

(error bars are SEM; n=3.) 
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Figure 6. The role of RGS5 in regulating vSMC signaling. (A.) RGS5 normally represses GPCR signaling. 

(B.) In response to vascular injury, local concentrations of PDGF increase, thereby repressing RGS5 

expression. Upon inhibition of RGS5 expression, vSMC migration and GPCR-stimulated signaling 

cascades are activated, leading to enhanced vSMC hypertrophy and vascular remodeling.  


