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Abstract 

Cancer is a leading cause of death worldwide, accounting for nearly seven 
million deaths per year. Available clinical data establish a· protective effect of 
COX-2 inhibition on human cancer progression, but the appearance of unwanted 
side effects remains a major hurdle for the general application of COX-2 
inhibitors as effective cancer therapeutics. Major COX-2 effectors are 
prostaglandins and we explored the idea that PGE2 promotes mitogenic signals 
that could be exploited for targeted therapy of cancer. PGE2 signals through 
EP1, EP2, EP3, and EP4 that belong to the superfamily of GPCR that have been 
demonstrated to signal through G proteins and r3Arrestins. In the first part of this 

. thesis project we determined the role of r3Arrestins in PGE2-regulated cancer cell 
migration. We report that the COX-2 effector PGE2 signals selectively via EP4 to 
enhance A549 lung cancer cell migration. We further find that this mode of ·.
signaJing requires the presence of r3Arrestin1 and tyrosine kinase c-Src activity. 
Hehce, this study provides preclinical-based rationale for the selective targeting 
of EP4 to inhibit PGE2-induced lung cancer cell migration. 

In the second part of this thesis project we determined the role of G 
protein-coupled receptor kinase 5 (GRK5) in cancer cell proliferation and tumor 
growth. Recent studies have implicated distinct GRK roles in the regulation of 
non-GPCR substrates, some of which have well-defined roles in cancer 
progression such as tumor suppressor p53. Here we report that GRK5 is 
required for prostate cancer cell cycle progression, cell proliferation, and prostate 
tumor growth. We identified HDAC4 as a novel GRK5 substrate, whose gene and 
protein expression is regulated by its kinase activity. In addition, we found that 
serine 246 residue of HDAC4 is phosphorylated by GRK5, a site known to 
regulate HDAC4 activity and subcellular localization. GRK5 can also 
phosphorylate an HDAC4 fragment (419-670 amino acid residues) that also 
contains two important regulatory serine phosphorylation sites. As many studies 
have shown HDAC4 involvement in cancer, our findings may provide a possible 
mechanism of HDAC4 regulation by GRK5 
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CHAPTER 1 

INTRODUCTION 

Statement of the problem 

Many human cancers express elevated levels of cyclooxygenase-2 

(COX-2), an enzyme that is produced at sites of inflammation and responsible for 

the biosynthesis of prostaglandins. Available clinical data establish a protective 

effect of COX-2 inhibition on human cancer progression. However, despite these 

encouraging outcomes, the appearance of unwanted side effects remains a 

major hurdle for the general application of COX-2 inhibitors as effective cancer 

drugs-. A better understanding of the molecular signals downstream of COX-2 

that regulate cancer cell behavior is needed to improve disease outcome. 

1 
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Review of Related Literature 

1.1 Cancer and Inflammation 

Rudolf Virchow first proposed a role for inflammation in carcinogenesis in 

1863 based on his observation that cancers frequently occurred at sites of 

chronic irritation and leukocytes were present in neoplastic tissues (Coussens & 

Werb 2002). Since then, accumulating data has provided a strong link between 

chronic inflammation and cancer initiation and progression. Several mechanisms 

by which inflammation drives carcinogenesis have been described, including 

alteration of genomic and epigenetic events (e.g. DNA methylation), increased 

cell proliferation, resistance to cell death, and the enhancement of angiogenesis, 

migration and invasion (Kundu & Surh 2008; Porta et al. 2009). Much research 

has so far unraveled several important molecular pathways and mediators that 

link inflammation to cancer initiation and progression, such as cytokines, 

chemokines, nitric oxide, cyclooxygenases and their prostaglandin products. 

Examples of chronic inflammatory conditions that have been linked to cancer are 

listed in Table 1 (2008). 
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Table I. Chronic inflammation/infection as the cause of various cancers (Kundu & 
Surh, 2008) 

Infection/Inflammatory conditions Characteristic neoplasia 

Chronic pancreatitis Pancreatic carcinoma 
Atypical hyperplasia and 

E.coli infection of prostate dysplasia of prostate 

Chronic prostatitis Prostate cancer 

Inflammation of lung, lung fibrosis Lung cancer 
Kaposi's sarcoma herpes virus 
(KSHV)/HHV8 Kaposi's sarcoma 

Endometriosis Endometrial adenocarcinoma 

Pelvic inflammatory disease Ovarian cancer 

Barrett's esophagitis Esophageal cancer 

Inflammatory bowel disease Colorectal cancer 
Chronic gastritis (usually with H. pylori 
infection) Gastric cancer 
Infection with hepatitis virus B and C, 
hepatic fibrosis Hepatocellular carcinoma 
Telangiectatic features with Telangiectatic adenoma and 
inflammatory syndrome hepatic malignancy 

Thyroiditis Papillary thyroid carcinoma 

Asbestos Malignant mesothelioma 
Hemophagocytic lymphohistiocytosis 
(Epstein-Barr virus infection) T cell lymphoma 

Schistosomiasis Bladder cancer 

Primary sclerosing cholangitis Cholangiocarcinoma 

Chronic cholecystitis Gall bladder·carcinoma 



4 

DNA methylation is an epigenetic mark in which a methyl group is added 

to the fifth carbon of the cytosine deoxynucleoside. The presence of this 

epigenetic mark influences gene expression by providing long term silencing. 

Aberrant DNA methylation in tumor suppressor genes and loss of methylation in 

transforming genes has been linked with cancer and other human disorders 

(Feinberg & Tycko 2004; Pogribny & Beland 2009; Santos-Reboucas & Pimentel 

2007). DNA hypermethylation predominantly occurs at CpG islands in clusters at 

the promoter regions of tumor suppressor and cancer-related genes such as 

breast cancer susceptibility gene (BRCA1), retinoblastoma (Rb), adenomatous 

polyposis coli (APC), cyclin-dependent kinase inhibitor 2A (p16), p53, and E

cadherin (Baldwin et al. 2000; Chanda et al. 2005; Graff et al. 1995; Henrique et 

al. 2007; Shim, Kang, & Ro 2000; Kundu & Surh 2008; Stirzaker et al. 1997). 

Numerous laboratory and clinical studies have established a crucial role 

for inflammation in DNA methylation (Chan et al. 2003; Hodge et al. 2005; 

Valinluck & Sowers 2007; Wehbe, Hendson, Meng, Berge, & Patel 2006). For 

example, Helicobacter pylori infection, which is commonly known to induce 

gastric inflammation in humans, causes DNA hypermethylation of tumor 

suppressor p16 resulting in genomic instability (Maekita et al. 2006; Yoo, Park, 

Cho, Kim, Lee, & Kang 2008; Shin et al. 2010). Furthermore, inflammation may 

perturb DNA-protein interactions that would otherwise allow controlled 

expression on tumor promoter genes and repression of tumor suppressor genes 

(Valinluck, Liu, Kang Jr, Burdzy, & Sowers 2005; Valinluck & Sowers 2007). 
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1.2 Mediators linking inflammation to cancer 

1. 2. 1 Proinflammatory cytokines 

Inflammation has been associated with all stages of cancer, from initiation 

to progression. Hence the identification of the specific molecular mechanisms 

that link the inflammatory response to cancer has been a subject of great 

interest. To date, several key specific inflammatory mediators associated with 

cancer have been identified: cytokines, chemokines, nitric oxide intermediates, 

and transcription factor NF-KB (nuclear factor-KB). Cytokines are secreted by 

immune cells and function largely in promoting immunity via autocrine and 

paracrine cell signaling. In response to a pathogen infection, immune cells 

secrete cytokines in the general region of infection, causing recruitment and 

activation of additional immune cells. These cytokines are known explicitly as 

pro-inflammatory cytokines because they enhance the inflammatory response. 

Several pro-inflammatory cytokines such as tumor necrosis factor (TNF-a) 

and interleukins (IL 1-a, IL-~, and IL6) are known to promote carcinogenesis 

(Porta et al. 2009). The first evidence showing that TNF-a functions directly as an 

endogenous promoter of cancer came from the observation that mouse lacking 

either the ligand TNF-a or its cognate receptor are resistant to skin tumor 

development (Arnott et al. 2004; Moore et al. 1999). Additional studies have also 

revealed that higher expression of TNF-a and proinflammatory interleukins 

correlates with several cancer phenotypes (Kundu & Surh 2008). 
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Chemokines are a family of small, soluble cytokines (8-14 kDa) that 

function in directing chemotaxis and activating nearby immune cells, such as 

leukocytes, to sites of inflammation. In addition to regulating directional migration 

of leukocytes, this chemokine function also extends to all cell types including 

human stromal and neoplastic cells (Coussens & Werb 2002). Several reports 

have documented significant effects of dysregulated chemokines and chemokine 

receptor expression on cancer cell metastasis and angiogenesis (e.g. blood 

vessel formation), (Kim et al. 2005, Salvucci et al. 2006; Singh S, Varney, & 

Singh R 2009; Wu, Li, Matsushima, Baba, & Mukaida 2008). 

1.2.2 Reactive Oxygen and Nitrogen Species 

Based on tar tumor studies of rabbits, Nobel Prize laureate Peyton Rouse 

first recognized that cells in subthreshold neoplastic states are promoted to 

cancer after sufficient exposure to viral or chemical agents that induce somatic 

changes (Rouse 1940). Cells in this sub threshold state are characterized by 

DNA alterations that are irreversible and latent until promoted to cancer by a 

second challenge by one or more factors such as chemicals, tissue damage, 

chronic infection or inflammation. As it stands today, at least 15% of all 

malignancies worldwide including cancer are thought to be associated with 

chronic infection or inflammation (Goswami, Rajappa, Sharma, & Sharma 2008). 

Functionally, increased risk for cancer is thought to be related to an 

overproduction of reactive oxygen and nitrogen oxide species by inflammatory 
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macrophages, which can ultimately lead to DNA strand breaks, base 

modifications, cross-links, reduced DNA repair, and functional activation of 

oncogenes or inactivation of tumor suppressors (Goswami et al. 2008; Kundu & 

Surh 2008). Endothelial nitric oxide synthase (eNOS) has been implicated as a 

link between chronic inflammation and cancer (Ying & Hofseth 2007). For 

example, nitric oxide induces hyperphosphorylation and functional inactivation of 

tumor suppressor retinoblastoma via soluble guanylyl cyclase/guanosine 3' ,5'

cyclic monophosphate signaling pathways that are independently mediated by 

ERK1/2 (extracellular signal-regulated kinase 1/2) and Akt (protein kinase B) 

activity (Ying, Hofseth, Browning, Nagarkatti, Nagarkatti, & Hofseth 2007). 

1.2.3 COX-2 and prostaglandins 

The importance. of the tumor microenvironment and inflammation in 

neoplastic progression has become most evident from cancer risk studies among 

nonsteroidal anti-inflammatory drug (NSAID) users who experience reduced risk 

for many types of cancers (Kroemer & Pouyssegur 2008). One of the primary 

mechanisms underlying NSAI D chemo-preventive effects lay in its ability to 

inhibit cyclooxygenase enzymes COX-1 and COX-2 activation. Whereas the 

COX-1 is expressed constitutively, the COX-2 protein is usually not detected in 

normal tissues and is rather induced by pro-inflammatory cytokines and growth 

factors at sites of inflammation (Aggarwal, Shishodia, Sandur, Pandey, & Sethi 

2006; Vane, Bakhle, & Botting 1998; Wang, Honn, & Nie 2007). Indeed, COX-2 
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protein levels are elevated in several cancer types, including lung, breast, and 

gastric (Mao, Wang, Lv, Xu, & Han 2007; Mascaux, Martin, Verdebout, Ninane, & 

! 
Sculier 2005; Ristimaki et al. 2002), and suppression of COX-2 expression or 

activation promotes the repression of a variety of cancer hallmark traits such as 

angiogenesis and metastasis (Arber 2007; Wang et al. 2007; Zumsteg & 

Christofori 2009). Alas, in spite of hopeful results long term use of selective COX-

2 inhibitors as an effective therapeutic approach to manage cancer progression 

has been questioned due to unwanted side effects such as increased 

cardiovascular risks (Fitzgerald 2004; Lenzer 2005; Sanghi et al. 2006). 

COX-2 oxygenates arachidonic acid to generate PGH2, which is rapidly 

converted to prostaglandins PGD2, PGE2, PGF2, PGl2, and TxA2 (thromboxane 

A2) by their respective synthases. The prostaglandins exert important biological 

effects in target organs, such as regulation of cardiovascular and gastrointestinal 

homeostasis, immune function, and inflammatory response · (Borer & Simon 

2005; Zumsteg & Christofori 2009). Numerous studies over the past 20 years 

have established that PGE2 is the predominant COX-2 product linking 

inflammation to carcinogenesis (Alaa , et al. 2009; Coussens & Werb 2002; 

Furstenberger, Gross, & Marks 1989; Kawamori, Uchiya, Sugimura, & 

Wakabayashi 2003; Krysan et al. 2005; Zhang et al. 2009). In fact, many studies 

have reported elevated levels of PGE2 in different cancers, including lung, 

colorectal, ovarian, breast, and head and neck (Mclemore et al. 1988; Rask, 
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Zhu, Wang, Hedin, & Sundfeldt 2006; Rigas, Goldman, & Levine 1993; Schrey & 

Patel 1995; Zhang et al. 2003). 

Four receptor subtypes, named EP1, EP2, EP3, and EP4, are activated by 

PGE2 and they belong to the superfamily of seven transmembrane-spanning G 

protein-coupled receptors (GPCR). Upon binding PGE2, each EP subtype 

transduces signals through distinct heterotrimeric G proteins; In most cell types, 

EP1 signals through Gaq, EP2 and EP4 signal through Gas, and EP3 signals 

through Gai. The role of PGE2 in carcinogenesis has been further substantiated 

by studies that position its cognate receptors as regulators of cancer. For 

example, a study using mice deficient in EP1 or EP3 through homologous 

recombination showed that carcinogen azoxymethane-induced preneoplastic 

aberrant crypt foci formation was reduced in EP1 but not EP3 knockout mice 

(Watanabe et al. 1999). The same study also demonstrated a reduction in 

intestinal polyp formation in APC-mutated mice administered EP4 selective 

ligand antagonist ONO-8711. More recent studies have shown a similar role for 

EP2 and EP4 in formation of intestinal polyps (Mutch et al. 2002; Seno et al. 

2002). Colon cancer incidence and multiplicity studies using EP3 knockout mice 

demonstrated a reduction in both variables compared to wild type mice, 

indicating divergence of EP3 function in colon tumor development (Shoji et al. 

2004). Gene expression profiling of tissues taken from castration-resistant 

prostate cancer xenograft tumors recently showed that EP4 expression is 

upregulated during development of resistance and that antagonism of. EP4 
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significantly reduces castration-resistant tumor growth in vivo (Terada et al. 

2010). Collectively, these studies necessitate a better clarification of EP subtype 

specific regulation of PGE2-mediated cancer activities. 

It is hypothesized that the cardiovascular risks associated with COX-2 

selective inhibition may result, at least in part, from an . imbalance created 

between the COX-2 products PGl2 and TxA2, both of which possess key 

physiologic roles in vasoregulation and platelet aggregation (Grosser, Fries, & 

FitzGerald 2006; Sanghi et al. 2006). As PGE2 also plays important physiological 

functions in smooth muscle contraction, blood platelet clotting, lung tissue repair, 

and nerve activity, the elucidation of signaling mechanisms downstream of PGE2 

may prove beneficial to better understanding its specific role in cancer biology 

(Ando, lchijo, Katafuchi, & Hori 1995; Ren, Karpinski, & Benishin 1995; Vezza, 

Roberti, Nenci, & Gresele 1993; Vancheri, Mastruzzo, Sortino, & Crimi 2004). 

PGE2 functions in inflammation through a diverse array of intermediary 

downstream molecules such as c-Src (cellular-Src tyrosine kinase), ERK1/2, 

Pl3K (phosphoinositide kinase-3), Akt, Wnt, SHH (Sonic hedgehog homolog), 

TGFJ3 (transforming growth factor-J3), and RTKs (receptor tyrosine kinases), all of 

which share a common mediator called pArrestins. Originally identified for its 

well-conserved role in the desensitization of GPCR signaling, the pArrestin 

proteins are now being appreciated as modulators of a diverse array of vital 

biological processes, including inflammation, chemotaxis, and cancer metastasis 

(Buchanan, Gorden, Matta, Shi, Matrisian, & DuBois 2006; Fan et al. 201 O; Fan 
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et al. 2007; Kawamata et al. 2007; Kovacs, Hara, Davenport, Kim, & Lefkowitz 

2009; Molteni et al. 2009; Vroon, Heijnen, & Kavelaars 2006). pArrestins are 

hence the primary focus of our studies on PGE2 mediated signaling in the 

context of cancer cell migration. 
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Upon agonist stimulation of GPCRs and subsequent recruitment of 

J3Arrestins to the cytoplasmic membrane, two patterns of receptor internalization 

have been found to occur. Based on these properties, the GPCRs are commonly 

divided into either class A or class B receptors. For cl~ss A receptors, there is 

low-affinity J3Arrestin binding followed by dissoci~tion of receptor-J3Arrestin 

complex after targeting of the receptor to clathrin-coated pits. Class A receptors 

also undergo rapid recycling to the plasma membrane after internalization. In 

contrast, class B receptor binding to J3Arrestin is stronger, remaining bound 

together on the surface of endocytosed vesicles. Because of their prolonged 

interaction with J3Arrestins, class B receptors recycle to the cell surface much 

more slowly than class A receptors (Reiter & Lefkowitz 2006). 

Mechanistic studies have established that J3Arrestins act as adapters that 

scaffold the receptors to clathrin-coated pits, a process that is critical for receptor 

endocytosis (Goodman et al. 1996; Zhang, Barak, Winkler, Caron, & Ferguson 

1997). Both J3Arrestin 1 and J3Arrestin2 directly interact with at least two 

components of the endocytic machinery: the heavy chain of clathrin and the J32-

adaptin subunit of the AP-2 (adaptor protein-2) complex. AP-2 is a clathrin 

adapter protein that promotes the assembly of clathrin lattices, targeting 

receptors to clathrin-coated pits. The receptor containing vesicle, alone or 

together with J3Arrestin, is then pinched off the cell surface by the large GTPase 

dynamin and internalized into endosomes to be recycled back to the cell surface 

or degraded. 
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In the past few years, it has become apparent that J3Arrestins carry out 

additional roles in regulating GPCR internalization by interacting with various 

components of the endocytic machinery. Overexpression and elevated activation 

of Src family tyrosine kinases are frequently found in tumor tissues and have 

been shown to regulate inflammation, cell adhesion, invasion, apoptosis, 

proliferation, differentiation, survival and angiogenesis during tumorigenesis. 

Evidence of J3Arrestin's role in signal transduction was first provided by several 

studies substantiating J3Arrestin1 recruitment of c-Src to J32AR (J32-adrenergic 

receptor) and activation of ERK (Daaka et al. 1998; DeFea, Vaughn, O'Bryan, 

Nishijima, Dery, & Bunnett 2000; · Luttrell et al. 1999). This complex formation 

regulates receptor internalization by promoting the tyrosine phosphorylation of 

dynamin by c-Src (Ahn, Maudsley, Luttrell, Lefkowitz, & Daaka 1999; Van 

Koppen 2001 ). 

J3Arrestins also interact with ARF (ADP-ribosylation factor) proteins and 

their guanine nucleotide exchange factors ARNO, ARF nucleotide site opener 

(Claing et al. 2001 ). ARF proteins are monomeric guanine nucleotide-binding 

proteins that comprise a subgroup of the Ras superfamily. ARF6 has been found 

to regulate many cellular functions including exocytosis, phagocytosis, 

cytokinesis, adhesion, migration, and endocytic trafficking. Activation of ARF 

proteins is _primarily achieved by the reversible binding of GTP, which is 

catalytically governed by guanine nucleotide exchange factor (ARNO) or GTPase 

activating protein (GIT). ARF6, ARNO, and GIT can function together in GPCR 
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desensitization, internalization, and trafficking via clathrin-dependent and/or 

clathrin- independent pathways (Delaney, Murph, Brown, & Radhakrishna 2002; 

Hunzicker-Dunn, Gurevich, Casanova, & Mukherjee 2002; Premont et al. 1998; 

Tanabe et al. 2004). For instance, internalization of ~2AR after agonist 

stimulation is inhibited by GIT1 and GIT2 and promoted by ARNO, which 

activates ARF6 and releases ~Arrestin2 from the complex to promote f3Arrestin 

mediated endocytosis (Claing et al. 2000; Premont et al. 1998; Premont RT, 

Claing, Vitale, Perry, & Lefkowitz 2000). 

1. 3. 2 Regulation of {3Arrestin function 

~Arrestin function can be regulated by interactions with binding partners, 

or posttranslational modifications such as phosphorylation, ubiquitination, and S

nitrosylation. Early reports with Drosophila visual arrestin first provided insight 

into post-translational control of arrestin function. These studies showed that 

binding of visual arrestin to rhodopsin required light-dependent phosphorylation 

of arrestin by calcium/calmodulin-dependent kinase II (Alloway & Dolph, 1999.; 

Matsumoto et al., 1994). It was later shown that mammalian pArrestin1 is actually 

constitutively phosphorylated at serine 412 by extracellular signal-regulated 

kina$es (ERKs) and dephosphorylated only after f32AR stimulation (Lin et al. 

1997). It is thought that this phosphorylation of f3Arrestin1 on serine 412 

regulates its binding with clathrin and c-Src (Lin et al. 1997; Lin & Miller et al. 

1999). In contrast, pArrestin2 does not contain the corresponding serine residue, 
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but is rather phosphorylated by casein kinase II at threonine 382, which affects 

protein-protein interactions (Kim, Barak, Caron, & Benovic 2002). Recently, it 

was also shown that stimulation of P2AR leads to eNOS-mediated S-nitrosylation 

of a single cysteine in pArrestin2, thereby enhancing pArrestin2 binding to 

clathrin heavy chain and padaptin, to promote receptor internalization (Ozawa et 

al. 2008). In addition, agonist stimulated ubiquitination of pArrestin can affect 

J3Arrestin mediated receptor interaction, trafficking, and signaling (Shenoy et al. 

2007; Shenoy & Lefkowitz 2003; Shenoy & Lefkowitz 2005; Shenoy, McDonald, 

Kohout, & Lefkowitz 2001 ). pArrestin can also scaffold MDM2 E3 ubiquitin 

protein ligase to other proteins and promote their degradation by the proteasomal 

pathway (Girnita et al. 2005; Lak~hmikanthan et al. 2009). Hence, these studies 

provide valuable insight into the different levels of pArrestin regulation that exist 

and how they may contribute to disease. 
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1.4 Emerging roles of pArrestins 

1.4.1 Transcription 

In addition to indirectly regulating transcription via desensitization of 

, GPCR-mediated signals, there is now evidence of more direct J3Arrestin 

involvement. Earlier studies with GFP and YFP (green/yellow fluorescent protein) 

tagged J3Arrestin1 and J3Arrestin2 revealed an important difference in the 

subcellular distribution of the two isoforms: pArrestin2 is found largely to be in the 

cytoplasm, while pArrestin1 can be observed in both the nucleus and cytoplasm 

(Scott et al. 2002). This was later explained in a study showing that while both 

pArrestin 1 and pArrestin2 contain nuclear localization signals, only PArrestin2 

has a nuclear export signal in its C-terminus (W~ng, Wu, Ge, Ma, & Pei 2003). A 

direct nuclear role of pArrestin1 in mRNA transcription has since been observed 

where pArrestin1 was found to bind directly to promoter regions of c-fos and p27 

genes and to enhance transcription of these genes by way of histone 

acetyltransferase p300 recruitment (Kang et al. 2005). Outside of the nucleus, 

pArrestin2 can also regulate tumor suppressor p53-mediated transcription by 

forming oligomer complexes with E3 ubiquitin ligase MDM2 through its N

terminal domain, sequestering MDM2 in the cytosol and preventing inhibition of 

p53 (Boularan et al. 2007). 

NF-kB transcription factor is a critical component of inflammation in human 

cells and has been proposed to be a pivotal link between inflammation and 
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cancer (Li, Withoff, & Verma 2005). Both ~Arrestin isoforms are able to bind and 

sequester lkBa-NFKB complexes in the cytosol, and can negatively regulate 

NFKB-dependent nuclear transcription in response to 7TMR or cytokine 

stimulation (Witherow, Garrison, Miller, & Lefkowitz 2004). 

1.4.2 Chemotaxis 

Chemotaxis, or the directed movement of a cell toward a chemical or 

signal, is a central element of cancer metastasis. Chemotaxis requires a 

chemical ligand interacting with a cell-surface receptor to coordinate cell 

polarization and motility in the direction of the chemical attractant. Successful 

chemotactic signals should ultimately result in reorganization of the actin 

skeleton, formation of a leading edge, de-adhesion of the trailing edge, and 

subsequent migration toward the chemoattractant. ~Arrestins have recently 

emerged as regulators of chemotaxis, btJ.t the question remains as to whether 

their role in chemotaxis hinges on the level of receptor desensitization or 

localized scaffolding of signaling molecules. ~Arrestin-in9uced localized signal 

dampening indeed plays a role in cell polarization, but increasing evidence also 

suggests the importance of ~Arrestin scaffolding in spatial regulation of actin 

assembly (Kim, Gainetdinov, Laporte, Caron, & Barak 2005; Scott et al. 2006). 
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1.4.3 Regulation of ERK signals 

pArrestins have been found to function as scaffold for two mitogen

activated protein kinases (MAPKs), namely ERK and JNK3 (c-Jun N-terminal 

kinase), in a receptor activation-dependent manner (McDonald et al. 2000; 

Tohgo, Pierce, Choy, Lefkowitz, & Luttrell 2001). MAPKs are a family of 

serine/threonine kinases that include ERK1/2 (also known as p44/42), p38 

kinases, and the JNKs (JNK1-3). The downstream effectors of MAPKs control 

many cellular functions important in cancer including cell cycle progression, 

transcription, inflammation, and apoptosis (Dhanasekaran & Johnson 2007; Kim 

& Choi 2010; Sebolt-Leopold & Herrera 2004). ERK1/2 activation exemplifies the 

prototypical MAPK signaling module, bringing together the sequential kinases 

comprising the characteristic cascade: a MAPK kinase kinase (MAPKKK), a 

MAPK kinase (MAPKK), and a MAPK. For the ERK1/2 family members, Raf 

isoforms phosphorylate MEKs and MEKs phosphorylate ERK1/2. Scaffolds 

facilitate protein-protein interactions, ensuring signaling specificity and proper 

subcellular distribution. For both JNK3 and ERK, the pArrestins can function as 

scaffolds by bringing the three kinases of the cascade in close proximity with 

each other and GPCRs to facilitate cell signaling. For example, it was shown that 

agonist stimulation of protease-activated receptor 2 (PAR2) leads to formation of 

a complex containing activated PAR2, pArrestin1, Raf-1, and activated ERK 

(2000). A later study confirmed a receptor agonist-induced pArrestin2, Raf-1 
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(MAP3K), MEK (MAPK-ERK kinase 1), and ERK1/2 signaling complex (Luttrell 

2001). 

A study published in 2002 showed that pArrestin overexpression in COS-7 

cells diminishes angiotensin-stimulated phosphoinositide hydrolysis (by 

increased receptor desensitization), while increasing ERK phosphorylation 

(Tohgo et al. 2002). -These studies revealed a temporally distinct, G protein

independent, pArrestin-mediated ERK activation pathway. G protein-mediated 

ERK activity was shown to be maximal by 2 min following AT1AR (angiotensin 

receptor 1A) stimulation, with only a small contribution to the cellular pool of 

phosphorylated ERK after 10 min (Ahn, Shenoy, Wei, & Lefkowitz 2004). In 

contrast, pArrestin2-mediated ERK activity was responsible for ERK activation 

beyond 30 min post AT1AR stimulation. Mutational uncoupling of receptors from 

G proteins was also shown to have no effect on pArrestin recruitment to AT1AR 

in response to stimulation, while ERK phosphorylation becomes completely 

dependent on pArrestin2 expression (Ahn et al. 2004; Wei et al. 2003). 

RNA interference of pArrestin 1 and pArrestin2 expression and its respective 

effects on GPCR desensitization, internalization and signaling has revealed 

previously unknown difference in isoform specificity (Ahn, Nelson, Garrison, 

Miller, & Lefkowitz 2003). While siRNA (small interfering RNA) knockdown of 

pArrestin2 leads to a decrease in ERK phosphorylation after AT1AR stimulation, 

J3Arrestin1 siRNA conversely results in an increase in ERK activation (Ahn, Wei, 

Garrison, & Lefkowitz 2004). In contrast, knockdown of either pArrestin1 or 
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J3Arrestin2 leads to a decrease in J32AR- and PTHR1-mediated ERK activation 

(Gesty-Palmer et al. 2006; Shenoy et al. 2006). These studies have shed light on 

the functional selectivity of J3Arrestin as a regulator of cell signals, but the 

underlying mechanisms have yet to be established. 

1.4.4 Regulation of Pl3K/Akt signal 

The Pl3K (phosphoinositide 3-kinase)/Akt kinase signaling pathway is well 

characterized for its role in ~egulatihg cell proliferation, metabolism, inflammation, 

growth, and survival. Dysregulation of Pl3K is commonly observed in many 

human cancers including glioblastomas as well as breast, prostate, melanoma, 

and endometrial cancers (Mizoguchi, Nutt, Mahapatra, & Louis, 2006; Ogawa, 

Sun, & Horii 2005; Sarker, Reid, Yap, & De Bono 2009; Trinh et al. 2009). 

Uncontrolled activation of Akt exhibits oncogenic potential: it promotes cell 

proliferation, growth, and survival by enhancing translational initiation via mTOR, 

. increasing transcription of antiapoptotic/prosurvival genes, as well as by 

decreasing the production of apoptotic/death-promoting molecules. Several 

inhibitors of the Pl3K pathway and their effectors including mTORC1 

(mammalian target of rapamycin complex) and Akt have been developed and are 

being tested in clinical trials as treatments for cancer (Brachmann, Fritsch, Maira, 

& Garcia-Echeverria 2008). 

Pl3K phosphorylates PIP2 and produces PIP3, which propagates signaling 

by binding to pleckstrin homology (PH) domains of various effectors. PIP3 acts 
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as a scaffold for two such PH domain-containing kinases, phosphoinositide

dependent kinase 1 (POK 1) and its substrate Akt. A negative role for pArrestin2 

in Akt signaling has also been shown where pArrestin2 forms complex with Akt 

and its negative regulator PP2A after stim_ulation with dopamine (Beaulieu et al. 

2005). Paradoxically, pArrestin2 can aslo scaffold c-Src, with Akt to facilitate 

phosphorylation and activation by PDKs (Luan et al. 2009). Though seemingly 

contradictory, these studies nevertheless provide valuable insight into how 

distinct binding partners may govern differential J3Arrestin functions. 

1. 4. 5 Regulation of receptors - Wnt 

It is now well known that activation of Wnt/pcatenin pathways contributes to 

both inflammation and tumorigenesis (Behrens 2000; George 2008; Luu et al. 

2004; Polakis 1999; Polakis 2000). pcatenin mutations have been reported in 

many human tumors, such as those of the prostate, ovary, and colon (Mirabelli

Primdahl et al. 1999; Voeller, Truica, & Gelmann 1998; Wright et al. 1999). The 

involvement of pcatenin in tumorigenesis has been further supported by 

overwhelming evidence showing that downstream targets of pcatenin, such as 

c-Myc, are oncogenic and highly expressed in human tumors (Finch, Soucek, 

Junttila, Swigart, & Evan 2009; Yochum, Cleland, & Goodman 2008). Wnt/J3-

catenin signaling is initiated when Frizzled and LRP5/6 complex with Wnt 

ligands, causing the translocation of the scaffold protein Axin to the plasma 

membrane and subsequent interaction with the co-receptors LRP5 and LRP6. In 
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the absence of Wnt, the Axin scaffold permits glycogen synthase kinase 3J3 to 

phosphorylate J3catenin . and lead to its degradation. Activation of Frizzled by 

binding of the Wnt ligand causes hyperphosphorylation of the protein Disheveled 

and leads to its association with Axin and APC ( adenomatous polyposis coli), 

which in turn prevents glycogen synthase kinase 3J3 from phosphorylating and 

destabilizing J3catenin in the cytosol. The unphosphorylated and stabilized 

J3catenin then translocates to the nucleus where it binds to TCF/LEF transcription 

factor to promote transcription of target genes. pcatenin stabilization is the most 

critical aspect of its activation and emerging evidence has revealed that 

J3Arrestins play an essential role in stabilization of pcatenin. For instance, it was 

shown that J3Arrestin2 binds Axin and Disheveled, thereby inactivating GSK3J3 

and regulating the endocytosis of Frizzled after Wnt stimulation (Blankesteijn, 

Van de Schans, Horst, & Smits 2008; Bryja, Cajanek, Grahn, & Schulte 2007; 

Bryja, Gradl, Schambony, Arenas, & Schulte 2007; Chen et al. 2003). 

1. 4. 6 Regulation of receptors - Smoothened 

Sonic hedgehog (Shh) signaling has been linked to inflammation and 

several cancers such as prostate and lung (Chen et al. 201 0; Sanchez, Clement, 

& Altaba 2005; Schneider et al. 2010; Sun, Schiller, Spinola, & Minna 2007; Van 

Dop & Den Brink 2010). Smoothened is a seven transmembrane spanning . 

receptor (7TMR) that regulates Hedgehog (Hh) signaling in mammalian cells. 

Smoothened activity is constitutively repressed by a 12 membrane-spanning co-
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receptor called Patched. When Hh ligand binds to Patched, this suppression is 

relieved and results in activation of Smoothened. A study by Chen et al. was first 

to position pArrestin2 as a mediator of signaling by activated Smoothened 

(2004). Mechanistically, they showed GRK2 phosphorylates Smoothened leading 

to recruitment of PArrestin2 and endocytosis of Smoothened in clathrin-coated 

pits. The significance of pArrestins as mediators of Smoothened signaling has 

been supported by a recent study showing that pArrestins complex wtih 

Smoothened and kinesin-like family protein Kif3A, facilitating the translocation of 

Smoothened to the primary cilium and causing relocalization and transcriptional 

activation of Gli transcription factors (Kovacs et al. 2008). 

1.4. 7 Regulation of nonc/assical receptors 

TGF~ (transforming growth factor-~) is an endogenous protein known to 

potently inhibit cell growth and its expression is inversely correlated with 

advanced cancer. TGF~ binds and activates its cognate serine/threonine kinase 

TGFp receptor (TGFPR). Activation of TGFp receptors leads to the 

phosphorylation of Smad proteins and subsequent complex formation with 

coSmads, which in turn allows Smad to translocate and accumulate in the 

nucleus where they regulate transcription. TGFpR mediated signaling has 

recently been implicated as a potential link between inflammation and cancer 

(Bierie & Moses 201 0; Yang 2010) and ~Arrestin2 has been shown to regulate 
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TGFf3 signaling by mediating the internalization of TGFf3RIII (Chen & Kirkbride et 

al. 2003). 

A role for f3Arrestins in receptor tyrosine kinases has also been described, 

particularly for epidermal growth factor (EGF) and insulin-like growth factor (IGF) 

receptors. In cancer, EGF signaling pathways are dysregulated and targeted 

therapies that block EGF signaling have been somewhat successful in treating 

cancers. Several mechanistic studies to date have established f3Arrestins as 

important regulators of GPCR mediated transactivation of EGFR (Daub, Weiss, 

Wallasch, Ullrich 1996; 'Kim et al. 2008; Kim et al. 2009; Maudslety et al. 2000; 

Noma et. al 2007). For instance, it was discovered that activation of PGE2 

receptor EP4 provokes intracellular signals that cause complex formation of 

f3Arrestin 1 and c-Src downstream of EGFR transactivation, and induce colorectal 

cancer metastasis (Buchanan et al. 2006). f3Arrestins also regulate the 

endocytosis and mitogenic signaling of IGF1 R (Lin et al. 1998) and recruit E3 

ubiquitin ligase MDM2 to IGF1 R for ubiquitination and degradation (Girnita et al. 

2005). 

r 
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1. 5 Perspectives 

Aberrant inflammatory events are an empowering source for cancer 

initiation and progression. Proposed over a century ago, the link between 

inflammation and cancer has been amply strengthened by numerous studies 

providing valuable insight into this association. Important mediators include 

cytokines, chemokines, reactive oxygen and nitrogen species, COX2, and PGE2. 

Levels of COX2 and its product PGE2 are increased at sites of inflammation, as 

well as in human cancers. PGE2 exerts its cellular functions by activating four 

cognate GPCRs named EP1, EP2, EP3, and EP4. J3Arrestin proteins are by far 

the most functionally diverse regulators of GPCR signaling as they mediate 

receptor desensitization, endocytosis, trafficking, and an ever more expanding 

list of signaling effectors. Studying how J3Arrestins function in the context of 

cancer may provide important clues for elucidating how PGE2 contributes to 

cancer progression. 



MATERIALS AND METHODS 

Cell culture, antibodies, and reagents. 

Lung adenocarcinoma A549 cells were obtain_ed from the American Type 

Culture Collection. A549 cells were maintained in F12K medium containing 10% 

fetal bovine -serum (FBS), 100-units/ml penicillin, and 100 µg/ml of streptomycin. 

Cells were maintained at 60% to 80% confluence, except for wound-healing 

assay (95-100% before wound). PGE2, butaprost, sulprostone, and PGE1-OH 

were purchased from Cayman Chemicals; polybrene and puromycin from Sigma 

Aldrich; TRlzol and epidermal growth factor from lnvitrogen; FuGENE HD from 

Roche Applied Science. Antibodies used were anti-c-Src, anti-ERK2 (Santa 

Cruz); anti-p-Tyr (phospho-tyrosine) 4G10 (Millipore); anti-GAPDH 

(glyceraldehyde-3-dehydrogenase), anti-(3-actin, anti-(phospho) p44/42 (Cell 

Signaling); anti-EP1-4 (Cayman Chemicals); and anti-FAK (BD Biosciences). 

HEK293T cells were cultured in Dulbecco's modified Eagle's medium 

supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 

µg/ml streptomycin at 37 °C with 5% CO2. F12K medium was obtained from 

Cellgro; FBS from HyClone; bovine serum albumin (BSA) from Sigma Aldrich. 

27 
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lmmunoblotting and lmmunoprecipitation Assays. 

Cells grown on poly-O-lysine coated dishes were washed with ice cold 1 x 

phosphate-buffered saline solution (PBS) and lysed in 1 x lysis buffer for 20 min 

on ice: 

1 x Cell Lysis Buffer Recipe: 
20 mM Tris-HCI (pH 7.5) 
150 mM NaCl 
1 mM Na2EDTA 
1 mM EGTA 
1%Triton 
2.5 mM sodium pyrophosphate 
1 mM Na3V04 
1 µg/ml aprotinin/bestatin/leupeptin/pepstatin 

Poly-O-lysine is a synthetic amino acid chain coat for cell culture surfaces 

to enhance cell attachment and growth. Tris-Hydrochloride and sodium chloride 

provide a pH buffer with optimal osmolarity for proteins. 

Ethylenediaminetetraacetic acid (EDTA) and ethylene glycol tetraacetic acid 

(EGTA) inhibit metalloproteases that require Mg2+, Mn2+, and Ca2+. Sodium 

pyrophosphate and orthovanadate inhibit serine/threonine, tyrosine, and alkaline 

phosphatases. Aprotinin, bestatin, leupeptin, pepstatin targets serine proteases 

and esterases, aminopeptidase B and leucine aminopeptidase, cysteine 

proteases and trypsin-like proteases, respectively. Cells were harvested using a 

cell scraper, centrifuged (10,000 x g) at 4 °C for 20 min to remove cell debris. 

Protein concentration was determined using BCA protein assay kit (Thermo

Pierce ). BCA protein assay is based on the reduction of Cu2
+ to Cu1

+ by protein 
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in alkaline medium and colorimetric detection of the ion by bicinchoninic acid 

(BCA). BCA reacts with the ion resulting in a complex of two BCA molecules and 

one cuprous ion, exhibiting highly-sensitive linear absorbance at 562 nm. Equal 

amount of proteins were then denatured in Laemmli-SDS (sodium dodecyl 

sulfate) sample buffer followed by incubation at 100 °C for 5 min. 

For immunoprecipitation, the cell lysates were cleared by centrifugation at 

10,000 x g for 15 min at 4 °C, incubated with anti-c-Src antibody, and proteins 

were precipitated and eluted with 30% slurry of protein G plus/protein A-agarose 

beads (Calbiochem) and rotated for 4 h at 4 °C. Immune complexes were 

separated by centrifugation at 250 x g, washed three times and denatured in 

Laemmli-SDS sample buffer followed by incubation at 100 °C for 5 min. Proteins 
,' 

(immunoprecipitated and total) were resolved on 10% SDS-polyacrylamide gels 

and transferred to nitrocellulose membranes (Bio-Rad), and immunoblotted after 

blocking (3% BSA-TBST) with 1: 1000 dilution (v/v with blocking buffer) of primary 

antibodies. Horseradish peroxidase-conjugated (HRP) - anti-rabbit/mouse 

secondary antibodies (Jackson lmmunoResearch) were diluted 1 :20,000 (v/v 

with blocking buffer). Before immunoprecipitation, cell lysates were aliquoted to 

confirm equal amount of input protein by Western blot. All immunoblots were 

visualized using substrate Amersham ECL Plus (enhanced chemiluminescence) 

solution (GE Healthcare). 
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Wound-healing assay. 

Wound healing assay was used to determine the effect of PGE2 on cell 

migration (Figure 1 ). A549 cells were seeded in 6-well plates and incubated 

overnight in starvation medium (F12K medium containing 0.1 % BSA). Cell 

monolayers were wounded with a sterile 200 µI pipette tip, washed with 

starvation medium to remove detached cells, and stimulated with the indicated 
J 

agonist for 24 h. Where indicated, the antagonist was added to cells 30 min 

before stimulation. Next, cells were fixed in 4% formalin, nucleus-stained with 

hematoxylin, washed with water, and air dried. Cells were photographed using a 

digital camera (Nikon) attached to a dissection microscope (Zeiss). 
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Cells Cells Cel 

Before treatment After treatment 

Figure 1. Wound-healing assay. A549 cells are grown to near confluency on 
culture dishes, wounded using a sterile pipet tip, and washed with PBS prior to 
incubation with ligands for 24 h. Cells are then washed with ice cold PBS, fixed in 
formalin, and nucleur-stained with hematoxylin for imaging with bright field 
microscopy. 
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Cell Migration. 

Cell migration assays were performed using 8 µm-pore Boyden chambers 

from Corning (Figure 2). Briefly, A549 cells were detached using trypsin-free 

HyQtase (HyClone) dissociation solution, resuspended in starvation medium, and 

cells added to the upper chambers (2 x 105 cells/well). Starvation medium 

containing the indicated agonist was added to the lower chambers, and cells 

were incubated at 37°C for 5 h. Where indicated, the antagonist was added to 

cells 30 min before stimulation. Cells that niigrated to the lower surface of the 

filter were fixed with 3. 7% (w/v) paraformaldehyde, stained with 0.5% (w/v) 

crystal violet, and counted with a 400x objective in an Axioskop microscope 

(Zeiss). 
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Bonom charnbe1 

Cells m serum-free medium + • receptor ligand antagonist 

PGE2 

Celts migrate and adhere to bottom of transwell 

Figure 2. Boyden chamber migration assay. A , Cells are placed into Boyden 
chamber to be placed into bottom wells containing serum-free medium, with or 
without agent. B, Cells are incubated at 37°C for 5 h. C, Cells still inside Boyden 
chamers are removed and cells on bottom of filter are fixed D, Bright field 
microscope is used to count five random fields for average migratory cell count. 
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Cell Proliferation. 

Cell proliferation Was determined by counting cells that exclude Trypan 

blue (lnvitrogen) in a hemacytometer. Viable cells have an intact, selective 

plasma membrane that does not allow the dye to be absorbed. Trypan blue will 

traverse the membrane of dead cells. Trypan blue is thus used very commonly in 

microscopy to count viable cells. Equal numbers of cells (5 x 105 cells/well) were 

re-suspended in medium containing indicated agonist or vehicle control (0.01 % 

DMSO) and seeded in 6 well plates. Cells were then detached, resuspended in 

growth medium, aliquots prepared in 1: 1 ratio v/v with 2x Trypan blue, and 

counted in triplicates using the average of four macro-divisions of hemacytometer 

grids. Experiments were performed three times and the average number of cells 

counted after 24 h. A hemacytometer is a glass chamber that is etched by grid of 

rectangular lines, consisting of four large outer squares (OS) with a surface area 

of 1 mm2 and a chamber depth of 0.1 mm measured from the chamber floor to 

the coverslip. Each large outer square holds a specific volume of 100 nl in the 

chamber, allowing for volume-based calculation of concentration (Equation 1 ). All 

numerical data are presented as the mean ± S.E. from three independent 

experiments. 

Concentration/ml = Average OS count x 104 x Dilution factor 

(1) 
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shRNA-induced silencing of protein expression. 

For stable knockdown by short hairpin RNA interference (shRNA), we 

screened five lentiviral DNA expression vectors that contain 21 nucleotide 

shRNA duplexes that target genes of interest (OpenBiosystems). Each transfer 

vector (TRC1: pLKO.1-puro) was co-transfected with equal con·centration of 

helper plasmids VSVG (envelope) and delta 8.9 (packaging vector) ·into producer 

cell line HEK293T cells for packaging of lentiviral particles. Without an shRNA 

insert, pLKO.1-puro vector has a length of 7,052 bp (Figure 3). As a negative 

control, HEK293T cells were transfected with the same concentration of helper 

plasmids and transfer vector containing shRNA against the green fluorescent 

protein (shGFP mature sense sequence: 5'-GCA AGC TGA CCC TGA AGT TCA 

T-3'). FuGENE HD transfection reagent was used for transfection. FuGENE HD 

is a high efficiency, proprietary blend reagent that is lipid-based (lipofection). In 

general, lipofection uses a positively charged cationic liposome to bind negatively 

charged DNA. Liposomes are made of a phospholipid bilayer and can easily 

merge with the plasma membrane of cells with limited cytotoxicity. 

Virus-containing medium from transfected HEK293T cells were collected 

24 h after transfection and mixed with 5.0 mg of polybrene for infection of A549 

cells. Polybrene is a cationic polymer used to increase efficiency of viral infection 

by neutralizing charge repulsion between virus and the cell surface. NIH3T3 cells 

were used for viral titer. HEK293T cells were replenished with fresh medium for 

another 24 h and the medium was collected for second infection with polybrene. 
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Cells were infected for 2 h, and the medium was changed to F12K medium 

containing 10% fetal bovine serum for 48 h before selection with puromycin (5 

µg/ml) using uninfected A549 cells as a selection control. A549 cells were 

maintained in medium containing puromycin (1 µg/ml) until complete removal of 

non-infected cells. Stable cells with optimal, stable knockdown shRNA (greater 

than 50% reduction) were used for experiments. Short hairpin RNA mature sense 

sequence: f3Arrestin1, 5'-TCTCAATTCTTCATCACGTTT-3'; PTGER4 (EP4), 

GTACTGTTTCTGGACCCTTAT. 
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Figure 3. TRC1 .5 vector description. Cppt, Central polypurine tract; hPGK, 
human phosphoglycerate kinase eukaryotic promoter; puroR, puromycin 
resistance gene for mammalian selection; SIN/L TR, 3' self inactivating long 
terminal repeat; f1 ori, f1 origin of replication; ampR, ampicillin resistance gene 
for bacterial selection; pUC ori, pUC origin of replication; 5' L TR, 5' long terminal 
repeat; Psi, RNA packaging signal; RRE, Rev response element; (Sigma-Aldrich 
Vector Maps, 2010). 
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PCR amplification. 

Total RNA was isolated with TRlzol Reagent. TRIZOL Reagent is a 

monophasic solution of phenol and guanidine isothiocyanate. After direct sample 

homog~nization with the reagent, addition of chloroform followed by 

centrifugation separates the solution into an aqueous phase and an organic 

phase. RNA remains exclusively in the aqueous phase and is precipitated with 

isopropyl alcohol, washed in 75% ethanol, and resuspended in RNAse-free 

water. The RNA was reverse-transcribed using lnvitrogen RT-Superscript™ Ill 

kit to generate first-strand cDNA. The kit includes a proprietary reverse 

transcriptase enzyme (SSIII ™), Oligo-dT cDNA primer targeting poly-adenylated 

full-length mRNA, RNAse inhibitor (RNAseOUT™), and reaction buffer 

contain~ng dithiothreitol (DTI) to reduce disulfide bonds in RNAses, MgCl2 for 

polymerase action, and deoxynucleotide triphosphates (dNTPs) for new DNA 

strand nucleotide synthesis. RNA is eliminated after reverse transcription by 

incubation with RNase H (2 LI/reaction) at 37°C for 20 min. DNA oligos used as 

sense and anti-sense primer sequences for the f3Arrestin1, f3Arrestin2, and 

housekeeping gene GAPDH were synthesized via Integrated DNA Technologies 

(IDT). Sequences are as follows: f3Arrestin1 exon 8 (forward GGT AAT AGA TCT 

CCT TAT CC; reverse CCA CAA GCG GAA TIC TGT G), f3Arrestin2 e~on 9 

(forward GTA CTG TCT CAC AGA GAC TIT; reverse GAC AAG GAG CTG TAC 

TAC CA), and GAPDH (forward CAT GGG TGT GAA CCA TGA GAA; reverse 

GGT CAT GAG TCC TIC CAC GAT). See Figure 4. 
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Figure 4. Quantitative real-time PCR. Total RNA is isolated from cells using 
TRlzol reagent. mRNA is reverse transcribed to single-strand cDNA using 
oligodT primers targeting the poly(A) tail of full length transcripts. Residual RNA 
is removed from samples by incubation with RNase H for 20 min at 37°C. First 
strand cDNA is then used to optimize PCR amplification conditions (e.g. 
determine specificity and efficiency of primers). Quantitative real-time PCR is 
performed using optimized conditions and SYBR green dye for detection of 
double stranded DNA products. 
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Statistical Significance 

Paired t-test analysis was used to determine significant difference 

between two sample data (cell proliferation). Multi-group data were analyzed for 

significant differences using analysis of variance (ANOVA) and Bonferroni 

posttest to determine significance. All statistical analyses were performed, and all 

graphs generated, using GraphPad Prism 5.0 (GraphPad). Axis labels were 

created using Adobe Illustrator CS2 (Adobe Systems). 



RESULTS 

PGE2 increases migration of lung adenocarcinoma A549 cells. 

PGE2 regulates cancer cell survival by multiple mechanisms and we 

·asked if it also affects lung cancer cell. migration. Exposure to PGE2 enhanced 

migration of alveolar cell carcinoma A549 cells in a dose-dependent manner 

detectable by both wound-healing (Figure 5) and Boyden chamber migration 

(Figure 6) assays. Under the conditions used in our study, stimulation with 

PGE2 did not appear to significantly impact the rate of A549 cell proliferation in 

comparison to vehicl~-treated cells (Figure 7). It therefore appears that PGE2 

specifically augments the inherent migration character of lung cancer A549 cells. 
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Figure 5. PGE2 increases A549 cell migration: Wound-healing assay. A549 cells 
were serum-starved for 24 h prior to wound. Cells were then washed with PBS 
and incubated with the indicated concentrations of PGE2 (µM) for 24 h. At the 
end of treatment, cells were washed with PBS, fixed in 4% formalin for 10 min, 
washed with PBS, and nucleus stained with hematoxylin for image clarity. 
Images were acquired by digital camera bright field microscopy. Representative 
images of three independent experiments yielding similar results are shown 
above. 
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Figure 6. PGE2 increases A549 cell migration: Boyden chamber assay. Cells 
were washed with PBS, and resuspended in the serum-free medium. 2 x 105 

cells were seeded on Boyden chamber. The chambers were then placed into 
chambers containing the indicated concentrations of PGE2 for 5 h. Experiments 
were repeated three times and 5 fields were randomly selected and used to 
count migrated cells. Data are shown as the average of three independent 
experiments.*, p < 0.05 treated vs non-stimulated control. 
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Figure 7. Effect of PGE2 on cell prolieration. PGE2 does not affect cell 
proliferation. A549 cells were incubated in serum-free medium overnight prior to 
treatment with PGE2 (10 µM) or serum (10%, v/v) medium for 24 h. The number 
of viable cells that exclude trypan blue was counted with a hemocytometer. 
These experiments were repeated three times in duplicate and the data are 
presented as fold increase over vehicle treated control. *, p < 0.05 compared with 
non-stimulated control. 
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EP4 mediates A549 cell migration. 

PGE2 binds to and activates four distinct receptor subtypes named EP1-4. 

Upon activation by PGE2, the EP2 and EP4 couple to heterotrimeric Gs proteins 

that activate adenylate cyclase to produce cyclic AMP. The EP1 and EP3, on the 

other hand, transmit signals via Gq and Gi proteins to transiently increase 

intracellular Ca+2 levels or inhibit adenylate cyclase, respectively. To begin to 

elucidate the mechanisms involved in PGE2-mediated lung cancer cell migration, 

we asked which EP subtype(s) are expressed in the A549 cells and are 

responsible for mediating the cell migration. Using Western blot analysis we were 

able to demonstrate the expression of all four EP subtypes (Figure 8). 

Next, we used selective EP subtype ligand agonists and show that A549 

cells stimulated with EP1/EP3 selective sulprostone or EP2 selective butaprost 

failed to migrate in response to treatment (Figure 9, 10). Distinctly, the selective 

activation of EP4 with PGE1-OH significantly enhanced migration of the A549 

cells as measured by the Boyden chamber (Figure 9) or Wound-healing (Figure 

10) cell migration assays. 
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Figure 8. Expression of EP subtypes. Lung cancer A549 cells express all four EP 
subtype receptors. Two cell lysates were taken from independent harvests and 
analyzed by Western blotting using EP subtype specific antibodies. 
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Figure 9. PGE1-0H promotes the A549 cell migration: Boyden chamber assay. 
Cells were treated, or not, with 1 µM of the indicated selective agonists of the 
cognate EP subtypes for 5 h. Sulprostone (Sulp) is selective for EP1 and EP3, 
butaprost (Buta) is selective for EP2, and PGE 1-0H (POH) is selective for EP4. 
*, p < 0.05 compared to vehicle treatment. 
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Figure 10. PGE1-0H promotes the A549 cell migration: Wound-healing assay. 
Cells were treated, or not, with 1 µM of the indicated selective agonists of the 
cognate EP subtypes for 24 h. 



49 

Since PGE2-mediated activation of EP4 signaling does not necessarily 

exclude activation of the other EPs, we confirmed the selective role of EP4 in the 

PGE2-induced cell migration by using shRNA. A549 cells stably expressing 

shRNA targeting the EP4 gene yielded ~60% reduction in the EP4 protein 

expression (Figure 11 ), and these cells failed to migrate following stimulation with 

either PGE2 or PGE 1-0H (Figure 11 ). The EP4 knockdown did not affect basal 

cell migration, suggesting that EP4 only regulates ligand agonist-mediated A549 

cell migration. 
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Figure 11. EP4 mediates the prostaglandin-induced lung cancer cell migration. 
A549 cells were infected with lentivirus encoding shRNA that specifically targets 
the EP4 or green fluorescence (used as control) genes for 48 h, and selected 
with puromycin. Surviving cells were examined for expression of EP4 protein 
using Western blot analysis. Cells stably expressing shRNA-GFP or shRNA-EP4 
were treated with PGE2 (1 µM) or PGE1-0H (1 µM) for 5 h and cell migration 
was analyzed using the Boyden assay, as described. These experiments were 
repeated three times in duplicate and the data are presented as fold increase 
over non-stimulated cells. *, p < 0.05 vs non-stimulated cells. 



51 

PGE2-induced cell migration is independent of ERK activation. 

Growth factors and cytokines transmit mitogenic signals by activating the 

Ras-extracellular signal regulated kinase 1 and 2 (ERK) signalsome (Sebolt

Leopold & Herrera 2004). The ERK may be activated in response to GPCR 

stimulation, and ERK activity is required for the migration of many cancer cell 

types (Lester, Jo, Campana, & Gonias 2005; Sebolt-Leopold & Herrera 2004). In 

the case of A549 lung cancer cells, PGE2 acts primarily on EP4 to enhance the 

cell migration, and we tested whether treatment with PGE2 could impact the ERK 

activation state. The results show that treatment with either PGE2 (Figure 12) or 

PGE-1 OH (Figure 13) leads to ERK phosphorylation in a biphasic manner 

reminiscent of similar activation patterns seen with ligand-induced stimulation of 

other GPCRs (Ahn et al. 2004). The existence of both rapid and sustained ERK 

activation has been shown in previous studies to be mediated by G protein

dependent and J3Arrestin-dependent pathways, respectively (Ahn & Shenoy et al. 

2004; Wei et al. 2003). Based on this knowledge, we speculated that stimulation 

with PGE2 may promote signaling through both G proteins and J3Arrestin. 
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Figure 12. Prostaglandi~ E2 promotes ERK phosphorylation. PGE2 promotes the 
time-dependent, biphasic phosphorylation of ERK in A549 cells. Cells were 
incubated in starvation medium overnight and treated with PGE2 (1 µM) for the 
indicated times. Cell monolayers were washed once with ice-cold PBS, lysed 
with RIPA buffer, and analyzed by Western blotting using anti-phospho-ERK1/2 
antibody. The same filter was also analyzed for expression of total ERK2 to 
control for equal protein loading in each lane. 
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Figure 13. PGE1-0H promotes ERK phosphorylation. PGE1-0H promotes the 
time-dependent, biphasic phosphorylation of ERK in A549 cells. Cells were 
incubated in starvation medium overnight and treated with (POH) PGE1-0H (1 
µM) for the indicated times. Cell monolayers were washed once with ice-cold 
PBS, lysed with RIPA buffer, and analyzed· by Western blotting using anti
phospho-ERK1/2 antibodies. The same filter was also analyzed for expression of 
total ERK2 to control for equal protein loading -in each lane. B, Percent of 
phosphorylation shown in panel A was quantified by band densitometry 
(pERK1/2 normalized to ERK2) using NIH lmageJ software. 
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To determine if PGE2-induced ERK activation is responsible for the A549 

cell migration we used PD98059, a small molecule MEK inhibitor, to suppress 

ERK phosphorylation. Pretreatment with the PD98059 for 30 min inhibited the 

PGE2-induced ERK phosphorylation and basal level of cell migration (Figure 

14A), but failed to impact the PGE2-mediated cell migration (Figure 148). 

Together, these results indicate that the activation of ERK by PGE2 stimulation 

does not play a significant role in the lung cancer cell migration. 
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Figure 14. PGE2-mediated cell migration is independent of ERK activation. A, 
PD98059 inhibits the PGE2-mediated ERK phosphorylation. Cells were 
incubated in starvation medium overnight and resuspended in medium containing 
either vehicle or the indicated concentrations of PD98059 ( +, 10 µM ; ++, 20 µM) 
for 30 min prior to treatment, or not, with PGE2 (1 µM) for 10 min. ERK 
phosphorylation was determined as described· above. B, Activated ERK does not 
imp_act the PGE2-mediated lung cancer cell migration._ A549 cells were 
pretreated with PD98059 (20 µM) for 30 min and analyzed for cell migration 
using the Boyden chamber assay. These experiments were repeated three times 
in duplicate and the data are presented as fold-increase over vehicle-treated 
control. *, p < 0.05 compared with vehicle control. 
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PGE2 induces cell migration via (3Arrestin1 and Src activation. 

The cellular Src (c-Src) tyrosine kinase has well-established roles in the 

progression of many different human cancers (Arias-.Romero et al. 2009; Di 

Florio et al. 2007; Resh 2008; Zhu, Bjorge, & Fujita 2007). In particular, an 

increase in c-Src protein levels and/or tyrosine kinase activity has been 

demonstrated to promote the tumor cell metastasis, while inhibition of c-Src 

activation leads to decreased tumor cell migration and invasion. Our results show 

that stimulation with PGE2 promotes the latent ERK phosphorylation (Figure 12) 

that is likely mediated through (3Arrestin-dependent signals (Ahn & Shenoy et al. 

2004; Shenoy et al. 2006), and we have previously reported that J3Arrestin1 

directly interacts with c-Src and increases the c-Src tyrosine kinase activity 

(Luttrell et al. 1999). We show here that PGE2 treatment similarly causes an 

increase in c-Src tyrosine phosphorylation in a time dependent manner in the 

A549 lung adenocarcinoma cells (Figure 15). Importantly, blockade of c-Src 

activation by pre-treatment with the small molecule c-Src inhibitor PP2 

completely (Figure 16) abolished ability of PGE2 to promote the cell migration 

(Figure 17, 18). 
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Figure 15. PGE2 prornotes c-Src tyrosine phosphorylation. A549 cells were 
incubated in starvation medium overnight prior to treatment with PGE2 (1 µM) for 
the indicated times or with EGF (10 ng/mL) for 5 min. One mg of total protein was 
used for immunoprecipitation with anti-c-Src antibody. lmmunoprecipitates were 
washed, separated on SDS-PAGE and analyzed. by Western blotting with anti
phospho-tyrosine (clone 4G10) antibody (top). Total cell lysates were probed with 
anti-c-Src antibody to demonstrate equal input (bottom). 
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Figure 16. PGE2 enhanced c-Src tyrosine phosphorylation is inhibited by pre
treatment with c-Src inhibitor PP2 (protein phosphatase 2). Cells were incubated 
in starvation medium overnight and pretreated with PP2 at the indicated 
concentrations for 30 min prior to treatment with PGE2 (1 µ~) for 5 min. 
lmmunoprecipitates were probed for tyrosine phosphorylation of c-Src (upper 
panel). Total cell lysates were probed with anti-c-Src .antibody to demonstrate 
equal input (bottom). 



PlP2 

+ 

PGE2 (1 pM) 
:':;:i_1"' :,, .~ ~ • ·; .. ~~} 
.!-• '...:.." . .,. 
7•, • ... ~ .,. ~- ... 

-~ ~>~~ i, . 
\a .. '- .. '"' ...... "" '( .. ,. .. . ' . , . 

..-! • ... j, ,: ... ,,. . .,. ~ . ... . . 
. : J : ~ 

,•, ~- .. -~.;: . . .. 
\ 

},• 

59 

Figure 17. PP2 inhibits A549 cell migration: Wound-healing. A549 cells were 
pretreated with or without PP2 (10 µM) for 30 min prior to treatment with PGE2 at 
the indicated concentrations for 24 h, and then the cells were analyzed for 
migration using the Wound-healing assay. 
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Figure 18. PP2 inhibits cell migration: Boyden chamber. A549 cells were 
pretreated with PP2 (10 µM) for 30 min prior to treatment with PGE2 or EGF (10 
ng/ml) for 5 h. Experiments were repeated three times in duplicate and data are _ 
presented as fold-increase over non-treated samples.*, p < 0.05. 
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. These results show that activation of c-Src by PGE2 is critical for the 

migration of lung cancer A549 cells. Desensitization of GPCR signaling occurs in 

a stepwise manner that involves phosphorylation of the agonist-bound receptor 

by GPCR kinases (GRKs) and subsequent binding of (3Arrestins to the receptor. 

With (3Arrestins bound, the GPCRs are physically uncoupled from further 

interaction with G proteins. In addition to desensitization, the (3Arrestins can act 

as scaffolds for a diverse array of signaling pathways and are increasingly 

becoming appreciated as critical regulators of directed cell chemotaxis and 

migration (DeFea 2007). Hence, we established if (3Arrestin1 plays a role in the 

PGE2-induced migration of the lu~g cancer A549 cells. First, we documented 

expression of the (3Arrestin1 gene and protein (Figure 19) in these cells. Next, we 

used a lentiviral shRNA delivery system to create a stable A549 cell line with 

reduced (3Arrestin1 expression (Figure 19B). 
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Figure 19. pArrestin 1 gene and protein is expressed in A549 cells. A, Total RNA 
was isolated using the TRlzol method and reverse transcribed for PCR 
amplification using specific primers for pArrestin1, pArrestin2, and GAPDH. A549 
cells were infected with lentivirus encoding shRNA that specifically targets 
pArrestin1 (shpArr1) or green fluorescence (shGFP) gene. B, Cells were 
examined for expression of pArrestin1 (top band) using Western blot analysis. 
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Having shown thc;it c-Src activation is required for the PGE2-induced cell 

migration and taking into consideration previous knowledge that J3Arrestin1 

impacts c-Src activation, we tested the effect of J3Arrestin·1 knockdown on c-Src 

activation in the A549 cells. Our results show that the knockdown of J3Arrestin1 

expression attenuates the PGE2-induced tyrosine phosphorylation of c-Src 

(Figure 20) and significantly suppresses the cancer cell migration (Figure 21 ). 

Based on previous studies, knockdown of J3Arrestin1 may also impact EGF 

stimulated c-Src activation, but is irrelevant to this study and so this was not 

tested. Collectively, these results indicate that J3Arrestin1 is essential for the 

PGE2-mediated activation of c-Src and lung cancer cell migration. 
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Figure 20. l3Arrestin1 mediates the PGE2-induced activation of c-Src. A549-
shGFP and A549-shl3Arr1 cells were incubated in starvation medium and treated 
with the indicated concentrations of PGE2 or with EGF (10 ng/ml) for 5 min 
(EGF was just used as a positive control for c-Src activation as measured by 
tyrosine phosphorylation). lmmunoprecipitates were probed for tyrosine 
phosphorylation of c-Src (upper panel). Total cell lysates were probed with anti-c
Src antibody (lower panel) to demonstrate the equal protein loading. 
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Figure 21. pArrestin1 mediates PGE2-induced migration in A549 cells. Cells 
were incubated in starvation medium overnight and treated with PGE2 (1 µM) in 
Boyden chamber (5 h). These experiments were repeated three times in 
duplicate and the data are presented as fold over vehicle treated control. *, p < 
0.05 compared with control. 



DISCUSSION 

, COX-2 expression is. increased in human lung cancer tissues (Ochiai, 

Oguri, lsobe, lshioka, & Yamakido 1999) and COX-2 is a principal enzyme in the 

biosynthesis of the cytokines prostaglandins, including PGE2 (Vane et al. 1998). 

Under physiologic conditions, PGE2 activates four cognate receptors that are 

collectively involved in the regulation of cellular homeostasis. However, 

uncontrolled signaling by the PGE2 receptors has been implicated in the initiation 

and progression of several human diseases including cancer, but the 

mechanisms involved remain to be uncovered. In this study, evidence is 

presented to show that PGE2 activates its cognate EP4 receptor to induce 

migration of lung cancer A549 cells by activating c-Src through a mechanism that 

involves the adaptor protein ~Arrestin1. 

The nature and magnitude of receptor-induced signals are directly linked 

to the production and availability of ligand agonists. The production of 

prostanoids is initiated by cytosolic phospholipase A2-mediated release of 

arachidonic acid from phospholipids (Vane et al. 1998). The liberat~d arachidonic 

acid can be oxygenated via the cyclic prostaglandin synthase COX-2 pathway 

into intermediary lipids that are converted into individual prostaglandins by 

respective synthases. Significantly, several types of human cancers express 
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elevated levels of COX-2 and data demonstrate protective effects of 

pharmacologic COX-2 inhibitors in preventing tumor induction as well as 

inhibiting tumor growth, providing rationale to use COX-2 inhibitors as cancer 

therapeutics. However, long-term clinical use of selective COX-2 inhibitors has 

been questioned due to associated health risks (FitzGerald 2004; Graham 2006; 

Lenzer 2005). Here we showed that the COX-2 product PGE2, whose own 

expression is elevated in human cancers, is efficient at inducing lung cancer cell 

migration. These results suggest that the specific targeting of PGE2 signals may 

provide a way to harness the beneficial effects of inhibiting COX-2 activity (i.e. 

limit tumor induction and growth) but circumvent the COX-2 inhibitor-associated 

unwanted health risks. 

Over the past couple of decades it has become evident that GPCRs, like 

those activated by PGE2, may elicit mitogenic responses at least in part by 

activating the ERK mitogen-activated protein kinase cascades. Elucidation of the 

numerous protein interactions that regulate ERK activation has made ERK one of 

the best-characterized growth factor-mediated signaling pathways, and ERK 

remains a key target of cancer trecttment (Sebolt-Leopold & Herrera 2004). 

Different classes of G proteins includihg Gs, Gi, and Gq mediate the ERK 

activation by PGE2 receptors. Our results show that all four _EP subtypes 

transduce signals to activate ERK in the lung cancer A549 cells (using PGE2, 

sulprostone, butaprost, or PGE1-OH), but activated ERK does not impact the 

PGE2-mediated cell migration. Since activation of each EP with either its 
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selective agonist or with PGE2 can increase the ERK phosphorylation, and only 

EP4 activation can increase cell migration, we deduce the selective importance 

of the PGE2-EP4 axis for the lung cancer cells migration. These results provide 

rationale for the blockade of EP4 signaling with specific ligand antagonist as a 

therapeutic modality to interfere with lung cancer progression. 

The classical signal transduction from GPCR to G proteins is rapidly 

desensitized in a highly conserved process that involves phosphorylation of 

agonist-occupied receptpr by a GRK. The GRKs phosphorylate residues in the 

intracellular loop and carboxyl tail of the receptor leading to the recruitment of 

cytosolic proteins called pArrestins to the receptor. The binding of pArrestins to 

GRK-phosphorylated receptors sterically hinders receptor-induced G pro~ein 

activation. Although the pArrestins inhibit the receptor-mediated G protein 

activation, they may also mediate G protein-independent signals (Ahn & Shenoy 

et al. 2004; Shenoy et al. 2006; Wei et al. 2003). This can be explained in part by 

the knowledge that pArrestins are multi-functional proteins that in addition to their 

classical roles as GPCR desensitizing molecules can act as scaffold and adaptor 

proteins that facilitate a growing number of signaling events. For example, 

pArrestin1 mediates the P2-adrenergic receptor-induced activation of c-Src by 

forming a receptor-anchored signalsome containing pArrestin1 and c-Src (Luttrell 

et al. 1999). In this study, we show that PGE2 promotes the c-Src activation via 

EP4, providing rationale for its use as a therapeutic target to treat patients with 

advanced lung cancer. 



SUMMARY 

Many human cancers express elevated levels of COX-2, an enzyme 

responsible for the biosynthesis of prostaglandins. Available clinical data 

establish a protective effect of COX-2 inhibition on human cancer progression. 

However, despite these encouraging outcomes, the appearance of unwanted 

side, effects remains a major hurdle for the general application of COX-2 

inhibitors as effective cancer drugs. Hence, a better understanding of the 

molecular signals downstream of COX-2 is needed for the elucidation of drug 

targets that may improve outcomes of cancer therapy. 

Here we show that the COX-2 product PGE2 acts on cognate receptor 

EP4 to promote migration of lung cancer cells. Treatment with PGE2 enhances 

tyrosine kinase c-Src activation, and blockade of c-Src activity represses the 

PGE2-mediated lung cancer cell migration. PGE2 affects target cells by 

activating four receptors named EP1-4. Use of EP subtype-selective ligand 

agonists suggested that EP4 mediates the prostaglandin-induced lung cancer 

cell migration, and this conclusion was confirmed using shRNA approach to 

specifically knockdown the EP4 expression. Proximal EP4 effectors include 

heterotrimeric Gs and (3Arrestin proteins. Knockdown of (3Arrestin 1 expression 

with shRNA significantly impaired the PGE2-induced c-Src activation and cell 
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migration. Together, these results support the idea that increased expression of 

COX-2 and its product PGE2 in the lung tumor microenvironment initiates a 

mitogenic signaling cascade composed of EP4, J3Arrestin1 and c-Src that, in turn, 

mediate the cancer cell migration. The selective targeting of EP4 with ligand 

antagonists may provide an efficient approach to better manage patients with 

advanced lung cancer. 



CHAPTER2 

INTRODUCTION 

Statement of the problem 

Limited success of cancer therapeutics is largely attributed to the ability of 

cancers to become resistant to current treatments. Further identification of 
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mo·l~eules that influence tumorigenesis is therefore needed to increase the 

overqll therapeutic options. We showed in the previous chapter that ~Arrestin 1 

modulates EP4-mediated cancer cell migration. Like ~Arrestins, the G protein

coup:led -receptor kinases (GRKs), originally recognized for their conserved role in 

GRC,R desensitization, have now emerged as regulators of additional molecules 
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Review of Related Literature 

2.1 Prostate cancer and androgen receptor 

Prostate cancer is a leading cause of male cancer death in the United 

States. In 1941, Huggins and Hodges found that reducing serum testosterone 

levels by orchiectomy or treatment with high doses of estrogen induce prostate 

cancer regression. This work formed · a foundation for the hypothesis that 

testosterone plays a major role in prostate cancer. Indeed, androgen receptor 

(AR) plays important roles in the normal growth, development, and function of the 

prostate gland. Treatment of prostate cancer centers on therapies that aim to 

reduce serum levels of androgen and/or antagonize AR signals. Current 

treatment for early stage cancer that is still localized, involves radical 

prostatectomy, radiation, or even active surveillance (Feldman, B & Feldman, D 

2001). Once the tumor has advanced, the standard protocol is to reduce 

circulating testosterone levels in the serum by using gonadotropin-releasing 

hormone (GnRH) or luteinizing-hormone releasing hormone (LHRH) in 

combination with anti-androgens or to surgically remove the glands that produce 

testosterone, namely the testes. GnRH is a neurohormone that is released from 

the hypothalamus and secreted into the bloodstream where it is circulated to the 

pituitary glands. In males, GnRH then stimulates the pituitary to produce 

gonadotropins, which travel to the testicles to stimulate the production of 

testosterone. Continuous stimulation of the pituitary glands with GnRH agonists 

works by reducing testosterone to castrate levels via negative feedback. LHRH 
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agonists essentially deplete the pituitary hormone and downregulate pituitary 

LHRH receptors, rendering the pituitary nonresponsive to further stimulation by 

LHRH. A major disadvantage of LHRH agonists is that there is a testosterone 

surge that occurs after initial injection of LHRH agonists which can cause tumor 

flare in up to 63% of patients with advanced disease (Crawford & Hou 2009). 

Androgen levels are maintained in men by either the production of 

testicular testosterone or conversion to dihydrotestosterone (DHT) by 5a.

reductase. Androgens primarily act by binding to the AR, a ligand controlled 

transcription factor, to induce the receptor to dimerize. AR is then translocated to 

the nucleus where it binds to androgen response elements (AREs) within the 

promoter of target genes, such as the prostate-specific antigen (PSA). Several 

co-activator and co-suppressor proteins regulate the transcriptional activity of the 

AR in the nucleus by serving to either bridge or inhibit receptor activity at 

transcription pre-initiation complexes. The expression of several genes found 

altered in prostate cancer progression is controlled by AR transcriptional activity, 

including sterol-regulatory-element binding proteins (SREPBs), cellular caspase-

8-like inhibitory protein (cFLIP), human protease-ac~ivated receptor-1 (hPAR-1), 

fibroblast growth factor 8 (FGF8), and cyclin-dependent kinase inhibitor p21, just 

to name a few (Hsieh, Small, & Ryan 2007; Lu, Liu, Epner, Tsai, & Tsai 1999; 

Salah et al.· 2005). 

Although anti-androgen treatment is initially effective, this mode of therapy 

eventually fails when androgen dependent tumor cells eventually become 
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hormone refractory. Five mechanisms to describe how prostate cancer cells 

become androgen-insensitive have been described (Chen et al. 2009). Three of 

these proposed mechanisms, namely hypersensitive, promiscuous, and outlaw 

pathways, require the presence of the AR. As the name suggests, the 

hypersensitive pathway is thought to occur when prostate cancer cells become 

"hypersensitive" to androgens and respond to castrate levels of androgen. 

Increased AR expression or production of DHT has been proposed as possible 

mechanisms. The "promiscuous" pathway suggests that genetic mutations of the · 

AR may allow the receptor to be activated by ligands other than DHT, including 

anti-androgens. Finally, the "outlaw" pathway suggests that distinct pathways, in 

response to anti-androgen therapy, lead to phosphorylation of AR, a post

translational modification thought fo increase its activity (Van Laar, Bolt-de Vries, 

Zegers, Trapman, & Brinkmann 1990). 

It has also been hypothesized that a distinct population of AR-independent 

cells may already be present in the initial cancer. Hence there may be no 

progression from androgen-dependence to independence and instead a 

selection occurs whereby anti-androgen treatment kills only the preexisting 

androgen-dependent population (Patterson, Balducci, & Pow-Sang 2002). Others 

suggest that progression to androgen insensitivity does not actually require the 

androgen receptor. These -AR-independent prostate cancers, unlike androgen

independent cancer, do not require the activity or presence of AR to grow and 

survive. Indeed, several AR-independent prostate cancer cells have been 
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characterized. Given the heterogeneity and complexity of prostate cancer, an AR 

centered approach may be limiting in scope. The role of other molecules in 

prostate cancer progression should not be overlooked since other carcinogenic 

pathways, either in addition to or independent of androgen and androgen 

receptor activity, can nevertheless play indispensable roles in prostate cancer. 
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2.2 GPCRs and cancer 

Available evidence established a role for GPCRs in cancer with the 

general observation that aberrant activation or overexpression of GPCRs 

correlates with an increase in cancer cell proliferation, tumor growth, 

angiogenesis, and metastasis. Indeed, many GPCR pathways have been linked 

to human cancer progression including, but not limited to, PGE2, chemokine, IL8, 

SDF-1 (~tromal derived factor 1 ), LPA (lysophosphatidic acid), endothelin, GRP 

(gastrin-releasing peptide), and bradykinin receptors and/or associated ligands 

(Daaka 2004; Dorsam & Gutkind 2007). Transition of prostate cancer to 

androgen independence is often associated with increased expression of GPCR 

localization at the cell surface and elevated levels of GPCR ligands (Daaka 

2004). 

Many studies have linked GPCR and cancer with its roles in inflammation, 

metastasis, and angiogenesis. For example, COX-2, PGE2, and PGE2 receptors 

have all been shown to be elevated in many types of cancers, and treatment with 

non-steroidal anti-inflammatory drugs (NSAIDs) that inhibit COX-2 has shown 

promise in reducing cancer risk and incidence. COX-2 upregulation and 

increased PGE2 production has also been shown to promote extracellular matrix 

degradation and cancer cell invasion by increasing AP1-dependent transcription 

and expression of metalloproteinases (Dohadwala et al. 2002; Ito et al. 2004). 

Additionally, proinflammatory chemokine receptors that direct migration of 

leukocytes to inflammatory sites are often found aberrantly expressed in cancer 
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cells that metastasize to secondary organs that release chemokines (Dorsam & 

Gutkind 2007). According to prevailing theory, the G protein-coupled chemokine 

receptors (e.g. CXCR4) are upregulated in tumor cells and activated in an 

autocrine and paracrine fashion via the chemokines (e.g. CXCR4 selective ligand 

SDF-1) released to the tumor microenvironment by regional stromal cells, 

macrophages, and leukocytes, resulting in increased cell motility and spread 

(Balkwill 2004; Dorsam & Gutkind 2007; Muller et al. 2001; Staller et al. 2003) .. 

As solid tumors increase their demand for oxygen and nutrients to grow, 

the number of nearby vessels necessary for diffusion initially limits their growth 

and causes necrosis of the tumor's inner core cells. Cells in these deprived 

conditions must therefore adapt and survive by becoming more vascularized via 

angiogenesis. Angiogenesis (growth of new blood vessels) requires a number of 

events for productive blood vessel formation, such as degradation of the 

extracellular matrices, disruption of cell-cell adhesion in the endothelial 

monolayer, increased cell permeability, endothelial cell proliferation, survival, and 

migration to the tumor site (Richard, Vouret-Craviari, & Pouyssegur 2001). 

Oxygen-deprived (hypoxic) conditions promote stabilization of hypoxia-inducible 

factor-1a. (HIF-1a.), leading to upregulation of SDF-1 and pro-angiogenic vascular 

endqthelial growth factors, VEGF (Zagzag et al. 2005; Zagzag et al. 2006). 

Additional elevation of VEGF in the tumor microenvironment. is achieved by 

production of other chemokines (CCL2, CCL5, interleukin-8) that recruit 

leukocytes and macrophages to the tumor for VEGF and other angiogenic factor 
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rele~se (Dorsam & Gutkind 2007). The exact downstream molecular 

mechanisms that govern the contribution of individual GPCRs to angiogenesis 

have yet to be resolved, but are thought to involve coordination with other 

angiogenic and proinflammatory factor. 
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2.3 G protein-coupled .receptor kinases - GRKs 

2. 3. 1 Overview of function and structure 

GRKs primarily desensitize activated GPCRs by phosphorylating residues 

on intracellular domains of the receptor, resulting in J3Arrestin recruitment and 

displacement of G protein signaling. There are currently seven known GRKs that 

can be categorized into three classes based on sequence homology and 

function: (a) visual GRK subfamily: GRK1 and GRK7, expressed in the retina, (b) 

~-adrenergic receptor subfamily: GRK2 and GRK3, ubiquitously expressed and 

(c) GRK4 subfamily: GRK4, GRK5, and GRK6, ubiquitously expressed with the 

exception of GRK4 that is found mostly in the testes, cerebellum, and kidney. 

The GRKs share a common general structure and all contain a well-conserved 

central kinase domain, a variable carboxyl-terminal domain, and an N-terminal 

domain. As such, the GRKs share some characteristic functions and possess the 

ability to phosphorylate and desensitize GPCRs. GRK activity can also be 

regulated by post-translational modifications such as phosphorylation, S

nittosylation, palmitoylation, leading to distinct protein~protein interactions and 

subcellular localization. 

Representative of two different GRK subfamilies, GRK2 and GRK5 have 

several noteworthy structural and functional differences. The carboxyl terminal 

· domain is the most variable of the three domains, and is largely responsible for 

the subcellular localization and agonist dependent translocation of GRKs. A 

noticeable difference in their C-terminal domains is that while both GRK2 
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contains a PH domain to associate with plasma membrane phospholipids and 

dissociated Gpy subunits, GRK5 does not (Ribas et al. 2007). Instead, GRK5 is 

thought to interact with the membrane and phospholipids through the PIP2 

binding domain that is located in the N-terminal domain (Pitcher et al. 1996). An 

amphipathic helix membrane-binding domain in the C-terminus of GRK5 is also 

thought to be important for proper membrane localization. In addition, GRK2 but 

not GRK5, binds the Ga and Gpy subunit in the regulator of G protein signaling 

homology (RH) domain (Day, Wedegaertner, & Benovic 2004; Pei, Tiberi, Caron, 

Lefkowitz 1994; Ribas et al. 2007). Through a mechanism that is still poorly 

understood, binding of the Gpy subunit to this particular site appears to facilitate 

GRK2 kinase activation. For example, phosphorylation of GRK2 by MAPK at 

Ser670 inhibits Gpy binding and concomitantly inhibits GRK2 kinase activity. 

Conversely, phosphorylation at Ser685 by PKA increases Gpy binding and in 

tandem increases GRK2 kinase activity (Murthy, Mahavadi, Huang, Zhou, & 

Sriwai 2008; Pitcher, Tesmer, Freeman, Capel, Stone, & Lefkowitz 1999). On the 

1. . 

other hand, GRK5 is not known to be phosphorylated by PKA and is instead 

phosphorylated by PKC at its C-terminus, which inhibits its catalytic activity 

(Pronin & Benovic 1997). Another notable difference of GRK5 that distinguishes 

it from other GRK subfamilies is that it contains a nuclear localization sequence 

(Johnson, Scott, & Pitcher 2004), lending the idea that these kinases may access 

a unique subcellular pool of potential substrates. Indeed, novel nuclear and 
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cellular substrates for GRK5 have recently been identified, as will be discussed in 

section 2.4. 

2.3.2 GRKs and human disease 

Given central roles of GPCRs in a large number of human physiological 

processes it may not be a surprise that GRKs, as mediators of GPCR 

desensitization, are likewise important regulators of physiological responses and 

pathophysiology. The best established of these functions have been described in 

the context of embryogenesis, cardiovascular systems, neurological behaviors, 

as well as inflammation. As early as 1996, it was shown that germline GRK2 

knockout causes developmental arrest and embryonic lethality (Jaber et al. 

1996). Although originally thought to be a result of developmental flaws of the 

heart, later studies using conditional cardiac-specific GRK2 knockout mice have 

revealed that there is actually no primary effect on cardiac development per se, 

suggesting instead a broader role for GRK2 in development and embryogenesis 

(Dorn 2009; Matkovich 2006 et al.). Indeed, recent zebrafish studies have 

revealed GRK2 as an essential component of early zebrafish embryonic 

development, mechanistically independent of GRK2 kinase activity (Jiang, Yang, 

& M~ 2009). Some of the characterized phenotypes of GRK isoform knockout 

mice are shown (Table 2). 
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Table II. GRK isoform knockout phenotypes (Premont & Gainetdinov 2007). 

lsoform Knockout phenotype 

Embryonic lethal; thin myocardium syndrome in embryos, enhanced 
basal adrenergic responses in cardiac fucnti-on in adult 
heterozygotes; altered progression of experimental autoimmune 

GRK2 encephalomyelitis 

Lack of olfactory receptor desensitization; altered M2 muscarinic 
airway regulation; blunted kappa-opioid receptor-mediated tolerance 
in spinal analgesia test; dis.rupted tolerance to the anfinociceptive 

GRK3 effects of fentanyl but not morphine. 

GRK4 Normal fertmtv and sperm function; No obvious phenotype. 

Altered central and lung M2 muscarinic receptor regulation, with 
GRK5 normal heart M2 receptor regulation. 

Altered central dopamine receptor regulation; deficient lymphocyte 
chemotaxis. lncreased acute inflammation and neutrophil 

GRK6 . chemotaxis. 
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Heart rate is regulated by activation of muscarinic and adrenergic 

receptors, vascular tone by angiotensin and bradykinin receptors,' and kidney 

fluid balance by angiotensin, vasopressin, and dopamine receptors. As such, 

aberrant GPCR activation contributes to several conditions including heart 

failure, hypertension, and ischemic heart disease (Rengo, Lymperopoulos, & 

Koch 2009). Pharmacological inhibition of these cardiac receptor-mediated 

signals has become the foundation for treatment of many cardiovascular 

disorders (Salazar, Chen, & Rockman 2007). A larger part of correlation studies 

have pointed to a role for GRK2, GRK3, and GRK5 in several GPCR-mediated 

cardiac responses. For example, a study of patients suffering from left ventricular 

volume overload reveal~d an association of higher lymphocyte mRNA and 

protein levels of GRK2, GRK3, GRK5, and J3Arrestin 2 with diminished J32-

adrenergic receptor signaling (Dzimiri, Basco, Moorji, Afrane, & Al-Halees 2002). 

One of the most important intermediaries that govern cardiac function is J3-

adrenergic receptor (J3AR) tone, which is largely regulated by catecholamines 

such as epinephrine that activate J3adrenergic receptors (Dorn 2009). Physical or 

mental stress such as fear can prompt the release of catecholamines by the 

adrenal glands or sympathetic neurons, activating the adrenergic receptors. This 

ultimately increases ventricular ejection, heart rate, and cardiac output to meet 

the body's new demands until catecholamine production is decreased by a 

negative feedback loop. Unremitting J3AR stimulation on the other hand is 

primarily diminished by GRK-mediated receptor phosphorylation and 
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desensitization, resulting in catecholamine unresponsiveness even- in the 

presence of the ligands. Both GRK2 and GRK5 are expressed in the heart and 

desensitize J3AR responsiveness to ligand stimulation (laccarino et al. 2005; 

Koch et al. 1995; Kunapuli & Benovic 1993; Rockman, Choi, Rahman, Akhter, 

Lefkowitz, & Koch 1996). In fact, several studies have shown that upregulation 

of GRK2 expression or activity may contribute to heart failure as a result of 

diminished J3adrenergic responsiveness (Hata et al. 2006; Oyama et al. 2006; 

Ungerer et al. 1994). Studies using GRK2 carboxyl terminal peptide analogs 

(GRKct) to compete with endogenous GRK2 receptor desensitization have also 

found that transgenic expression of GRKct in the hearts of mice improved their 

cardiac performance (Rockman et al. 1998; White, Hata, Shah, Glower, 

Lefkowitz, & Koch 2000; Williams et al. 2004). Later studies have clarified this as 

a GRK2-inhibiton specific effect (Ra·ake et al. 2008). Pharmacological blockade 

of J3ARs using J3-blocker therapies results in a paradoxical improvement in 

ventricular function in failing human hearts by eventually restoring catecholamine 

responsiveness. In addition to GRK2, GRK5 impacts J3AR function (Tran, 

Jorgensen, & Clark 2007) and a recent study revealed that a G~K5 

polymorphism Leu41 common in African Americans (40% prevalence) efficiently 

inhibits J3AR responses similar to J3-blocker treatments, and correlates with 

cardioprotection and decreased mortality in patients with heart failure (Liggett et 

al., 2008). These studies, in combination with other physiological roles defined 
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for GRKs, highlight the importance of improving our understanding of GRK 

functions in human pathophysiologic states. 

2.4 Perspective 

A growing number of studies have revealed that GRK function is not just 

limited to GPCR phosphorylation and desensitization. Identification of non-GPCR 

interacting proteins have diversified GRK's portfolio since their discovery, 

including calcium-calmodulin (Pronin, Satpaev, Slepak, & Benovic 1997), 

caveolin (Carman, Lisanti, & Benovic 1999), Galpha-q/11 (Carman et al. 1999; 

Usui et al. 2000), tubulin (Carman, Som, Kim, Benovic 1998), synuclein (Pronin, 

Morris, Surguchov, & Benovic 2000), PKC (Krasel, Dammeier, Winstel, 

Brockmann, Mischak, & Lohse 2001), heat shock protein Hsp90 (Luo & Benovic 

2003), actin (Freeman, De La Cruz, Pollard, Lefkowitz, & Pitcher 1998), ADP

ribosylation factor GTP~se activating protein GIT1 (Premont et al. 1998), and 

Pl3-K (Naga Prasad, Barak, Rapacciuolo, Caron, & Rc;>ckman 2002). Importantly, 

several newfound roles of GRKs in selectivity of growth signaling have hinted at 

their potential roles in cancer (Kim et al 2005; Ren, Reiter, Ahn, Kim, Chen, 

Lefkowitz 2005; Rubino et al 2006; Zidar, Violin, Whalen, Lefkowitz 2009). 

Few studies have analyzed GRK expression in cancers, and the small 

sample size has limited conclusiveness (King et al. 2003; Metaye T, Levillain P, 

Kraimps JL, Perdrisot R 2002). Recent studies have elucidated novel GRK 

substrates that are well established in human cancers, such as low density 
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lipoprotein receptor LRP6 (Chen & Philipp et al. 2009). Altered Wnt/LRP5/LRP6 

signaling is associated with many human cancers, especially prostatic tumor 

growth and bone metastasis (Bilic et al. 2007; Li, Lu, He, Schwartz, & Bu 2004; 

Liu, Bafico, Harris, & Aaronson 2003; Liu, Prior, Piwnica-Worms, & Bu 201 0; 

Robinson, Zylstra, & Williams 2008). A recently published study showed that Wnt 

receptor LRP6 is phosphorylated by GRK5, which is required for Wnt signaling, 

and functional silencing of GRK5 mimics LRP6 knockdown (2009). New studies 

have revealed an even more direct function in cancer showing that GRK5, but 

not GRK2 or GRK6, directly phosphorylates the prototypical tumor suppressor 

p53 to promote its degradation and inhibition of irradiation-induced apoptosis in 

osteosarcoma cells (Chen, Zhu, Yuan, Fu, Zhou, & Ma 2010). In addition, a 

lentiviral RNAi library targeting 1,028 human genes (using five shRNAs for each 

gene) recently identified that knockdown of GRK5 caused a significant increase 

of cells in mitosis, suggestive of G2/M arrest (Moffat et al. 2006). These studies 

collectively suggest a role for GRK5 in cell cycle control, a major component of 

cancer progression (Giono & Manfredi 2006; Park & Lee 2003; Sommer 2004). 

Further insight into GRK5's functional role in cancer progression (e.g. cellular 

roles in the context of other cancers, regulation of tumor growth) may provide 

important clues for the future elucidation of molecular mechanisms involved and 

help identify drug targets to more efficiently treat the advanced disease. 



MATERIALS AND METHODS 

Protein expression 

Western blot analysis was used to determine relative protein expression. 

Human AR-independent prostate carcinoma cell line DU145 were grown in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 1 % Streptomycin-Penicillin; Androgen-sensitive prostate 

adenoGarcinoma cell line LNCaP grown in RPMl1640 supplemented with 10% 

FBS, 1 % Streptomy~in-Penicillin; and AR-negative prostate carcinoma cell line 

PC3 grown in F12K (modified Ham's F12) medium supplemented with 10% FBS, 

1 % Streptomycin-Penicillin. Cells that have reached 70-80% confluency were 

w~shed once with ice cold 1x PBS, lysed in buffer (as described in Chapter 1 

Materials and Methods), and harvested for protein fractionation by SOS-PAGE. 

Blots were incubated in blocking buffer (4% BSA-TBST) for 1 h followed by 2 h 

irycubation with primary antibody (1 :1000, (v/v) blocking buffer). lmmunoblots 

were washed in 1x TBST three times (5 min), incubated with anti-rabbit or anti

mouse (primary antibody host) for 1 h, washed, and protein signal 

autoradiographed on film by EGL-substrate detection system. 

87 
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Real-time quantitative PCR 

First strand cDNA was synthesized as described in Chapter 1 (Fig. 4). 

Product amplification and SYBR Green I signal detection was performed using 

Bio-Rad iQ5 thermal iCycler detection system. SYBR Green 1 is a cyanine dye 

that preferentially binds double stranded DNA and forms a complex that absorbs 

blue light (Amax = 488 nm) and emits green light (Amax = 522 nm). Primer 

sequences for amplicons were used as described (Table 3). All experiments 

were repeated at least three times and Bio-Rad iQS system software used for 

gene pool quantification and statistical analysis. Relative gene level calculation is 

based on the difference in the threshold cycle of probe gene and housekeeping 

gene (~Ct). Relative gene expression is shown as fold over control sample, by 

first subtracting the ~Ct values of queried samples from the control sample value 

(~~Ct) and calculating relative fold mRNA expression (Equation 2) 

Fold= 2-<MCt) 

(2) 



Table Ill. List of primer sequences for real-time quantitative PCR 

Gene 

GRK2 

GRK5 

GRK6 

GAPDH 

HDAC4 

Primer Sequence 

5'-CTT CCA GCC ATA CAT CGA AG-3' 

(Sense) 

5'-TGAACTTAT CGC TCT CAA TG-3' 

(Antisense) 

5'-CTG TGC ACA GTC TGT CCA-3' 

(Sense) 

5'-GGT TGC CTT TCC AAC CA-3' 

(Antisense) 

5'-GTG GCT GGA AAG GCA GCC A-3' 

(Sense) 

5'-GCA CAC CTC CCC AAA GCC A-3' 

(Antisense) 

5'-GGT CAT GAG TCC ITC CAC GAT-3' 

(Sense) 

5'-CAT GGG TGT GAA CCA TGA GAA-3' 

(Antisense) 

5'-AGA ATG GCT TTG CTG TGG-3' 

(Sense) 

5'- TCT TGC TCA CGC TCA ACC-3 

(Antisense) 

89 
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lmmunohistochemistry 

Xylene was used to. deparaffinize human prostate tissue sections 

embedded on slides. Tapering percentages of ethanol was used for gradual 

rehydration. Target retrieval solution (Dako K8005) was used for antigen retrieval 

via pressure cooker heating for 20 min (Dako). The tissue specimens were 

incubated in 0.3% hydrogen peroxide for 10 min to block endogenous peroxidase 

activity. Tissues were then incubated with primary antibody rabbit anti-GRK5 

polyclonal lgG (Santa cruz) or mouse anti-HDAC4 monoclonal lgG (Santa cruz), 

followed by incubation with HRP-conjugated anti-rabbit lgG (Jackson 

lmmunoResearch 711-035-152) or HRP-conjugated anti-mouse lgG (Jackson 

lmmunoResearch 715-035-150), respectively. Tissues were incubated with AEC 

Substrate-Chromagen (2 min) for signal detection (Dako K3464). Individual 

companies offering tissue microarrays provided the Gleason scores (PR803 -

USBiomaxx; PR9261 - Pantomics). An independent, board-certified pathologist 

(Dr. Robert Allan) analyzed tissues and scored for staining intensity. 

RNAi and rescue of GRK5 expression 

Two lentiviral DNA expression vectors that contain validated nucleotide 

shRNA duplexes targeting GRKS as detailed in Table 4 (Gift from Dr. William 

Hahn, Dana-Farber Cancer Institute/Medical Oncology/Molecular and Cellular 

Oncology) were used to generate stable cell lines that have reduced GRK5 

expression. Vectors were co-transfected with equal concentration of helper 
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plaJmids VSVG and delta 8.9 into HEK293T cells using FuGENE HD as a 

tra~sfection reagent. As a negative control, HEK293T cells were transfected with 
! 

the I same amount of vector containing the green fluorescent protein targeting 
i 

setence 5'-GCA AGC TGA CCC TGA AGT TCA T-3'. Virus-containing medium 

from transfected HEK293T cells were collected 24 h after transfection and mixed 

wit~ 2.5 µg of polybrene for infection of the target cell line. HEK293T cells were 

I 
replenished with fresh medium for another 24 h, and the medium collected for 

set nd infection. Target cells were infected for 2 h each time and then allowed to 

recover for 48 h before selection with puromycin (2 µg/ml), using uninfected 

tarJet cells as a selection control. Cells were maintained with puromycin (1 

µg/rl) and the efficiency of knockdown determined by Western blot analysis. 

Cer with optimal knockdown of target gene GRK5 was used for further 

experiments. 
I 
I 
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Table IV. shRNA sequence indicating target region for GRK5 interference 

Clone Identity Sequence: 

CCGGCGAAGGACCATAGACAGAGATCTCGAG 
NM_005308.x-356s 1 c1 ATCTCTGTCTATGGTCCTTCGTTTTT 

CCGGGAAGGAAATTATGACCAAGTACTCGAGT 
NM_005308.x-526s1 c1 ACTTGGTCATAATTTCCTTCTTTTT 
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ShRNA-resistant wobble-mutant pcDNA-GRK5 or bovine pcDNA-GRK5-

K215R was used to rescue wild-type GRK5 expression. Stable rescue cell lines 

were generated using G418 (Geneticin) to selectively eliminate non-transfected 

cells. QuickChange site-directed mutagenesis kit was used to generate two 

wobble arginine mutation sites in the region of wildtype GRK5 targeted by shRNA 

(Table 5). - siRNA oligos were synthesized by Dharmacon, with sequences 

provided (Table 6). Cells grown on 6-well plates to 40% confluency are 

transfected with 2 µM siRNA and 15 µI DharmaFECT 2 reagent in F12K 

complete growth medium without antibiotics for at least 48 h. Efficiency of protein 

and gene silencing was confirmed by Western blot and qPCR analyses, 

respectively. 
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Table V. Sequence of region targeted by GRK5-shRNA (NM_005308.x-
356s1c1). Resistance conferring mutation sites G to A and A to Care indicated 
below in bold and underlined. 

Type DNA sequence in target region Species 

GRKS- GGAAGAACCATAGAGCGAAGAT 
Human 

WT ~obble) 

GRKS- CGAAGAACCATAGACCGAAGAT 
Bovine 

K215R (wild type) 



95 

Table VI. Target sequence of siRNA oligonucleotides for GRK5 and HDAC4. The 
HDAC4 SMARTpool siRNA sequences are available at www.thermo.com 

TaraetGe.ne Target seauence 

GRK5 AAG CCG UGC AAA GAA CUC UUU 

DHARMACON ON-TARGETplus SMARTpool 
HDAC4 · L-003497-00-0005 
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Cell Cycle Analysis 

One million single cells were washed in ice cold PBS and resuspended in 

200 µL of PBS. For fixation, 5 ml of ice cold 70% ethanol was slowly added to 

the cell suspensions being vortexed to prevent clumping. The cells were then 

incubated in -20°C overnight to resolve sub-G1 population. Fixed cells were then 

centrifuged, washed, and resuspended in propidium iodide solution (20 µg/ml 

propidium iodide and 200 µg/ml RNase in PBS-0.1 % Tx-100) to a final cell 

density of 5.0 x 105 cells/ml. The samples were stored at 4°C in the dark 

overnight prior to data acquisition by flow cytometry using a Becton Dickinson 

FACSCalibur equipped with a low power argon laser that emits blue light at 488 

nM. A band pass detector (575/26 nM filter) positioned in the system allows the 

detection of propidium iodide signals. The FACSCaliber is also equipped with 

pulse processing capabilities to permit cell doublet discrimination and to sort cells 

based on DNA content. Data were analyzed specifically for cell cycle with ModFit 

LT software. 

BrdU flow assay kit (BD Pharmingen) was used to determine nascent 

DNA synthesis (Figure 22). The incorporated BrdU is stained with specific anti

BrdU fluorescent antiboqies. Staining of total DNA was done with a dye called 

7-amino-actiniomycin D (7-AAD). With this combination, two-color flow cytometric 

analysis permits the enumeration and characterization of cells that have actively 

synthesized DNA in terms of their cell cycle position. Experiments were repeated 

three times. 
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... ,. 

Fixati,on and p,ermeabmzation o·f ,c,eHs 
using BrdU Cytlo·fix/Cyt·operm Buff,er 

Repeat incubation ,of cells with BO 
Cytofbc/Cyt(op,erm Buff,er 

"I .. 

Treatment -of ceHs with DNas•e t,o 
exp1ose BrdU epit,opes 

Staining with FITC-conjugated anti-
BrdU 

Staining of DNA for 1c,eH cyde analysis i 

using7 ... AAD 

R1esuspensi(on ,of ,c,eHs in staining 
buffer and analysis by fJ,ow (cytometry 

97 

Figure 22. BrdU Flow Assay Kit protocol. Cells were labeled with BrdU for 6 h, 
fixed and permeabilized, and treated with DNAse to expose BrdU epitopes. Cells 
were then stained with FITC-conjugated BrdU antibody, followed by 7-AAD. Cells 
were resuspended in staining buffer (1 x DPBS + 3% FBS + 0.09% sodium 
azide) to be analyzed by FACS. No stain and single stain (-Brdu/+7AAD; +BrdU/-
7 AAD) cells were used to compensate background signal prior to analysis. 
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Jmmunoprecipitation 

For immunoprecipitation, the cell lysates were cleared by centrifugation at 

10,000 x g for 15 min at 4 °C, incubated with target primary antibody overnight, 

proteins precipitated and eluted with 70 µI of 30% slurry of protein G plus/protein 

A-agarose beads (Calbiochem), and rotated for 4 h at 4 °C to allow binding. 

Immune complexes were washed three times with ice-cold glycerol lysis buffer 

containing 0.1 % (w/v) SOS, and samples denatured in Laemmli sample buffer by 

boiling (5 min). Before immunoprecipitation, 50 µI of the cell lysate were aliquoted 

to provide samples for input protein expression by Western blot. Proteins were 

resolved on 10% SDS-polyacrylamide gels and transferred to nitrocellulose 

membranes (Bio-Rad), and immunoblotted with 1: 1,000 dilutions of primary 

antibody for co-immunoprecipitated protein. Horseradish peroxidase-conjugated 

anti-primary host secondary antibodies (Jackson lmmunoResearch) were diluted 

1 :20,000 in blocking buffer (3% BSA-TBST) and incubated with blots on a plate 

rocker for one h at room temperature. Amersham ECL plus chemiluminescence 

reagent (GE Healthcare) was used for HRP signal detection. 

In vitro kinase assay 

His-GRK5 was expressed in SF9 insect cells using baculovirus expression 

system (lnvitrogen) and purified with Ni-agarose gel (GE lifescience). GST

HDAC4 truncations were expressed in E. Coli and purified with glutathione

agarose (GE lifescience). Kinase assay was carried out in kinase buffer (50 mM 
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Tris-HCI pH 7.6, 50 mM NaCl, 10 mM MgCl2, and 1 mM OTT) plus 40 µM cold 

ATP, 8 µM 32P-ATP. For each reaction (50 µI), 5 µg GST-HOAC4, 10 ng His

GRK5 was used. The reaction mixture was incubated in 30°C for 20 min then 

stopped by adding SOS sample buffer and boiling for 5 min. The samples were 

resolved by SOS-PAGE then transferred to PVOF membrane for 

autoradiography. 

BrdU cell proliferation assay 

Cells were analyzed for cell proliferation using cell proliferation-specific 

BrdU assay from Calbiochem. One million cells were plated in 48-well plates 

after 48 h transfection of siRNA targeting GRK5 or scrambled siRNA. Cells were 

allowed to attach for 6 h before incubation with BrdU for additional 18 h 

according to manufacturer protocol. Anti-BrdU antibody was incubated with cells 

for 1 h at room temperature. Plates were then manually washed and secondary 

antibody conjugated witt, HRP was added for 30 min at RT. Next, plates were . 

washed and 200 µI of substrate added. All samples were transferred in aliquots 

to_ triplicate wells of 96 well plates and read on spectrophotometer at dual 

wavelengths 450 nm and 595 nm. This assay measures total BrdU signal of all 

cells (endpoint cell number is different) in contrast to BrdU flow assay kit, which 

measures BrdU incorporation of individual cells (endpoint cell number is gated 

and thus the same between all samples analyzed). 
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Tumor growth 

All animal experiments were performed in accordance with protocols pre

approved by the Institutional Animal Care and Use Committee (IACUC). F.or 

xenograft tumor transplantation, PC3 cells (2 x 106
) were grown on 100 mm 

diameter culture dishes, detached by incubation with HyQtase dissociation 

solution, washed in complete medium, 1 x PBS, centrifuged, and cell pellets 

resuspended in 100 µI of solution (1 :1 (v/v) PBS to Matrigel). Sterile one ml 

syringes with 22 gauge needles were used to subcutaneously inject cells into 

flanks of athymic nude mice. These mice have an autosomal mutation on nu 

locus of chromosome 11 and are characterized by thymic aplasia, T-cell 

deficiency, insusceptibility to graft-versus-host disease, no generation of 

cytotoxic effector cells, ahd accepts xenograft transplantation. External caliper 

measurement of long (L) and short (S) tumor lengths in millimeters was used to 

calculate tumor volume (Equation 3). Tumor measurements were taken 

periodically, at least once a week. Tumor mass was measured immediately after 

sacrifice of mice and surgical removal of tumor. Euthanasia was performed on 

mice with lethal doses of pentobarbital (100 mg/kg), as it is painless, effective 

and consistent with recommendations of the Panel of Euthanasia of the 

American Veterinary Medical Association. 

Tumor volume = 1t/6*(L *S2
) 

(3) 
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Statistics 

All numerical data are presented as the mean± standard error of at least 

three independent experiments or biological samples (tumor). Paired t-test 

analysis was used to determine significant difference between two sample data 

(cell proliferation and BrdU). Multi-group data was analyzed for significant 

differences using analysis of variance (ANOVA) and Bonferroni post-test to 

determine significance. Spearman and Pearson rank test were both used to 

determine correlation coefficients. Mann-Whitney U test was used for non

parametric testing of scoring intensities between tissue types (normal vs 

malignant, BPH (benign prostatic hyperplasia) vs malignant). All statistical 

analyses were performed, and all graphs generated, using GraphPad Prism 5.0 

(GraphPad). Axis labels were created using Adobe Illustrator CS4 (Adobe 

Systems). 



RESULTS 

Three "classically" studied human prostate cancer epithelial cell lines 

DU145, LNCaP, and PC3 were analyzed for GRK5 expression. The LNCaP cell 

line was established from metastatic lesions in the left supraclavicular lymph 

node and exhibits androgen-dependent growth. The DU145 cell line was derived 

from brain metastasis and is androgen insensitive. The PC3 adenocarcinoma cell 

line was derived from bone metastasis and is androgen receptor-independent. 

PC3 cells have high metastatic potential compared to DU 145 cells, which have 

moderate metastatic potential. We find that gene levels of GRK5 and GRK6 are 

·' 

higher in PC3 cells, while GRK2 is highest in LNCaP cells (Figure 23). Protein 

expression of GRK5 was also higher in PC3 cells compared to DU145 and 

LNCaP cells (Figure 24). 
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Figure 23. Quantitative real-time PCR of GRK isoforms in prostate cancer cells. 
Gene levels of GRK2, GRK5, and GRK6 in prostate cancer cells were assayed 
by quantitative real-time PCR and expressed relative to PC3 (as. fold of PC3 
levels).*, p < 0.05. 
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Figure 24. GRK5 protein expression is higher in aggressive PC3 cancer cells. 
Western blotting was used to detect relative protein levels of GRK5 using 
selective antibody against GRK5 and 6. GRK5 migrates to an apparent mass of 
65 kDa, while GRK6 has an apparent mass of 69 kDa. The antibody seems to 
detect GRK5 much more strongly than GRK6. 
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GRK5 regulates PC3 cell proliferation in vitro 

To first determine the role of the highly expressed GRK5 in PC3 cell 

proliferation, we stably knocked down the GRK5 gene expression using lentiviral 

shRNA. Since GRKS can reside in 'both the cytosol as well as the nucleus, cells 

were then lysed and nuclear and cytosol fractions collected for Western blot 

analysis to confirm knockdown status (Figure 25). We find that knockdown of 

GRK5 with shRNA results in the decrease of cell proliferation in PC3 cells (Figure 

25) .. 
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Figure 25. GRK5 knockdown reduces rate of PC3 cell proliferation. GRK5 was 
knocked down in PC3 cells using lentiviral shRNA delivery and selected using 
puromycin (2 µg/mL) for two weeks. PC3 cells infected with control GFP shRNA 
(CN) and PC3 cells infected with GRK5- shRNA-356 (KD) were lysed and 
cytosolic vs nuclear proteins fractioned. GAPDH was used as a negative nuclear 
and positive cytosolic marker (inset). PC3 cells with stable GRK5 knockdown 
were compared to control cells (shGFP) to check for cell proliferation rate. An 
equal concentration of cells were seeded and allowed to recover for 24 h. The 
population of viable cells excluding trypan blue was counted in successive 24 h 
intervals until 80% confluency was reached. *, p < 0.05 vs shGFP control. 
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Furthermore, siRNA oligo-duplex targeting GRK5 was used to 

substantiate the role of GRK5 in PC3 cell proliferation (Figure 26). BrdU cell 

proliferation assay was used to confirm the role of GRK5 in PC3 cell proliferation 

(Figure 27). 
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Figure 26. GRK5 regulates PC3 cell proliferation (Trypan blue exclusion). PC3 
cells with GRK5 knockdown (KO, siGRK5) were compared to control cells (C, 
Control scrambled siRNA, Control si) to determine the role of GRK on cell 
proliferation. An equal concentration of cells were seeded and allowed to recover 
for 24 h. The population of viable cells excluding trypan blue was counted in 
successive 24 h intervals until 80% confluency was reached. 
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Figure 27. GRK5 regulates PC3 cell proliferation (BrdU Incorporation). PC3 cells 
with GRK5 knockdown (KD, siGRK5) were compared to control cells {C, Control 
scrambled siRNA) to determine the role of GRK on cell proliferation. Y-axis = OD 
450-550 nm. PC3 cells were transfected for 48 h with siRNA targeting GRK5 and 
serum-starved for 24 h before pulsing with BrdU in growth medium for 24 h. Cells 
with no BrdU were used to subtract background signal from experimental 
samples. *, p < 0.05 siGRK5 vs control scrambled siRNA transfected cells. 
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GRK5 kinase activity is required for tumor growth 

Having determined that GRK5 is required for cell proliferation, we 

speculated that GRK5 is important for tumor growth. Using an animal model, we 

subcutaneously implanted PC3-shGFP cells or PC3-shGRK5 cells into nude 

mice and monitored the growth of the respective tumors over time. We find that 

knockdown of GRK5 inhibits the ability of PC3 tumors to grow (Figure 28) and 

significantly reduces average tumor mass (Figure 29). 
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Figure 28. GRK5 regulates tumor growth. A-B, PC3-shGRK5 or PC3-shGFP cells 
suspended in Matrigel were subcutaneously injected into the flanks of nude mice. 
Volume of tumor was measured periodically with calipers. B, The upper tumors in 
the graph represent those isolated from PC3-shGFP implanted mice and the 
bottom tumors represent PC3-shGRK5 tumors. *, p < 0.05 shGRK5 vs shGFP 
tumor volume. 
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Figure 29. GRKS knockdown decreases tumor mass. Endpoint average mass of 
tumors in each group, s,hGFP vs shGRKS, t = 96 days after injection. Xenograft 
tumors were surgically removed, placed into weighing dishes, and measured on 
a scale tared with an empty weighing dish. *, p < 0.05 shGRKS vs shGFP 
average tumor mass. 
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To determine if kinase activity of GRK5 is required for the regulation of 

tumor growth, we repeated these experiments with PC3-shGRK5 stable cells 

with rescued expression of either wild-type GRK5 or kinase-dead GRK5. Rescue 

of GRK5 expression was determined by Western blot analysis (Figure 30). Empty 

vector pCDNA3.1 was used as internal control. We find that only wild-type GRK5 

could rescue the inhibition of tumor growth caused by GRK5 knockdown in PC3 

cells, suggesting that the kinase activity of GRK5 is required for tumor growth 

(Figure 31). 
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Figure 30. GRK5 expression rescue. Wildtype GRK5 (WT) or kinase dead GRK5-
K215R (K2) was expressed in the background of PC3 cells with stable 
knockdown of GRK5 (shGRK5). Empty vector pcDNA3.1 (-) was used as 
transfection control (EV). Western blot indicates equivalent rescue of WT and 
K215R GRK5. 
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Figure 31. GRK5 kinase activity is required for PC3 tumor growth. PC3-shGRK5 
cells were stably transfected with empty vector pCDNA3.1 (EV), wild-type GRK5 
(WT-GRK5), or kinase-inactive GRK5 (GRK5-K215R) and implanted into the 
flanks of nude mice after selection of cells with G418 (400 mg/ml). A, Tumor 
volume was measure periodically as shown as shown in mm3

. B, Representative 
endpoint images of three tumors from each group. *, p < 0.05 PC3-shGRK5 (EV) 
vs wild-type GRK5 rescue (WT-GRK5). 
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GRK5 is required for cell cycle progression 

Cell proliferation occurs through a series of steps where the synthesis and 

organization of DNA and other cellular components occur before mitosis and 

chromosomal separation to daughter cells (Collins, Jacks, & Pavletich 1997). In 

each cycle, DNA of the cell is replicated in the synthetic phase (S phase) and 

then divided to create two identical daughter cells during mitosis (M phase). 

Cancer cells proliferate by avoiding the normal regulation of cell cycle 

progression, whereby cells retain the ability to replicate and divide unchecked. 

Since GRK5 is required for the proliferation of PC3 cells and since an altered cell 

cycle status is a common characteristic of cancer, we asked if GRK5 has a role 

in regulating the cell cycle progression. Cell cycle status was compared between 

cells transfected with control scrambled siRNA and GRK5 siRNA. We find that 

GRK5 knockdown using siRNA causes a significant decrease in the percentage 

of c~lls in G1 phase and a reciprocal increase in G2/M and S phases (Figure 32). 

Interestingly, there was an increase in the percentage of cells in S phase when 

GRK5 expression was knocked down, which is normally considered to be 

indicative of proliferating cells. However, our results indicate that cells with 

reduced GRK5 expression demonstrate decreased cell proliferation. _One 

possibility is that the cells are arrested in the S phase of the cell cycle, possibly 

due to alterations in the G2 checkpoint. As our next studies will show (Figure 35), 

the percentage of cells with newly synthesized DNA is unchanged when GRK5 
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expression is silenced. Rather, S phase kinetics is altered when GRK5 is 

knocked down and indicate a deficiency in normal nascent DNA synthesis. 



118 

8\0 
c:I Control si 

Cl) 
Ill saGRK5 

Q) 60 * u 
-0 
Q) 

40 ..... 
co 
0) 
'f-
0 

;:§!. 20 I 
0 I 

' 
I 
i 

!O I 

G1/S G21M s 

Figure 32. GRK5 knockdown affects cell cycle progression. Cells were fixed in 
70% cold methanol 72 h post transfection of siRNA, stained with propidium 
iodide solution, and 50,000 cells were gated, and analyzed by FACS. *, p < 0.05 
siGRK5 vs scrambled siRNA (Control-si). 
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Since we observed that GRK5 kinase activity is required for promoting 

tumor growth, we next asked if GRK5 kinase activity is important for cell cycle 

regulation. We find that overexpression of the kinase dead GRK5-K215R in PC3 

cells has the same effect on cell cycle structure as silencing of GRK5 protein 

expression (Figure 33), leading us to conclude that kinase activity of GRK5 is 

important for regulating cell cycle kinetics and tumor growth. 
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Figure 33. Loss of GRK5 kinase activity affects cell cycle progression. 
GRK5-K215R (K215R) or pcDNA3.1 (EV) was overexpressed in PC3 cells, fixed 
in 70% cold methanol overnight in 4°C, stained with propidium iodide, and 50,000 
single cells gated (via FSC vs SSC plot) and histogram of Pl intensity (FL2A) 
analyzed by FACS. *, p < 0.05 K215R vs EV. 
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Aneuploidy can be described as abnormal chromosome content resulting 

from improper chromosome segregation. It has been proposed that mitotic 

checkpoint defects may lead to aneuploidy and tumorigenesis; for instance by 

increasing chromosomal instability and driving mutations in oncogenes 0fi/eaver, 

Silk, Montagna, Verdier-Pinar, & Cleveland 2007). It has also been suggested 

that aneuploidy may actually have anti-cancer effects in other contexts by 

increasing the number of tumor suppressor genes (Kops, Weaver, & Cleveland 

2005). Given these potential roles of aneuploidy in cancer regulation, we asked if 

GRK5 knockdown affects aneuploidy in the prostate cancer PC3 cells. We find 

that knockdown of GRK5 causes a significant increase in the percentage of 

aneuploid cells and that kinase activity is required for GRK5 to regulate 

anueploidy (Figure 34). 
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Figure 34. GRK5 kinase activity affects ploidy in PC3 cells. Wild-type PC3 cells 
(Control-si), GRK5 knockdown (siGRK5), or overexpression of GRK5 (wildtype, 
WTGRK5; kinase-dead, K215R) were fixed in 70% cold methanol, stained with 
propidium iodide, and 50,000 single cells gated using FACSCalibur (FSC vs 
SSC) for cell population study using Modfit cell cycle analysis software. The 
software's aneuploidy model was used to calculate the percent of aneuploid 
cells. *, p < 0.05 compared to control, scrambled siRNA transfected cells. 
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To better discriminate the GRK5-based effects on cell cycle progression, 

PC3 cells were pulsed with BrdU (for newly synthesized DNA) and 7-AAD (for 

total DNA). FITC-conjugated anti-BrdU antibody was used for double staining 

with 7-AAD. Cells not pulsed with BrdU, not stained with 7-AAD, or not stained at 

all were used for negative controls and instrumental compensation. Cells were 

treated with nocodazole as a G2/M arrest positive control, a mitotic inhibitor that 

causes G2/M arrest and an increase in aneuploidy. FITC-conjugated anti-BrdU 

signal was plotted on the y-axis against 7-AAD for population discrimination 

(Figure 35). Single cells were gated using forward scatter vs side scatter dot plot 

via BD FACSCalibur CellQuest acquisition software. We observed an increase in 

cells arrested in the G2/M phase after GRK5 knockdown, similar to the effect of 

treatment with mitotic inhibitor nocodazole. GRK5 knockdown also caused a 

reciprocal decrease of G1 phase cells and an increase in aneuploidy (Figure 35). 

Interestingly, cell cycle structure with respect to those cells that have newly 

synthesized DNA is altered when GRK5 expression is silenced. Whether this is 

due to cell cycle arrest or a direct effect on DNA synthesis itself remains to be 

elucidated. See Discussion. 
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Figure 35. GRK5 regulates DNA incorporation. Cells were serum-starved for 24 h 
and pulsed with BrdU for 6 h. Cells were then fixed and incubated with anti-BrdU 
primary antibody, FITC-conjugated secondary antibody and stained with 7-AAD 
for total DNA staining. 50,000 cells were collected (single cell gated using 
forward scatter vs side scatter dot plot) and collected for each sample to be 
analyzed by FACS and BrdU incorporated cells were plotted against 7-AAD 
stained cells. 7-AAD single-stained cells were used to discriminate BrdU negative 
cells. Where indicated, cells were treated with nocodazole (10 µM) for 6 h. 
Representative dot plots are shown above and allow for discrimination of cell 
subsets that are apoptotic (defined as sub-G0/G1), polyploidy, or reside in 
G0/G1, S, G2+M phase of the cell cycle,and had recently synthesized DNA. D, 
Ser: sub-G0/G1 (0.6%), G0/G1 (68.7%), S (9.9%), G2+M (17.7), polyploidy 
(3.1 %); DD, siGRK5: sub-G0/G1 (1.8%), G0/G1 (50.8%), S (9.5%), G2+M (31.4), 
polyploidy (4.9%); Dd, Nocodazole-treated cells: sub-G0/G1 (1.9%), G0/G1 
(28.5%), S (22.6%), G2+M (37.4),· polyploidy (8.9%). 
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Several studies have documented the importance of histone deacetylases 

(HDACs) in cell cycle regulation and furthermore that inhibition of HDACs causes 

G2/M arrest and an increase in polyploidy. We wer~ therefore interested in 

determining if our observed GRK5-mediated effects may be due, at least in part, 

to regulation of HDACs. To begin, we treated cells with HDAC inhibitor SAHA 

(suberoylanilide hydroxamic acid) to determine if HDACS are indeed important 

for the PC3 cell proliferation (Figure 36). We find that HDAC inhibition impacts 

cell proliferation at the concentrations used. 
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Figure 36. HDACs are important for PC3 cell proliferation. The pan-HDAC 
inhibitor SAHA had · a significant impact on PC3 cell proliferation. Cells were 
serum starved for 24 h and treated with SAHA at the indicated concentrations for 
72 h. Cells were then detached using HyQtase dissociation solution and viable 
cells (excluding trypan blue) were counted using a hemocytometer * p < 0.05 
compared to nontreated (NT) cells (white column). 
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We then surveyed the expression of HDACs in PC3 cells using selective 

antibodies against several established HDAC isoforms that have been implicated 

in cell ploidy. We find expression of Class I (HDAC1, HDAC3) and Class II 

(HDAC4, HDAC5, and HDAC7) in PC3 cells. Expression of HDAC4 protein was 

most significantly decreased in PC3 cells with reduced GRK5 expression (Figure 

37). 
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Figure 37. Expression of HDACs in PC3 cells. Expression of different HDAC 
isoforms in control (shGFP) and GRK5 knockdown (shGRK5) cells was surveyed 
by Western blot analysis using selective antibodies. 
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HDAC4 expression was ·diminished the greatest in response to 

knockdown of_ GRK5 (Figure 38), so we chose to study this effect in more detail. 

We find that overexpression of kinase-dead GRK5-K215R, like knockdown of 

GRK5, reduces HDAC4 protein and gene levels in PC3 cells (Figure 38-41). 

These results show that GRK5 participates in regulation of HDAC4 expression. In 

addition we observed reduced expression of the G1 phase markers, 

hyperphosphorylated retinoblastoma protein (pRb) and cyclin 01, as well as an 

increased expression of G2/M marker phospho-histone H3, which corroborates 

our previous findings (Figure 38, 39). Nocodazole was used as a positive control 

for G2/M phase detection by phospho-histone H3 antibody (Figure 50). 

Hyperphosphorylated pRb expression is usually increased in early G 1 phase of 

highly proliferating cells, whereas the hypophosphorylated form is found in 

resting cells. Indeed, we see increased levels of the hypophosphorylated Rb in 

both the slowly proliferating PC3-siGRK5 and PC3-K215R cells. At this point 

however, it is not clear whether this upregulation of the hypophosphorylated form 

is a downstream result of cell cycle arrest ( dephosphorylation in G2/M arrest) or if 

it is an intermediary that contributes to cell cycle arrest (Polager & Ginsberg 

2003; Yen & Sturgill 1998). 
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Figure 38. GRKS regulates HDAC4 expression in PC3 cells. Cells were 
transfected with siRNA targeting GRKS for 72 h. Cell lysates were analyzed by 
Western blot analysis. 
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Figure 39. GRK5 activity regulates HDAC4 expression in PC3 cells. Cells were 
transfected with GRK5-K215R expression plasmid for 48h. Cell lysates were 
analyzed by Western blot analysis. 
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Figure 40. GRK5 regulates HDAC4 mRNA levels. RNA was extracted from PC3 
cells with knockdown of GRK5 expression. Real-time quantitative PCR was used 
to analyze mRNA level following first-strand cDNA synthesis via Superscript Ill 
enzyme reverse transcription. Control PC3 cell receiving scrambled siRNA was 
compared to PC3-siGRK5 cells 96 h post transfection. Gene levels of GRK5 
(white columns) and HDAC4 (black columns) are shown as fold of control siRNA 
level.* p < 0.05 compared to control cells transfected with scrambled siRNA. 
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Figure 41. GRK5 activity regulates HDAC4 mRNA levels. RNA was extracted 
from PC3 cells with knockdown GRK5 or overexpression of kinase-inactive 
K215R. Real-time quantitative PCR was used to analyze mRNA level following 
first-strand cDNA synthesis via Superscript Ill enzyme reverse transcription. The 
RNA of PC3-K215R cells were extracted 72 h post vector transfection and 
compared to empty vector transfected control. * p < 0.05 compared to control 
cells transfected with scrambled siRNA. 
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HDAC4 has, previously been shown to regulate cell cycle progression, 

cancer cell proliferation and tumor growth (Cadot et al. 2009; Mottet et al. 2008; 

Ren et al. 2009; Sun, Wei, Chen, and Terek 2009; Wilson et al 2008). To.confirm 

functional consequences of HDAC4 expression in our cells, HDAC4 expression 

was knocked down using siRNA (Figure 42). Like silencing of GRK5, knockdown 

of HDAC4 in PC3 cells also caused a reduction in cell proliferation, decrease in 

G1 phase cells, and an increase in G2/M phase cells (Figure 43, 44). These 

results suggest that GRK5 might exert its effects by way of HDAC4. 
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Figure 42. SMARTpool HDAC4 oligonucleotides silence HDAC4 protein 
expression. HDAC4 siRNA (2 µM) was transfected into PC3 cells for the 
indicated time (in hours). Cell lysates were probed for HDAC4 expression by 
Western blot using a previously validated Santa Cruz monoclonal mouse anti
H DAC4 antibody. HDAC4 signal appears as a doublet when run on 8% Tris
glycine SDS-polyacrylamide gel electrophoresis, which could be due to post
translational modifications such as sumoylation or phosphorylation. 
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Figure 43. Knockdown of HDAC4 affects cell proliferation. PC3 cells were 
transfected with siRNA targeting HDAC4 or scrambled siRNA for 24-96 h. A, 
Equal number of cells (2.5 x 105

) were seeded on 60 mm cell culture plates 24 h 
post transfection (t= 0 h). Cells were trypsinized, diluted with trypan blue, and cell 
number counted using a hemocytometer at the indicated times. *, p < 0.05 
compared to control scrambled siRNA transfected cells (Control). 
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Figure 44. Knockdown of HDAC4 affects cell cycle progression. PC3 cells were 
transfected with siRNA targeting HDAC4 or scrambled siRNA for 24-96 h._ DNA 
of cells were stained with propidium iodide for cell cycle analysis. *, p < 0.05 
versus scrambled siRNA transfected control cells. 
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lmmunohistochemical analysis of prostate cancer tissue microarrays 

consisting of at least 65 malignant cores showed no obvious difference in GRK5 

expression between adjacent normal (NAT) and malignant tissues or between 

benign prostatic hyperplasia and malignant tissues (Figure 45). There seemed to 

be a trend of decreased GRK5 expression in malignant vs. hyperplasia/NAT 

tissues but that did not reach statistical significance. Measurement of correlation 

between the average GRK5 and HDAC4 stain scores was calculated using both 

parametric Pearson correlations .and the nonparametric rank-based Spearman 

correlations coefficients. By using both statistical analyses, we found that GRK5 

and HDAC4 expression were positively correlated (Pearson's coefficient= 0.324, 

P value = 0.0084; and Spearman correlation coefficient = 0.315; P value = 

0.0104). No correlation was found between GRK5/HDAC4 and androgen 

receptor expression or between GRK5/HDAC4 and Gleason score (Table 7). All 

tissue arrays were analyzed and scored for staining by an independent, board 

certified pathologist (Robert W. Allan, MD, University of Florida College of 

Medicine). 
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Figure 45. Expression of GRK5 and HDAC4 in human prostate tissue. A-B, 
Prostate cancer tissue array PR961 from Pantomics was analyzed by 
immunohistochemistry using anti-GRK5 and HDAC4 antibodies. Tissue cores 
were given a score corresponding to low intensity and high intensity, from 0-3. 
The mean intensity of all cores analyzed is shown above. Mann-Whitney
Wilcoxon test was used to test significant difference. NAT, normal adjacent 
tissue. C, US Biomax prostate tissue microarray was analyzed for GRK5 
expression between normal adjacent (NAT) vs malignant tissues. 
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We find that in addition to transcriptional regulation, HDAC4 can also 

interact with and be phosphorylated by GRK5, suggesting an additional mode of 

HDAC4 regulation by GRK5 (Figure 46, 47). While previous studies have 

revealed that another class II HDAC isoform, HDAC5, is phosphorylated by 

GRK5, resulting in nuclear export, enhanced MEF transcriptional activity, and 

cardiac hypertrophy (Martini et al. 2008), the functional relevance of GRK5-

mediated HDAC4 phosphorylation on HDAC4 expression/activity has not been 

tested and is currently under investigation. 
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Figure 46. HDAC4 co-immunoprecipitates with GRK5. Empty vector pcDNA3.1 
(EV) or wildtype-GRK5 was transfected in PC3 cells and overexpressed protein 
immunoprecipitated using anti-GRK5 (C-20) rabbit antibody. Protein-bead 
complexes were washed and immunoblotted with anti-HDAC4 to detect HDAC4 
binding (top lane). Whole cell lysates were probed with anti-GRK5 and anti
actin(bottom two panels) antibodies to demonstrate the total protein expression 
and equal protein input. 
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Figure 47. GRK5 can phosphorylate HDAC4. Kinase assay was carried out in vitro 
using purified GST-HDAC4 and His-GRK5 proteins in kinase buffer with 40 µM cold 
ATP and 8 µM 32P-ATP. For each reaction (50µ1) , 5 µg GST-HDAC4, 10 ng His
GRK5 was used. The reaction mixture was incubated in 30°C for 20 min and 
stopped by adding SOS sample buffer and boiling for 5 min. HDAC4 is 
phosphorylated on S246 and between residues 419-670, as shown in red arrows. 



DISCUSSION 

In this study, we have provided evidence to demonstrate that ubiquitously 

expressed GRK5 regulates prostate cancer PC3 cell proliferation and tumor 

growth. The classical role of GRK5 is to phosphorylate ligand-:-bound GPCRs, 

leading to ~Arrestin binding to the activated receptor and resulting in signaling, 

desensitization, internalization, and recycling. Vast amounts of research linking 

GPCRs to cancer have revealed that aberrant expression or deregulated 

activation of GPCRs generally promotes cancer progression (Dorsam & Gutkind 

2007). In this context, GRKs conventional role in GPCR desensitization would be 

expected to correlate reduced GRK activity as a contributing factor in 

malignancy. However, a well-defined connection between diminished GRK 

activity or expression and cancer has not been established to date. 

Paradoxically, newfound evidence of GRK's nonclassical roles have 

suggested otherwise, positioning GRK5 as an essential kinase required for 

functionality of previously established cancer-promoting signaling pathways and 

molecules such as Wnt and tumor suppressor p53 (Chen et al. 2009; Chen & 

Zhu et al 2010). Our findings that GRK5 promotes tumor growth provide 

evidence of a direct link between GRK5 and cancer progression. We found that 

silencing of GRK5 expression by RNAi or kinase activity by competitive 
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overexpression of kinase-dead K215R mutant results in altered cell cycle kinetics 

in PC3 cells. In harmony with a recent study suggesting that silencing of GRK5 

expression causes an increase in the percentage of cells in mitosis, our data also 

indicates that knockdown of GRK using siRNA, as well as the same shRNA used 

in their studies, causes accumulation of cells in the G2/M phase (Moffat et al. 

2006). In addition, we consistently observed a reduction in the percentage of G1 

phase cells in response to GRK5 knockdown and GRK5-K215R overexpressio·n, 

consistent with reduced G1 phase marker cyclin D1 expression. 

Our studies indicate a role for GRK5 in G2/M arrest and an increase in 

polyploidy, albeit the exact mechanism of this effect is still under investigation. 

Previous studies have shown that inhibition of histone deacetylases (HDACs) 

can cause increased polyploidy and cell senescence and moreover that silencing 

of HDAC4 expression. results in G2/M arrest (Basile, Mantovani, & lmbriano 

2005; Xu, Perez, Ngo, Gui, & Marks 2005; Wilson et al. 2008). HDAC4 has been 

suggested to play a role in prostate cancer progression and we find that GRK5 

knockdown reduces both HDAC4 mRNA and protein levels. We found that 

silencing of HDAC4 expression, like GRK5 knockdown, decreases the 

percentage of G1 phase cells while increasing G2/M and polyploid cells, resulting 

in diminished cell proliferation. Whether HDAC4 influences prostate tumor growth 

is not known but recent studies have indeed shown that HDAC4 expression is 

vital for colon cancer and glioblastoma tumor growth (Mottet et al. 2008; Wilson 

et al. 2008). 
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Our results indicate that in addition to transcriptional regulation, HDAC4 

can also be post-translationally modified via GRK5 phosphorylation, suggesting 

multiple modes of HDAC4 regulation by GRK5. While previous studies have 

revealed that HDAC5 phosphorylation by GRK5 results in nuclear export, 

enhanced MEF transcriptional activity, and cardiac hypertrophy (Martini et al. 

2008), the functional effect of GRK5-mediated HDAC4 phosphorylation has not 

been tested and requires further investigation. 

In addition, our results indicated a role for GRK5 activity in regulation of 

tumor suppressor retinoblastoma activity. Inhibition of GRK5 activity caused an 

increase in expression of the hypophosphorylated pRb, suggestive of increased 

pRb activity. The active pRb is known more widely known for suppressing G1 to 

S phase progression by suppressing E2F-mediated transcription of cell cycle 

regulators. Interestingly, we saw a decrease in G0/G1 phase cells rather than an 

expected accumulation of cells in the G0/G1 phase. This may be explained in 

part by recent evidence that indicates other diverse roles, such as pathway 

specificity, for pRb and E2F (Chen, Tsai, & Leone 2009; Knudsen & Knudsen 

2008; Sever-Chroneos et al. 2001). For example, pRb has been shown to also 

regulate S phase-specific DNA synthesis and to mediate chromatin remodeling 

as well (Sever-Chroneos et al. 2001 ). In addition, as our data does not indicate a 

direct role for GRK5 in mediating pRb activity to exert effects on cell cycle 

progression, it also remains a possibility that hypophosphorylation of pRb in the 



146 

context of our study is a downstream result of the stress-induced on the cells 

rather than an intermediary effector. 



SUMMARY 

We first found that silencing GRK5 expression using shRNA and siRNA 

knockdown caused a decrease in prostate cancer PC3 cell proliferation. Using 

PC3 cells stably expressing lentiviral shGRK5, we also observed reduced 

xenograft tumor growth in mice. This was reversed by rescue expression of wild

type GRK5 but not kinase-dead GRK5, suggesting that loss of GRK5 kinase 

activity mediated this effect. To investigate a possible cellular role for GRK5, we 

performed cell cycle analysis to test if GRK5 affects cell cycle kinetics. Indeed, 

knockdown of GRK5 associated with a decrease in G1 phase cells. G2/M arrest 

arid altered S phase structure was also observed, analogous to treatment with 

the mitotic inhibitor nocodazole. 

Inhibition of HDACs is well known to cause perturbations in the cell cycle. 

We first asked if GRK5 could regulate HDACs and found that knockdown of 

GR.K5 significantly reduced expression of HDAC4, but not HDAC1, HDAC2, 

HDAC3, HDAC5, or HDAC7. The effect on HDAC4 expression was mimicked by 

overexpr~ssion of the kinase-inactive GRK5. Several studies have ·recently 

uncovered a role for HDAC4 in cancer cell proliferation, tumor growth, and cell 

cycle control. We further find that silencing of GRK5 expression using siRNA also 

effected H DAC4 gene expression and that selective knockdown of H DAC4 
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expression using siRNA, like GRK5 knockdown, reduced PC3 cell proliferation. 

Prostate cancer tissue microarrays were used to test a correlation between 

GRK5, HDAC4 expression, AR expression, and prostate cancer. A positive 

correlation between GRK5 and HDAC4 expression was detected, with neither 

protein correlating with malignancy or progression (Gleason score). On the other 

hand, higher GRK5 expression was detected in PC3 cells compared to LNCaP or 

DU 145 prostate cancer cell lines. It is tempting to speculate that increased GRK5 

kinase activity may occur during tumor growth, perhaps via aberrant GPCR 

activation that is frequent in cancers. In summary, our findings provide evidence 

that links GRK5 to tumor formation, cell cycle regulation, and cell proliferation. 

Future studies using other cancer cell lines and models may facilitate discovery 

of the molecular mechanisms underlying these roles. As GRKs may function 

independent of kinase activity, this should always be taken into consideration. 

In this study, we found that GRK5 is an essential kinase that significantly 

impacts HDAC4 gene and protein expression. Not much is known about the 

underlying mechanisms that regulate HDAC4 mRNA expression, although a 

study has revealed that HDAC4 promoter sites contained consensus binding 

sequence for the Specificity Protein (Sp1/Sp3) family of transcription factors (Liu 

et al. 2006). This study further revealed that both Sp1 and Sp3 bind to the 

HDAC4 promoter and modulate HDAC4 expression and activity. As Sp1 and Sp3 

activity can be regulated by phosphorylation, it would be interesting to test 
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whether or not GRK5 can modify Sp1 or Sp3 activity (Kim & lk 2009; Milanini

Mongiat, Pouyssegur, Pages 2002; Pages 2007). 

In addition, we identified HDAC4 as a substrate of GRK5 that is 

phosphorylated on serine 246 as well as on other sites between residues 419-

670. This HDAC4 fragment also contains two well-known CAMK 

(calcium/calmodulin-dependent protein kinase) phosphorylation sites, S467 and 

S632, which activate HDAC4/MEF2 (myocyte enhancer factor)-dependent gene 

transcription. Studies have shown that substitution of these three HDAC4 

regulatory phosphorylation sites (S246, S467, S632) from serine to alanine 

prevents binding to 14-3-3 family of proteins known to specifically interact with 

phospho-serine containing motifs (Wang et al. 2000; Wang, Jacobs, Hook, Duan, 

Booher, & Sun 2000). Binding of 14-3-3 proteins to HDAC4 is important for 

HDAC4 nuclear export and activation (by relieved suppression) of MEF-2 

transcription factors, which also play a role in calcium-dependent transcription 

(Backs, Song, Bezprozvannaya, Chang, & Olson 2006; Miska, Karlsson, 

Langley, Nielsen, Pines, & Kouzarides 1999). Our findings suggest GRK5 as a 

novel regulator of HDAC4 that phosphorylates important regulatory sites, such as 

S246. Future studies may include investigating if GRKS is required for HDAC4-

14-3-3 binding, HDAC4 subcellular distribution and transcriptional activity. In 

addition, the role of GRK5 in regulation of retinoblastoma protein (pRb) 

phosphorylation may prove to be important in cancer therapeutics as knockdown 

of GRK5 expression and inhibition of its activity impacts pRb tumor suppressor. 
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While further studies are needed to elucidate the underlying mechanisms, these 

findings may provide important mechanistic insights into how GRK5 impacts cell 

cycle progression and tumor growth. 
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Figure 48. Inhibition of ERK or c-Src activation does not affect cell proliferation. 
Cells grown to 50% confluency were treated with inhibitors at the indicated 
concentrations or with vehicle (NT, 0.1% DMSO) and allowed to grow for 24 h. 
Cells were then trypsinized and incubated with trypan blue. Cells excluding 
trypan blue were counted using a hemocytometer. 
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Figure 49. GRK5 knockdown causes increase in G2/M and decrease in G1 
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phase cellsColumn supplemental graph of Fig. 31; Cells were serum-starved for 
24 hand pulsed with -BrdU for 6 h. Cells were then fixed and incubated with anti
BrdU primary antibody and FITC-conjugated secondary antibody. Cells were 
then stained with 7 MD for total DNA staining for FACS analysis. 50,000 single 
cells were gated and collected for each sample and BrdU incorporated cells were 
plotted against 7 MD stained cells. 7 MD single-stained cells were used to 
discriminate BrdU negative cells, * p < 0.05. Control si, scrambled siRNA. 
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Figure 50. Cyclin 01 and Phospho-H3 expression. Expression of Cyclin D1 and 
phosphorylated histone H3 was detected by Western blot analysis to serve as 
cell cycle markers. A, SAHA and Nocodazole treatment of PC3 cells results in 
decreased expression of G1 marker cyclin 01. Cells were treated with SAHA (1 0 
µM) or nocodazole (10 µM) for 72 h. B, Cells overexpressing GRK5-K215R 
exhibit increased G2/M as indicated by elevated expression of the 
phosphorylated histone H3. Con, control non-treated. 
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Figure 51. GRK5 C-20 antibody from Santa Cruz is suitable for IHC. GRK5 (C-
20) antibody sc-565 has never been tested for IHC application. Diluted antibody 
(1 :200) was incubated with or without neutralizing peptide sc-565p for four h at 
4°C prior to staining. Endothelial staining in two different fields is shown. 
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Table VII. Data analysis of tissue arrays to test correlation of variables is shown. 
Alpha =0.05 was used to determine significance (PR803 US Biomax; PRC061 
Pantomics prostate cancer tissue array). 

Tissue Array 
JD Variable 1 Variable 2 Pearson r SDearman r 51,anmcance 
PR803 _,, GRK5 Gleason Score -0.01409 -0.02103 No 
PRC961 GRK5 Gleason Score 0.1211 0.2113 No 
PRC961 MDAC4 Gleason Score 0.02737 0.0:6172 No 
PRC961 GRK5 tiDAC4 0.3242 0.3156 Yes 
PRC961 GRK5 AR 0.1236 0.125 No 
PRC961 AR Gleason Score 0.08496 0.1158 No 
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Figure 52. Effect of ~Arrestin2 knockdown on PGE2-induced cell migration: 
wound heal assay. Expression of ~Arrestin2 was knocked down using siRNA 
using scrambled siRNA as a control. Knockdown of ~Arrestin2 did not impact 
PGE2-induced (24 h treatment) cell migration using this assay. Due to 
inconsistencies (see Figure 54), we do not make any conclusion about the role of 
~Arrestin2 in PGE2-induced cell migration. 
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Figure 53. Effect of j3Arrestin2 knockdown on PGE2-induced cell migration: 
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Boyden chamber assay. Expression of j3Arrestin2 was knocked down using 
siRNA using scrambled siRNA as a control. Knockdown of j3Arrestin2 did not 
impact PGE2-induced (5 h treatment) cell migration using this assay. Due to 
inconsistencies (see Figure 53), we do not make any conclusion about the role of 
j3Arrestin2 in PGE2-induced cell migration. 
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Figure 54. Knockdown of (3Arrestin2 protein expression. Expression of (3Arrestin2 
was knocked down using siRNA using scrambled siRNA as a control. GAPDH 
(42 kDa) and (3Arrestin2 (50 kDa). 
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