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CHAPTER I. 
 

INTRODUCTION 
 

G-Protein Coupled Receptors (GPCRs) 
 

 The G-protein Coupled Receptor (GPCR) family of receptors is responsible for a 

myriad of cellular and physiological functions through interactions with extracellular 

stimuli, such as hormones, neurotransmitters, cytokines, lipids, proteases, odorants, etc 

(1, 2). As a result, the pharmaceutical industry has placed much effort upon targeting this 

class of receptor proteins, which has resulted in nearly 50% of the current drugs on the 

market today (1).  All GPCRs are characterized by seven transmembrane helices, three 

extracellular loops, three intracellular loops, and an extracellular N-terminal tail and an 

intracellular C-terminal tail. The G-proteins are made up of a heterotrimer of proteins 

consisting of Gα, Gβ, and Gγ subunits. Upon receptor activation, GTP for GDP exchange 

occurs on the Gα subunit, and the Gα and Gβγ subunits dissociate. The activated GTP-

bound Gα subunit and Gβγ subunit can now interact with their respective downstream 

effectors leading to cell signaling events regulating various cellular functions, such as 

motility, metabolism, calcium signaling, neurotransmitter release, and gene expression (1, 

2).  

 The type of effector that a GPCR activates depends upon the type of Gα subunit 

that it couples to. There are four main families of GPCRs, which include those that 

couple to Gαs, Gαi/o, Gαq/11, and Gα12/13. Gαs and Gαi/o coupled receptors lead to 

stimulation or inhibition of adenylyl cyclase, which results in increased production or 
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decreased production of cyclic-AMP, respectively. Gαs and Gαi/o coupled receptor 

regulated cyclic-AMP changes result in ion channel function (Na+/Cl- channel and K+/Cl- 

channel) within the cell. Gαq/11 coupled receptors result in the activation of phospholipase 

Cβ. This enzyme converts phoshatidylinositol-4,5-bisphosphate (PIP2) into diacylglycerol 

(DAG) and inositol-1,4,5-triphosphate (IP3). The effect of phospholipase Cβ activation 

and IP3 production by Gαq/11 coupled receptors results in increased intracellular calcium 

and signaling within the cell. Lastly, Gα12/13 coupled receptors, which are the class of 

receptors that is the focus of the work I describe here, result in the activation of the small 

GTPase RhoA subfamily (RhoA, B, C). Activation of the RhoA subfamily results in both 

short-term cytoskeletal effects within the cell affecting cell motility and long-term 

transcriptional effects leading to gene expression (1, 2).  

 Among the many GPCRs, three GPCRs that are known to couple to Gα12/13 are the 

lysophosphatidic acid, thrombin, and bombesin receptors (Fig. 1-1). These GPCRs also 

have the capacity to couple to Gαi and Gαq (3-6). As a result, the ability of these receptors 

to couple to multiple G-proteins enables them to control a variety of both cellular and 

biological functions, such as: cell migration, cell morphology changes, gene expression, 

cell cycle regulation, apoptosis, cell growth, DNA synthesis, mobilization of cellular 

calcium, platelet aggregation, endothelial cell and smooth muscle contraction, and tumor 

differentiation (3-5). 

GPCRs and Cancer 

 These three GPCRs have been well-documented to play a major role in the 

pathogenesis of cancer and cancer metastasis. The LPA receptor family (LPA1, LPA2, 

and LPA3) is well-known to play a major role in the pathogenesis of ovarian cancer, but 
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is also known to play a role in endometrial, gastric, and prostate cancers (7-16). LPA has 

been shown to promote in vitro cancer cell migration through an uncoated or collagen I 

coated matrix by Caov-3 and SKOV-3 ovarian cancer cells (7, 8, 16), AGS gastric cancer 

cells (13, 14), HEC1A endometrial cancer cells (11), PC-3 prostate cancer cells (10), and 

BT-20 breast cancer cells (9). In addition, ascites from ovarian cancer patients containing 

high concentrations of LPA as well as LPA itself were able to stimulate hADSC 

mesenchymal stem cells, which are key cells involved in ovarian cancer metastatic 

progression, to migrate through a collagen I coated matrix. This effect is dependent on 

both RhoA-Rho Kinase (ROCK) and Gαi-MEK-ERK pathways (17). In addition to cell 

migration, LPA has been shown to stimulate in vitro cancer cell invasion through a 

Matrigel-coated matrix by AGS gastric cancer cells (14) and PC-3 prostate cancer cells 

(12). More interestingly, the LPA receptor coupled Gα12/13-RhoA signaling pathway has 

been shown to play a role in cell migration or invasion of Caov-3 and SKOV-3 ovarian 

cancer cells (7, 16), AGS gastric cancer cells (14), BT-20 breast cancer cells (9), and PC-

3 prostate cancer cells (12). In addition to metastasis, LPA has also been shown to play a 

role in general cancer pathogenesis through a pro-survival role and by stimulating cell 

cycle progression in PC-3 prostate cancer cells (15).   

 Like for the LPA receptor family, it has been well-established that the thrombin 

receptor family (PAR1, PAR2, PAR3, and PAR4) plays an important role in 

tumorigenesis. A fundamental example of this is that overexpression of the PAR1 

receptor in the presence of thrombin-containing serum leads to focus formation by NIH-

3T3 mouse fibroblasts (18). Thrombin has been shown to stimulate, in a dose-dependent 

manner, growth of A172 glioblastoma cells (19) and HT29 colon cancer cells. This 
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involves a PAR4-dependent mechanism (20). Thrombin has also been shown to stimulate 

in vitro cancer cell migration through an uncoated or collagen-coated matrix. This is 

primarily through a PAR1-dependent mechanism, but in a few cases PAR2 or PAR4 have 

also been shown to contribute. These studies utilized M24met melanoma cells (21), HCC 

589 hepatocellular carcinoma cells (22), A-498 renal carcinoma cells (23), and PC-3 

prostate cancer cells (24). In addition, thrombin stimulates in vitro invasion through a 

Matrigel-coated matrix by MDA-MB-231 and BT549 breast cancer cells (25, 26), PC-3 

prostate cancer cells (27), and U2-OS osteosarcoma cells (28). Interestingly, thrombin 

stimulates the invasion by PC-3 cells in a Rho-dependent manner (27). With respect to in 

vivo studies, anti-PAR1 antibodies and PAR1 siRNA incorporated into liposomes have 

been shown to inhibit pulmonary metastases of M24met and A375SM melanoma cells, 

respectively (21, 29). 

 The bombesin receptor family (BB1, BB2, and BB3) also plays a role in cancer 

progression. In a wound-healing assay, bombesin stimulates in vitro motility of both PC-

3 prostate cancer cells (30, 31) and Isreco1 colon carcinoma cells (32) in a RhoA 

pathway dependent manner. In addition, in an invasion through a Matrigel matrix assay, 

bombesin stimulates invasion by Caco-2 and Isreco1 colon carcinoma cells in a Cox-2 

and RhoA-dependent manner, respectively (32, 33). More interestingly, in an in vivo 

xenograft model using SK-N-SH neuroblastoma cells, bombesin increases both tumor 

growth and angiogenesis as measured by VEGF protein expression (34). Also, in several 

other xenograft tumor models, including both H-69 small cell- (35) and H460 non-small 

cell- (36) lung carcinoma, MDA-MB-435 breast cancer (37), and PC-3 prostate cancer 

models (38), bombesin signaling was shown to play a pivotal role since the bombesin 
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receptor antagonist, RC-3940-II, inhibited tumor growth. Clearly, these three Gα12/13 

coupled GPCR receptor families play a significant role in cancer progression and 

metastasis in a variety of cancer cell types, some of which show RhoA pathway 

dependent mechanisms (Fig. 1-1).  

 

RhoA Transcriptional Signaling Pathway 

 The Rho family of small GTPases is a major subset of the Ras superfamily of 

GTPases.  The Rho family of small GTPases can be subdivided into 10 subgroups 

including small GTPases that are related to RhoA, Rac1, Cdc42, RhoD, Rif/RhoF, 

Rnd3/RhoE, TTF/RhoH, Chp/RhoV, Miro1/RhoT1, or RhoBTB (39). In the cell, Rho 

GTPases are activated upon extracellular ligand activation of cell surface receptors, such 

as cytokine, tyrosine kinase, adhesion, integrin, and G-protein-coupled receptors 

(GPCRs) (Fig. 1-1) (40). This leads to membrane translocation and activation in which 

the Rho GTPase switches from its inactive GDP-bound to the active GTP-bound form, 

which leads to various downstream cellular events, such as cytoskeletal changes, cell 

migration, cell growth, and gene transcription (Fig. 1-1) (39). The Rho family of small 

GTPases is most well-known for downstream effects upon the cytoskeleton, which lead 

to cell motility (Fig. 1-1). The three main subgroups, RhoA, Rac1, and Cdc42, are 

responsible for orchestrating cell motility through their control of stress fiber and focal 

adhesion formation, lamellipodia formation, and filopodia formation, respectively (41). 

 The activation of small GTPases is regulated by several classes of proteins. The 

GTPase-activating proteins (GAPs) catalyze the GTP hydrolysis of the active GTP-bound 

form of Rho GTPases leading to their inactivation and to termination of their downstream 
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signaling events. The guanine-nucleotide-dissociation inhibitors (GDIs) sequester 

inactive GDP-bound Rho GTPases in the cytosol, thus preventing their membrane 

localization and activation. Finally, guanine nucleotide exchange factors (GEFs) 

stimulate the exchange of GTP for GDP upon Rho GTPases resulting in their activation. 

There are over 60 known human RhoGEFs that specifically activate the Rho family of 

small GTPases (39). 

 Rho GEFs are characterized by their Dbl homology (DH) and C-terminal adjacent 

pleckstrin homology (PH) domains, which are primarily responsible for catalyzing 

nucleotide exchange leading to activation of Rho GTPases (39). However, the PH 

domains have also been shown to play a role in membrane localization of Rho GEFs in 

addition to aiding the DH domain in catalysis (39). The Gα12/13 coupled heterotrimeric G-

protein coupled receptors activate the RhoA subgroup (RhoA, RhoB, RhoC) of GTPases 

through a special family of Rho GEFs (p115-RhoGEF, LARG, PDZ-RhoGEF), which are 

characterized by a regulator of G-protein signaling homology domain (RH) (42). The 

RH-domain-containing RhoGEF leukemia-associated RhoGEF (LARG) is a focus of the 

work described here (Fig. 1-1 and 1-2). LARG was originally identified as a 

chromosomal translocation fusion protein to the mixed-lineage leukemia (MLL) gene in a 

patient with acute myeloid leukemia (43). 

 In addition to the short term cytoskeletal effects, Gα12/13-dependent RhoA 

signaling can lead to more long term gene expression effects (Fig 1-1 and 1-2). These 

gene expression effects are modulated by the transcription factor, serum response factor 

(SRF), which is most well-known for stimulating immediate early gene expression (e.g. 

c-fos and jun) (Fig. 1-1) (44-46). In the RhoA signaling pathway, SRF stimulates gene 



 7

expression through collaboration with the transcriptional co-activator megakaryoblastic 

leukemia 1 (MKL1 a.k.a. MRTF-A and MAL). Like LARG, MKL1 was originally 

discovered as a chromosomal translocation fusion protein to RNA-binding motif protein-

15 (RBM15) in patients with acute megakaryoblastic leukemia (47). Upon the loss of 

monomeric G-actin as a result of actin polymerization, MKL1 is released from its 

inactive G-actin bound state and translocates into the nucleus (Fig. 1-1) (44, 46). In 

addition, nuclear export of MKL1 through the chromosome region maintenance 1 (Crm1) 

protein is blocked upon activation of the Gα12/13-RhoA-dependent pathway (48).  

 

RhoA Transcriptional Signaling Pathway and Cancer 

Gα12/13/Rho GTPases and Cancer 

 Rho signaling has been well-established in the literature to play a role in cancer 

pathogenesis and metastasis. Two of the major Rho GTPases, Rac and Cdc42, have been 

implicated in tumor growth, migration, and invasion in both mouse skin and human 

breast tumors (49-51). Several of the atypical Rho GTPases, RhoD, RhoF, and RhoE 

have been implicated in anti-tumorigenic roles through the reduction of oncogenic src-

dependent and A375 melanoma cell motility, induction of cell cycle arrest and apoptosis 

in prostate cancer cells, and gene deletion in T-cell lymphoma (52-55). However, the 

atypical Rho GTPase, Chp, has been implicated in tumor progression due to its ability to 

stimulate focus formation by NIH-3T3 cells (56).  

  The RhoA subgroup (RhoA, RhoB, RhoC) of Rho GTPases, which is the focus 

of the work described here, has been shown to play a significant role in cancer 

progression, with the exception of RhoB. Like several of the atypical Rho GTPases, 
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RhoB has been shown to play an anti-tumorigenic role, such as in the inhibition of 

melanoma pulmonary metastasis and ovarian tumor growth in mice, oncogenic ras-

mediated focus formation by NIH-3T3 mouse fibroblasts, and thyroid cancer cell growth 

(57-60). Unlike RhoB, the other two RhoA subgroup members, RhoA and RhoC, have 

been implicated in the progression of multiple malignancies. RhoA has been shown to be 

overexpressed in hepatocellular carcinoma, gastric cancer, and esophageal squamous cell 

carcinoma patients (7, 61-64). High expression of RhoA correlates with poor prognosis 

and patient survival in both hepatocelluar carcinoma and esophageal squamous cell 

carcinoma (61, 62, 64). In gastric cancer models, RhoA has been implicated in in vitro 

cell growth and cell cycle progression of gastric cancer cells (AGS and SGC7901 cells), 

whereas in in vivo xenograft nude mouse models, it has been shown to play a role in 

tumor growth as shown by siRNA and dominant negative RhoA overexpression 

approaches (63, 65). RhoA has been implicated in in vitro growth and Matrigel invasion 

by MDA-MB-231 breast cancer cells. Furthermore, in vivo MDA-MB-231 tumor growth 

was reduced by siRNA knockdown of RhoA (66). Interestingly, in an esophageal 

squamous cancer metastasis model in nude mice, RhoA was shown to play a role in 

tumor growth, but not in pulmonary metastasis (67). However, in head and neck 

squamous cell carcinoma, RhoA was shown to play a role in in vitro cell motility and 

Matrigel invasion by two highly metastatic cell lines (UMSCC11A and UMSCC36) (68).  

 RhoC plays a similar and perhaps greater role in the cancer progression and 

metastasis of gastric cancer, hepatocellular carcinoma, head and neck squamous cell 

carcinoma, breast cancer, and esophageal squamous cell carcinoma. In esophageal 

squamous cell carcinoma and hepatocellular carcinoma, RhoC appears to be more 
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important for tumor metastasis rather than for growth (63, 65-69). Interestingly, with 

invasive SUM-159 breast cancer cells, using individual siRNAs to knockdown RhoA and 

RhoC showed that RhoC stimulated, whereas RhoA inhibited in vitro Matrigel cell 

invasion (70). This highlights the mechanistic differences that occur across various types 

of cancers. In a very aggressive inflammatory breast cancer model, RhoC has been shown 

to be overexpressed and to play a significant role in the metastatic phenotype (71-73). 

More recently, RhoC overexpression has been shown to be correlated with inflammatory 

breast cancer and an increased number of tumor emboli in an Egyptian population of 

breast cancer patients (74). RhoC is most notable for its role in in vitro cancer cell 

migration and/or invasion and in in vivo metastatic models with various malignancies, 

such as melanoma (75, 76), pancreatic adenocarcinoma (77), prostate cancer (78-81), and 

lung cancer (82). Consistent with these results across various cancers, RhoC was shown 

to be critical for in vivo metastasis, but not for tumor initiation and growth of polyoma T-

antigen-induced mammary tumors in a RhoC-deficient mouse model (83). In addition, 

Gα12, which can activate the RhoA subgroup, has been shown to be overexpressed in 

both breast and prostate cancers. It also stimulates invasion through a Matrigel matrix in 

a RhoA signaling pathway-depedent manner (27, 84). Gα12 was also shown to play a role 

in in vivo breast cancer metastasis in a RhoA signaling pathway-dependent manner (84). 

Therefore, the RhoA subgroup especially RhoA and RhoC have been well-established to 

play a role in cancer progression and metastasis and as result should serve as valuable 

cancer therapeutic targets. 
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ROCK and Cancer 

 The most notable Rho effector known to play a role in cancer progression and 

metastasis is the Rho-associated coiled-coil forming protein serine/threonine kinase 

(ROCK). ROCK can be directly activated by either RhoA or RhoC (85). Like RhoA and 

RhoC, ROCK has been observed to be overexpressed in a variety of malignancies, such 

as esophageal squamous cell carcinoma (86), pancreatic cancer (87), and hepatocellular 

carcinoma (88). In HT1080 lung cancer, MDA-MB-231 breast cancer, and B16 

melanoma models, ROCK was implicated in both in vitro tumor cell migration and 

invasion and in vivo metastasis (89, 90). Mechanistically, ROCK has been shown to be 

vital for in vitro cell invasion through a 3D-Matrigel matrix by rounded bleb-forming 

cells versus more elongated cells (91, 92). However, more recently, in both colon cancer 

cells and hepatocellular carcinoma cells, ROCK was implicated in either cell migration or 

invasion through a collagen I or Matrigel matrix and in the regulation of matrix 

metalloproteinases (93, 94). Therefore, it is possible for ROCK to regulate 

metalloproteinase-dependent modes of cell movement depending on the type of cancer 

and cell type.  As a result, ROCK potentially may serve as a valuable cancer therapeutic 

target within the RhoA transcriptional signaling pathway in future clinical studies. 

 

MKL1/SRF and Gene Expression and Cancer 

 Although the Rho GTPases, their regulators, and effectors have been well-

established to be involved in cancer, there is rather little known about the role of the 

transcriptional portion of the RhoA signaling pathway, which includes the co-activator 

MKL1 and its transcription factor SRF, in cancer progression and metastasis. 
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Interestingly, SRF has been implicated in several cell processes that may be relevant to 

cancer development in non-cancerous cells, including cell motility, cell growth, DNA 

synthesis, cell adhesion, and angiogenesis (45, 95, 96). More recently, there have been 

publications implicating a role for SRF in cancer progression and metastasis. Like RhoA, 

RhoC, and ROCK, SRF is overexpressed in hepatocellular carcinoma and has been 

implicated to play a role in in vitro hepatocellular carcinoma cell migration and invasion 

(97). In androgen-dependent (hormone-dependent) prostate cancer cells, SRF has been 

shown to play a role in in vitro cell growth and DNA synthesis (98). Also, in colon 

cancer, an exon 5 deleted splice variant of SRF has been shown to improve cell survival, 

in vitro (99). Therefore, SRF is beginning to elicit interest in the cancer biology 

community. More recently, Medjkane and colleagues (100) have shown for the first time 

that both the co-activator MKL1 and its transcription factor SRF play a role in both breast 

cancer and melanoma metastasis. The authors show a requirement of both MKL1 and 

SRF for cell motility and invasion but not for cell proliferation (100), which is consistent 

with the RhoC data described earlier in which similar functional effects were seen. Also, 

MKL1 and SRF were implicated in the production of pulmonary metastases in an in vivo 

nude mouse model for both breast cancer and melanoma (100).  

 Medjkane and colleagues also showed that two MKL1-dependent cytoskeletal 

genes, Myl9 and Myh9, were critical for the breast cancer cell migration and invasion. A 

similar role was seen in in vivo breast cancer and melanoma cell pulmonary metastases. 

Several serum-mediated MKL1-dependent genes have also been implicated in 

tumorigenesis, including SRF, adrenomedullin, epiregulin, interleukin-6, hexokinase 2, 

and zyxin (101). These MKL1-dependent genes have been linked to cancer cell functional 
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processes, such as cell-growth, migration, invasion, and survival (102-107). In addition to 

SRF and MKL1, RhoC has also been shown to induce expression of genes that are 

critical for cancer metastasis, including cyclin D1, VEGF-C, CXCL1, fibronectin, and 

IGFBP2 (108). Therefore, the transcriptional portion of the RhoA signaling pathway and 

RhoA pathway-mediated gene expression can also play an important role in cancer 

pathogenesis and metastasis.  

 

Targeting the RhoA Transcriptional Signaling Pathway 

 Although there is a well-documented role for the RhoA transcriptional signaling 

pathway in cancer progression and metastasis, there are relatively few chemical inhibitors 

available that target this pathway. There has been significant effort focused on inhibiting 

the carboxy-terminal isoprenylation of the activated form of the Rho GTPase. This lipid 

modification is critical for membrane localization and function of the Rho GTPase. 

Inhibitors of this lipid modification include the farnesyltransferase and geranylgeranyl 

transferase inhibitors and the cholesterol lowering statin drugs (71, 76, 109), but these 

drugs are not selective for the Rho family of GTPases or the RhoA transcriptional 

signaling pathway. The Rho GTPase effector, ROCK, has also been targeted for chemical 

inhibitor development. Inhibitors, such as Y-27632, WF-536, and fasudil, have shown 

promising anti-metastatic activity in both in vitro and in vivo models (89, 90, 110). 

However, the drawback of these compounds is that they only inhibit one “arm” of the 

RhoA signaling pathway (Fig. 1-2), which would render them ineffective against tumors 

that are dependent upon the transcriptional portion and/or Rho GTPase-mediated gene 

expression of the RhoA pathway. There is also the marine toxin, latrunculin B, which 
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inhibits filamentous actin formation and the cytoskeletal functional effects of the pathway 

(111). However, this compound is a general actin polymerization inhibitor and is not 

specific for the RhoA transcriptional signaling pathway. Other than the ROCK inhibitors, 

there are only two published specific inhibitors of Rho GTPase signaling, but neither of 

these compounds target the RhoA transcriptional signaling pathway. These inhibitors, 

NSC23766 and EHT 1864, directly and specifically inhibit the Rho GTPase, Rac1 (112-

114). However, there is still a need for inhibitors of RhoA and RhoC, their regulators or 

effectors, or other protein-protein interactions specific to the RhoA transcriptional 

signaling pathway. 

My Work 

 The evidence presented above leads me to the goal of this thesis, which is to 

identify novel small-molecule inhibitors of the RhoA transcriptional signaling pathway as 

pharmacological tools to better understand the role of this pathway in cancer biology and 

metastasis. Such compounds could also serve as leads for the development of cancer 

therapeutics. The two approaches undertaken here used high-throughput chemical 

screening to identify novel inhibitors. One project utilized a cell-based Rho-specific 

SRE.L-luciferase reporter assay (Fig. 1-2), whereas the other utilized a biochemical 

guanine nucleotide binding functional fluorescence polarization assay targeting the 

interaction between the RhoGEF, LARG, and the Rho GTPase, RhoA.   

 In Chapter 2, using the cell-based Rho-specific SRE.L-luciferase reporter assay 

screening (Fig. 1-2) approach to screen two-thousand compounds, I identified two small-

molecule inhibitors, CCG-977 and CCG-1423, of the RhoA transcriptional signaling 

pathway. CCG-977 was found to have an IC50 of 2 µM, whereas CCG-1423 was found to 
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have an IC50 of 1 µM. Therefore, the more potent CCG-1423 compound was selected to 

pursue follow-up studies. In assessing its mechanism of action, CCG-1423 was found to 

work at the transcriptional level, likely modulating MKL1/SRF stimulated gene 

expression. Interestingly, in cancer biology in vitro functional experiments, CCG-1423 

inhibited LPA-mediated DNA synthesis in PC-3 prostate cancer cells, RhoC-

overexpressing melanoma cell growth and survival, and spontaneous PC-3 cell Matrigel 

invasion but not Gαi-dependent SKOV-3 ovarian cancer cell Matrigel invasion.  

 In chapter 5, utilizing the biochemical guanine nucleotide binding functional 

fluorescence polarization assay screening approach targeting the interaction between the 

RhoGEF, LARG, and the Rho GTPase, RhoA to screen ten-thousand compounds, we 

identified five small-molecule inhibitors, CCG-13528, CCG-14631, CCG-7167, CCG-

14113, and CCG-12529, of LARG-stimulated RhoA nucleotide binding. These 

compounds were found to selectively inhibit LARG-stimulated [35S] GTPγS binding to 

RhoA but not RhoA or Gαo [35S] GTPγS binding. Therefore, these five compounds were 

identified as leads for further development into both pharmacological tools and/or 

therapeutics. In addition, the novel fluorescence polarization guanosine nucleotide-

binding assay developed to carryout this high-throughput screen should serve as a useful 

approach for general biological applications as well.  

 In Chapter 3, I describe the chemical synthesis of analogs of the RhoA 

transcriptional pathway inhibitor, CCG-1423, and describe their effects upon Gα12QL-

stimulated SRE.L-luciferase expression, constitutive thymidine kinase (TK)-promoter-

driven Renilla luciferase expression, the WST1 cell viability response, and spontaneous 

cell Matrigel invasion of PC-3 prostate cancer cells. In addition, I also tested the toxicity 
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of these analogs across a panel of normal prostate and prostate cancer cell lines. The most 

promising analogs described were found to be less potent than CCG-1423, but more 

selective and less toxic with respect to both the firefly and Renilla luciferase expression 

and WST1 cell viability of PC-3 cells. Also, none of the analogs described in this chapter 

showed any significant toxic selectivity across the panel of normal prostate and prostate 

cancer cell lines. Overall, the analogs showed similar potency, selectivity, and toxicity in 

the PC-3 cell Matrigel invasion experiments in comparison to the Rho-specific SRE.L-

luciferase expression experiments. The most promising and selective analogs described in 

Chapter 3 should serve as lead compounds for both future mechanistic studies to identify 

the molecular target of CCG-1423 and for in vivo metastatic prostate cancer xenograft 

studies. 

 Lastly, in Chapter 4, I describe the effect of the RhoA transcriptional pathway 

inhibitor, CCG-1423, upon genome-wide gene expression in PC-3 prostate cancer cells in 

order to investigate both the general mechanism of action of CCG-1423 and its  

mechanism of action as it relates to spontaneous PC-3 prostate cancer cell Matrigel 

invasion. Using this approach, I was able to identify four candidate genes (RGS4, RGS7, 

CTGF, and SOX9) regulated by CCG-1423 to be potentially involved in CCG-1423 

inhibition of spontaneous PC-3 cell Matrigel invasion. Two of these genes (RGS4 and 

SOX9) were confirmed to be regulated by two more selective CCG-1423 analogs 

identified in Chapter 3, CCG-100602 and CCG-101425, in the same manner as CCG-

1423 via quantitative real-time polymerase chain reaction (QRT-PCR) analysis. Future 

functional studies will determine if the genes, RGS4 and SOX9, are involved in CCG-
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1423-mediated inhibition of PC-3 prostate cancer cell Matrigel invasion and prostate 

cancer metastasis.  

 As a result, the high-throughput screens described here yielded promising lead 

compounds that inhibit the RhoA transcriptional signaling pathway (Fig. 1-1). These 

compounds should prove to be useful for the development of future pharmacological 

tools and therapeutics. One of these tools, CCG-1423, has already been utilized to 

elucidate the mechanism of action of its inhibition of spontaneous PC-3 cell Matrigel 

invasion in Chapter 4. Overall, the work described here lays a strong foundation for the 

further development of inhibitors of the RhoA transcriptional signaling pathway.   
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CHAPTER II 
 

CCG-1423: A SMALL-MOLECULE INHIBITOR OF RHOA 
TRANSCRIPTIONAL SIGNALING 

 
 

Abstract 

Lysophosphatidic acid receptors stimulate a Gα12/13/RhoA-dependent gene transcription 

program involving the serum response factor (SRF) and its co-activator and oncogene, 

megakaryoblastic leukemia 1 (MKL1). Inhibitors of this pathway could serve as useful 

biological probes and potential cancer therapeutic agents. Through a transcription-based 

high-throughput serum response element-luciferase screening assay, we identified two 

small-molecule inhibitors of this pathway. Mechanistic studies on the more potent CCG-

1423 show that it acts downstream of Rho because it blocks SRE.L-driven transcription 

stimulated by Gα12Q231L, Gα13Q226L, RhoA-G14V, and RhoC-G14V. The ability of 

CCG-1423 to block transcription activated by MKL1, but not that induced by SRF-VP16 

or GAL4-VP16, suggests a mechanism targeting MKL/SRF-dependent transcriptional 

activation that does not involve alterations in DNA binding. Consistent with its role as a 

Rho/SRF pathway inhibitor, CCG-1423 displays activity in several in vitro cancer cell 

functional assays. CCG-1423 potently (<1 µmol/L) inhibits lysophosphatidic acid-

induced DNA synthesis in PC-3 prostate cancer cells, and whereas it inhibits the growth 

of RhoC-overexpressing melanoma lines (A375M2 and SK-Mel-147) at nanomolar 

concentrations, it is less active on related lines (A375 and SK-Mel-28) that express lower 
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levels of Rho. Similarly, CCG-1423 selectively stimulates apoptosis of the metastasis-

prone, RhoC-overexpressing melanoma cell line (A375M2) compared with the parental 

cell line (A375). CCG-1423 inhibited Rho-dependent invasion by PC-3 prostate cancer 

cells, whereas it did not affect the Gαi-dependent invasion by the SKOV-3 ovarian cancer 

cell line. Thus, based on its profile, CCG-1423 is a promising lead compound for the 

development of novel pharmacologic tools to disrupt transcriptional responses of the Rho 

pathway in cancer. 

 

Introduction 

 Cancer metastasis is a significant medical problem responsible for thousands of 

deaths every year (1). Metastases arise when dysregulation of one or more cellular 

processes allows malignant cells to escape the confines of the tissue of origin and 

establish themselves in alternate sites. These processes include cell adhesion, migration, 

invasion, extravasation, survival, and proliferation (1). Multiple members of the Rho 

family of small GTPases play important roles in these cellular processes and in some 

human tumors (e.g., colon, esophageal, lung, pancreatic, and inflammatory breast 

cancers), up-regulation of RhoA or RhoC is associated with a poor clinical outcome (2, 

3).  

 Rho GTPases are best known for their effects on the actin cytoskeleton. The three 

main Rho GTPase subfamilies, RhoA, Rac, and Cdc42, control stress fiber formation, 

lamellipodia, and filopodia (4), respectively, which are structures important for cell 

motility. Rac and Cdc42 have been implicated in tumor growth, migration, and invasion 

in both mouse skin and human breast tumors (5-7). Within the RhoA family (RhoA, 
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RhoB, RhoC, etc.), there is evidence for involvement of both RhoA and RhoC in cancer, 

with the latter being clearly implicated in multiple malignancies. RhoC is essential for 

inflammatory breast cancer cell growth, invasion, and survival (8, 9) and more recently 

was found to be critical for invasion by PC-3 prostate cancer cells (10). Similarly, RhoC 

is critical for in vivo metastasis of polyoma T antigen–induced mammary tumors (11). 

Clearly, the RhoA family GTPases play important roles in multiple cellular processes 

central to tumor growth and metastasis.  

 Heterotrimeric G protein–coupled receptors (GPCR), especially those activating 

the Gα12/13 family of Gα subunits, are upstream regulators of the Rho pathway and are 

also implicated in metastasis. Lysophosphatidic acid (LPA), thrombin, and bombesin, 

acting on their respective GPCRs, stimulate Rho signaling and migration of various 

cancer cell lines (12-14). A family of three rhoGEFs containing a regulator of G protein 

signaling homology (RH) domain serves to couple receptors and Gα12/13 subunits to 

RhoA (15). The three RH domain-containing RhoGEFs are p115RhoGEF, PDZ-

RhoGEF, and leukemia-associated RhoGEF (LARG). The latter was initially found as a 

fusion to the mixed lineage leukemia gene in a patient with acute myelogenous leukemia 

(16). Binding of activated Gα subunits (i.e.,Gα12 and Gα13) to the RH domain of the 

RhoGEF stimulates the DH-PH domain-mediated guanine nucleotide exchange on the 

small GTPase RhoA, leading to its activation (17-19). Another G protein–activated 

RhoGEF, p63-RhoGEF, is activated by Gαq but does not contain an RH domain (20). 

Furthermore, the downstream Rho effector Rho-associated coiled coil–forming protein 

kinase (ROCK) is implicated in migration and invasion of cancer cells (21). Thus, 
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Gα12/13-coupled receptors can stimulate activation of RhoA as well as downstream 

cellular processes involved in cancer metastasis. 

  In addition to its established effects on motility, RhoA-dependent actin 

polymerization in response to activation of Gα12/13-coupled GPCRs leads to changes in 

gene expression. The loss of free G-actin resulting from actin polymerization leads to its 

dissociation from the transcriptional co-activator megakaryoblastic leukemia 1 (MKL1), 

which then translocates into the nucleus where it collaborates with serum response factor 

(SRF) to induce gene expression (22, 23). SRF participates in many cellular processes, 

including cell growth and differentiation, apoptosis, and angiogenesis (24, 25). Although 

the role of gene transcription in Rho-related cancer biology is poorly understood, both 

RhoA and RhoC regulate genes important for cell growth and proliferation, such as c-fos 

and cyclin D1 (24, 26). RhoC overexpression has been linked to vascular endothelial 

growth factor-C, CXCL1 chemokine, and fibronectin up-regulation, which are important 

for angiogenesis and formation of the extracellular matrix (26). In addition, several 

serum-stimulated genes shown to be MKL1-dependent have been implicated in cancer, 

including SRF itself, adrenomedullin, epiregulin, interleukin-6, hexokinase 2, and zyxin 

(27). These MKL1-dependent genes participate in various cancer-linked processes, 

including cell growth, migration, invasion, and survival (24, 25, 28-32). Thus, alterations 

in gene expression are likely to be an integral part of Rho effects on cancer metastasis.  

 Currently, there are relatively few drugs or pharmacologic tools that target Rho 

GTPase family signaling pathways. Much of the effort to date has focused on inhibiting 

the COOH-terminal isoprenylation of the Rho GTPases. This lipid modification is 

necessary for membrane localization and function of the activated Rho proteins. The 
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most widely used inhibitors of this modification include farnesyltransferase and 

geranylgeranyltransferase inhibitors and the cholesterol-lowering statin drugs (33). 

However, these compounds are not specific for the Rho family of small GTPases so their 

effects are difficult to interpret mechanistically. There have also been significant efforts 

aimed at inhibiting the Rho effector molecule ROCK. The ROCK inhibitors Y-27632 and 

Wf-536 have shown promising anti-metastatic activity both in vitro and in vivo (34-36). 

To date, the only specific and direct inhibitor of Rho GTPases is the Rac1 inhibitor 

NSC23766 (37). Although it is relatively specific, it is not very potent (IC50, ~ 50 

µmol/L). Thus, there is a clear need and opportunity for specific inhibitors of Rho 

GTPase signaling pathways.  

 In this study, we took advantage of a modified serum response element (SRE)-

luciferase reporter to undertake a high-throughput screen aiming to identify novel small 

molecule inhibitors of the RhoA family signaling pathway. We chose to use a firefly 

luciferase expression vector driven by a mutant SRE (SRE.L) lacking the ternary 

complex factor binding sites because this construct is a selective probe of RhoA-induced 

gene transcription (38). We initiated Rho pathway signaling through the upstream signals 

Gα13 and LARG so that inhibition at any step from Gα13 to the SRE 

could be detected. By this approach, we identified two novel and structurally similar 

small-molecule inhibitors of RhoA-stimulated transcription. Mechanistic analysis showed 

that the more potent compound (CCG-1423) elicits its effects downstream of RhoA and 

actin polymerization by a mechanism targeting MKL/SRF-dependent transcriptional 

activation. Interestingly, we find that CCG-1423 inhibits LPA receptor-stimulated DNA 

synthesis, cell growth, cell survival, and Matrigel invasion for several cancer cell lines. 
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Materials and Methods 

Plasmids and Reagents 

The Rho-responsive SRE.L-luciferase reporter construct and myc-tagged human LARG 

expression plasmid were described previously (38). The p(GAL4)2-Luc luciferase 

reporter was generated by ligation of a 50-bp double-stranded oligonucleotide bearing 

two idealized GAL4 sites into the BamHI and BglII sites of pDODLO2 (39). Control 

expression vectors driving Renilla luciferase from different promoters, pRL-

cytomegalovirus and pRL-thymidine kinase (TK), were from Promega. Human 

Gα12Q231L, Gα13Q226L, RhoA-G14V, and RhoC-G14V expression plasmids were from 

the UMR cDNA Resource Center. Expression plasmids for MKL1 (40), SRF-VP16 (41), 

GAL4-MKL1 (amino acids 601 – 931; (22), and C3 exotoxin (42) were kindly provided 

by Dr. Michael Parmacek (University of Pennsylvania, Philadelphia, PA), Dr. Li Li 

(Wayne State University, Detroit, MI), Dr. Ron Prywes (Columbia University, New 

York, NY), and Dr. John Williams (University of Michigan, Ann Arbor, MI), 

respectively. The cytomegalovirus-driven NH2-terminally HA-tagged GAL4-VP16 

expression vector was generated by sub-cloning the coding sequence from a Rous 

sarcoma virus–driven version (43) into pcDNA3.1. The pcDNA3.1-zeo expression 

plasmid and mouse laminin were from Invitrogen. The marine toxin latrunculin B as well 

as daunorubicin, LPA, Igepal, anti-mouse IgG peroxidase conjugate, and anti-rabbit IgG 

peroxidase conjugate were from Sigma. Pertussis toxin (PTX) was from List Biological 

Laboratories, Inc. BD BioCoat Matrigel invasion chambers (8 µm) were from Becton 

Dickinson. 5-Bromo-2’-deoxyuridine (BrdUrd), anti-BrdUrd-peroxidase, BM blue 

peroxidase substrate, and cell proliferation reagent WST-1 were from Roche Diagnostics. 
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The caspase-3 fluorescent peptide substrate, rhodamine 110, bis-N-CBZ-L-aspartyl-

Lglutamyl-L-valyl-L-aspartic acid amide was from Biotium. The chemical compounds 

CCG-977 [N1-(4-([3,5-di(trifluoromethyl)anilino]sulfonyl)-phenyl)-4-chlorobenzamide] 

and CCG-1423 [N-[2-(4-chloroanilino)-1-methyl-2-oxoethoxy]-3,5-

bis(trifluoromethyl)benzamide] were from Maybridge. A plasmid expressing ROCK 

kinase (p160ROCK-dN3) from a CMV promoter in the pCAG vector was kindly 

provided by Dr. S. Narumiya (Kyoto University). ROCK-2 kinase and its biotinylated 

peptide substrate and detecting antibody were purchased as elements of the HTScan 

ROCK-2 kinase assay kit from Cell Signaling Technologies (Danvers, MA). Lumavidin 

beads were purchased from Luminex Corp. (Austin, TX). R-phycoerythrin-labelled Goat 

Anti-Rabbit antibody was purchased from Invitrogen (Carlsbad, CA). The HEK293T, 

PC-3, SKOV-3, and A375M2 cell lines were kind gifts from Drs. J.Menon, Kenneth 

Pienta, and Kathleen Cho (University of Michigan) and Dr. Richard Hynes 

(Massachusetts Institute of Technology, Cambridge, MA). The A375, WI-38, and SW962 

cell lines were obtained from the American Type Culture Collection. The SK-Mel-28 and 

SK-Mel-147 cell lines were obtained from Dr. Sofia Merajver (University of Michigan) 

and have been described previously (44, 45). 

 

Cell Culture, Transfections, and Dual-Luciferase Assay 

Cell lines were normally maintained in DMEM containing 10% fetal bovine serum 

(FBS), 100 units/mL penicillin, and 100 µg/mL streptomycin at 37oC in 5% CO2. 

HEK293T or PC-3 cells were seeded into 96-well plates (3 x 104 to 4 x 104 per well) 

approximately 24 hr before transfection. Cells were transiently transfected by incubation 
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with the indicated amounts of DNA plasmids plus 1 µL of LipofectAMINE 2000 

(Invitrogen) per µg of DNA in antibiotic-free culture medium. For dual-luciferase 

measurements, various activator plasmids (i.e., Gα12Q231L, Gα13Q226L, RhoA-G14V, 

RhoC-G14V, MKL1, SRF-VP16, GAL4-VP16, and GAL4-MKL1) were included along 

with the SRE.L or p(GAL4)2-Luc luciferase reporter and PRL-TK or PRL 

cytomegalovirus Renilla control plasmids. The total amount of DNA was kept constant 

by inclusion of the appropriate amount of pcDNA3.1. Transfection efficiencies 

determined with pcDNA3.1-eGFP were approximately 90% to 100% and 30% to 50% for 

HEK293T and PC-3 cells, respectively. Five to 6 hr after transfection, the transfection 

mixture was removed and cells were starved overnight in DMEM containing 0.5% FBS 

and 1% penicillin-streptomycin. Firefly and Renilla luciferase activities were determined 

18 to 19 h later using the dual-luciferase assay kit (Promega) according to the 

manufacturer’s instructions. Luminescence was read on a Victor2 plate reader with dual 

injectors (Perkin-Elmer). In the site of action studies, firefly luciferase activity was 

normalized to Renilla luciferase activity. For testing chemical compounds, 1 µL of 

compound or DMSO was added to the cells (final concentration, 1% DMSO) at the 

beginning of the serum starvation step. 

 

High-throughput SRE.L Luciferase Screen 

HEK293T cells (6 x 106 per dish) were seeded into 10-cm dishes 24 h before transfection. 

Cells were co-transfected with 5 ng of Gα13Q226L and 150 ng of LARG expression 

plasmids, and 3 µg of the SRE.L reporter plasmid. Two thousand chemical compounds 

(Maybridge) were pre-spotted onto white 96-well Costar tissue culture plates (Corning) 
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in 1 µL DMSO (final concentration of compounds, 10 µmol/L) using a Biomek FX 

Workstation (Beckman Coulter). Cells were trypsinized 5 to 6 hr after transfection and 

transferred to the compound-containing assay plates (3 x 104 per well) in 100 µL DMEM 

containing 0.5% FBS and 1% penicillin-streptomycin. After an additional 18 to 19 h of 

incubation, the robotic workstation was used to remove 70 µL of medium from each well 

and to add 30 µL of Steady-Glo reagent (Promega). Plates were incubated for 30 min at 

room temperature with rocking and luminescence was read for 1 s/well on the Victor2 

plate reader. The statistical Z’ factor (46, 47) for high-throughput assays was calculated 

by using the following formula: Z’ = 1 - [(3σc+ + 3σc-) /|µc+ - µc-|] (σ = SD, µ = mean, c+ 

= latrunculin B, and c- = DMSO-negative control). 

 

Stress Fiber Formation 

NIH-3T3 mouse fibroblast cells (5.0 x 105 per well) were plated onto coverslips in six 

well plates. After attachment, cells were starved overnight in serum-free DMEM (0% calf 

serum). Cells were pre-treated with compounds for 1 hr before the addition of LPA (30 

µmol/L) or calf serum (10%). On addition of the stimuli, the cells were incubated for an 

additional 1 hr. Wells were then washed with PBS and fixed for 15 min with 4% 

paraformaldehyde. Cells were then washed again with PBS and then lysed in buffer 

containing 0.3% Triton X-100 in PBS for 15 min. After washing in buffer containing 

0.5% Igepal in PBS, cells were incubated for 1 h with rhodamine-phalloidin (1:200) stain 

in PBS containing 0.5% Igepal and 1% bovine serum albumin. Cells were then washed 

twice in 0.5% Igepal in PBS and then mounted onto slides with Gel Mount antifade 
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solution (Biomeda). Cell images were obtained with an Olympus FluoView 500 

microscope with a 60x oil objective. 

 

DNA Synthesis 

PC-3 human prostate cancer cells (1.2 x 104 per well) were plated onto 96-well plates 

coated with laminin. After attachment, cells were serum-starved overnight in serum-free 

(0% FBS) DMEM and treated with LPA (100 µmol/L) or FBS (10%) for 27 hr. BrdUrd 

(10 µmol/L final) was added to the wells during the final 4.5 h of the incubation. Wells 

were then washed with PBS and fixed for 20 min with 100 µL of 70% ethanol in 2.3 

mol/L HCl. After washing with 10% FCS in PBS, cells were incubated for 1 hr at room 

temperature with anti-BrdUrd-peroxidase. Wells were washed with PBS and then BM 

blue peroxidase substrate was added, and after 30 min, the reaction was stopped by the 

addition of 2 N H2SO4. The absorbance was read at 450 nm using a Victor2 plate reader. 

To determine cell viability, the tetrazolium salt WST-1 was added to the wells during the 

last 1 h of incubation with BrdUrd. The mitochondrial metabolite of WST-1 cleavage was 

detected spectrophotometrically at 450 nm just before washing and fixing the cells for 

BrdUrd measurements. 

 

Cell Growth 

Cells in normal culture medium were plated (2,000 per well) in a 96-well plate coated 

with laminin. After attachment, the medium was replaced with serum-free medium (0% 

FBS) with 30 µmol/L LPA with or without 300 nmol/L CCG-1423. Fresh LPA with or 

without CCG-1423 was added at day 5 to ensure that LPA and compound were present 
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throughout the experiment. On day 8, WST-1 reagent was added to the wells for 1 hr and 

absorbance at 450 nm was read using a Victor2 plate reader. 

 

Caspase-3 Activity 

Cells in normal culture medium were plated (2 x 104 per well) in a black 96-well plate 

coated with laminin. After overnight attachment, the medium in the wells was replaced 

with serum-free DMEM (0% FBS) with CCG-1423 or daunorubicin for 25 h. An equal 

volume of 2x reaction buffer [20 mmol/L PIPES (pH 7.4), 2 mmol/L EDTA, 0.2% 

CHAPS, 10 mmol/L DTT] containing 50 µmol/L of the fluorogenic caspase-3 substrate 

Z-DEVD-R110 was then added. After an additional 90 min of incubation at 37oC, 

fluorescence was measured in a Victor2 plate reader using excitation at 485 nm and 

emission detection at 520 nm. 

 

Matrigel Cell Invasion 

PC-3 or SKOV-3 cells (5 x 104) were transferred to 24-well Matrigel inserts in serum- 

free medium with or without CCG-1423. Serum-free medium (0% FBS) with or without 

30 µmol/L LPA as chemoattractant was added to the lower well, and the invasion 

chambers were returned to the incubator for 24 hr. Inserts were fixed in methanol for 10 

min and then stained 30 min with 0.5% crystal violet in 20% methanol. After wiping the 

top surface of the filter to remove non-invaded cells, the number of remaining cells was 

determined by counting four non-overlapping 20x fields. For PTX experiments, cells 

were treated with 100 ng/mL PTX overnight before being transferred to the Matrigel 

inserts and 100 ng/mL PTX was maintained in the medium. 
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Effect of Y-27632 on SRE-Luciferase 

HEK293T cells were transiently transfected with the SRE.L Luciferase reporter and 

CMV-Renilla reporter along with an expression vector for either the constitutively active 

Gα13 QL mutant or ROCK kinase using Lipofectamine 2000 at a ratio of 4 ul 

Lipofectamine per ug DNA. Six hours after transfection, the medium was replaced with 

low serum (0.5% FBS) DMEM and the transfected cells were incubated overnight with 

various concentrations of the Rho kinase inhibitor Y-27632. Expression of firefly and 

Renilla luciferase was measured as described in the accompanying paper and data are 

expressed as % of the control Firefly/Renilla ratio without Y-27632. Data are mean ± 

SEM of triplicate determinations. 

 

Effect of CCG-1423 on Rho kinase activity 

Biotinylated ROCK-2 peptide substrate (10 nM) was bound to Lumavidin beads, washed 

three times in PBS then re-suspended in kinase assay buffer. Beads were diluted into 

samples containing the indicated concentrations of CCG-1423 then ROCK-2 enzyme (50 

ng) was added to each sample and incubated for 10 minutes at RT. Primary antibody 

(1:4000) was added and samples were incubated for 60 minutes at room temperature. 

Then R-phycoerytrhin-labelled secondary (1:2000) antibody was added and incubations 

continued for an additional 30 minutes. Bound secondary antibody was quantitated on a 

Luminex 200 instrument and expressed as median fluorescence intensity (MFI). Values 

without added kinase were nearly undetectable. Data are mean ± SEM of triplicate 

determinations from one experiment repeated three times with similar results. 
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Results 

Rho-Dependent SRE.L Luciferase Regulation 

 To assess the suitability of the mutant SRE.L luciferase reporter (which lacks the 

ternary complex factor–binding sites present in the normal SRE) as a high-throughput 

assay for inhibitors of GPCR-regulated Rho-dependent pathways (Fig. 2-1A), we tested a 

series of Rho pathway activators beginning with Gα13 and LARG. As shown in Fig. 2-1B, 

co-transfection of HEK293T cells with expression vectors for the constitutively active 

mutant Gα subunit Gα13Q226L together with LARG activates the SRE.L-driven reporter 

synergistically (i.e., 1.6-fold above the sum of the independent stimulation by 

Gα13Q226L and LARG). In Fig. 2-1C, effective stimulation is also observed for a 

constitutively active Gα12 guanine nucleotide-binding protein, Gα12Q231L, as well as the 

active Rho GTPases RhoA-G14V and RhoC-G14V. In addition, the SRE.L-driven 

reporter can be directly stimulated by expression of either the SRF coactivator MKL1 or 

the chimeric activator SRF-VP16 in which the potent VP16 viral transactivation domain 

is fused to full-length SRF (Fig. 2-1C). Thus, the pathway can be activated using signals 

either upstream (Gα13 and/or LARG) or downstream (MKL1 or SRF-VP16) of RhoA and 

RhoC. As shown in the signaling pathway diagram (Fig. 2-1A), Rho-mediated SRE.L 

luciferase stimulation is dependent on actin polymerization and the ensuing monomeric 

G-actin depletion. Therefore, we examined the effect of the marine toxin latrunculin B, 

which binds to G-actin and inhibits actin polymerization, for its ability to inhibit 

Gα13Q226L-stimulated SRE.L-driven luciferase expression. As shown in Fig. 2-1D, 0.5 

µmol/L latrunculin B completely abrogates the Gα13Q226L stimulation, confirming that 

our SRE.L system is indeed dependent on actin polymerization. Lastly, to ensure that the 
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SRE.L reporter response is Rho-dependent, we co-transfected cells with expression 

vectors for both Gα13Q226L and the Clostridium botulinum exotoxin C3. ADP-

ribosylation of Rho by the C3 exotoxin results in Rho inactivation. Gα13Q226L-

stimulated SRE.L luciferase expression is nearly abolished by the C3 exotoxin (Fig. 2-

1D), showing the Rho dependence of the response. 
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Figure 2-1. Characterization of the SRE.L system in HEK293T cells. A) Gα13 
activates the rhoGEF LARG, which activates Rho. This leads to actin polymerization 
through mDia1 and ROCK. On actin polymerization, the co-activator MKL1 is released 
from actin and translocates into the nucleus. There, MKL1 interacts with the transcription 
factor SRF and the complex activates the SRE(∆TCF) response element, leading to 
luciferase expression. B) Gα13Q226L and LARG synergistically stimulate SRE.L-
mediated transcription. HEK293T cells were co-transfected with 0.5 ng of Gα13Q226L 
and/or 0.2 ng of LARG expression plasmids along with 30 ng of SRE.L and 3 ng of PRL-
TK reporter plasmids. Dotted line, sum of luciferase activities for Gα13 and LARG 
expressed individually. Co-transfection produces a 1.6-fold synergistic activation. C) 
Constitutively active mutants of several activators stimulate SRE.L expression. Plasmids 
for constitutive activators (0.1 ng of Gα12Q231L and Gα13Q226L, 10 ng of RhoA-G14V 
and RhoC-G14V, and 1 ng SRF-VP16) or for wild-type MKL1 (3 ng) were individually 
co-transfected with 15 ng of SRE.L reporter plasmid. D) The actin polymerization 
inhibitor latrunculin B and the Rho inactivator C3-exotoxin inhibit Gα13Q226L-
stimulated SRE.L-driven luciferase expression. Cells were co-transfected with 0.3 ng of 
the Gα13Q226L expression plasmid and 15 ng of the SRE.L reporter plasmid with or 
without 50 ng of the C3 expression plasmid. At the beginning of serum starvation, cells 
were treated with 0.5 µmol/L latrunculin B or 1% DMSO for 18 to 19 h and harvested as 
described in Materials and Methods. The pcDNA3.1-zeo plasmid was used as carrier 
DNA in all experiments, which were done in triplicate. Data from B were baseline-
subtracted and normalized to the Renilla internal control and expressed as a ratio of 
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Figure 2-1.(continued) firefly to Renilla luciferase activities. Data from C and D are 
expressed as fold-increase above baseline. Data in B, C, and D were measured in 
triplicate and are representative data of n = 3. The raw firefly luciferase counts (in 
thousands) for the left half of the graph in D were 200 ± 40 and 3,300 ± 600 for control 
and Gα13Q226L, respectively. The raw firefly luciferase counts (in thousands) for the 
right half of the graph in D were 18 ± 8 and 492 ± 97 for control and Gα13Q226L, 
respectively. 
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High-Throughput Screen for Rho Pathway Inhibitors 

 To identify novel chemical inhibitors of the RhoA pathway, we first adapted the 

SRE.L luciferase assay to a high-throughput format using 293T cells co-expressing 

Gα13Q226L and LARG. Statistical analysis to determine the robustness and 

reproducibility of the assay for high-throughput screening yielded a Z’ factor of 0.7 (see 

Materials and Methods), which indicates that it is well suited for our purposes. Using this 

assay, we screened a 2,000-compound subset of the Maybridge diverse chemical 

compound collection. The results of the screen are summarized in Fig. 2-2A. Applying a 

stringent cutoff of >75% inhibition and using the actin polymerization inhibitor 

latrunculin B as a positive control, we obtained 39 candidates. We used the dual-

luciferase format (see Materials and Methods) as a follow-up assay to confirm the initial 

results and to test for nonspecific cellular toxicity or general transcriptional inhibition. Of 

the original 39 hits, we confirmed inhibition of the SRE.L luciferase expression for 18 

compounds. Of these, 13 also inhibited cytomegalovirus Renilla luciferase expression, 

suggesting a generalized transcriptional inhibition or nonspecific cellular toxicity. This 

yielded five confirmed hits, of which four were available for resupply from Maybridge. A 

common problem in high-throughput, luciferase-based inhibitor screens is the potential 

for the recovery of direct luciferase enzyme inhibitors. Of the four compounds isolated in 

the screen, two inhibited firefly luciferase in cell lysates, indicating that they inhibited the 

reporter enzyme directly rather than its cellular expression. Thus, out of 2,000 

compounds screened, we identified 2 lead compounds, CCG-977 and CCG-1423, as 

specific inhibitors of the RhoA pathway based on our criteria. Strikingly, these 

compounds share substantial structural similarity because they contain identical R1 (3,5-
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bis-trifluoromethylphenyl) and R2 (p-chlorophenyl) groups connected by distinct linkers. 

CCG-977 has an aromatic linker with eight atoms separating the two R-groups, whereas 

CCG-1423 has an aliphatic linker with six atoms between R1 and R2 (Fig. 2-2B). 

 

CCG-977 and CCG-1423 Inhibit Rho Pathway-Induced Transcription 

To further assess whether CCG-977 and CCG-1423 selectively inhibit transcription 

induced by the Rho pathway, we examined the effect of these compounds on 

Gα13Q226L-stimulated firefly luciferase expression driven by the SRE.L response 

element and Renilla expression from the constitutively active TK promoter in PC-3 

prostate cancer cells. Both compounds inhibited SRE.L luciferase expression with IC50 

values of 1 to 5 µmol/L while only modestly inhibiting TK-driven Renilla expression 

(Fig. 2-3A and 2-3B). The extent of inhibition of Renilla expression correlated with 

inhibition of cell viability as detected by WST-1 absorbance (data not shown). Similar to 

the effect of CCG-977 and CCG-1423, latrunculin B potently inhibited the luciferase 

signal and also showed a modest effect on the TK Renilla signal at the highest 

concentrations (Fig. 2-3C). In contrast, the general inhibitor of transcription 5,6-  
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Figure 2-2. Summary of high-throughput screening results and chemical structures. 
A) Two-thousand chemical compounds from the Maybridge Diverse Chemical Library 
collection were screened using the SRE.L assay as described in Materials and Methods. 
Thirty-nine compounds inhibited the SRE.L response by greater than or equal to 75%. 
Five of the 39 compounds selectively inhibited firefly luciferase but not cytomegalovirus 
Renilla luciferase expression. Four compounds were available for resupply from 
Maybridge and two did not directly inhibit firefly luciferase activity. All studies were 
done in HEK293T cells. B) The actin polymerization inhibitor latrunculin B was our 
positive control for the screen. Structures of CCG-977 and CCG-1423, the two lead 
compounds that came out of the screen. The kinase inhibitor 5,6-dichlorobenzimidazole-
1-ß-D-ribofuranoside (DRB) is a general transcription inhibitor. 
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dichlorobenzimidazole-1-h-D-ribofuranoside, which functions as an inhibitor of casein-2 

kinase and RNA polymerase activity, inhibited firefly and Renilla luciferase expression 

equally (Fig. 2-3D). Thus, CCG-1423 and CCG-977 have selective effects on SRF-

mediated transcription activated by Rho pathway signaling in comparison with TK 

promoter-mediated transcription. 

 

CCG-1423 Inhibits Downstream of Rho 

 To determine the site of action of CCG-1423, we activated the Rho signaling 

pathway in PC-3 cells at multiple steps. CCG-1423 (10 µmol/L) inhibited SRE.L 

activation by heterotrimeric G-proteins (Gα12Q231L and Gα13Q226L; Fig. 2-4A). Control 

experiments testing the effect of CCG-1423 on activator protein expression (e.g., LARG, 

RhoA, and MKL1) could not be interpreted as we were unable to detect the expression of 

the tagged proteins in PC-3 cells by Western blots with concentrations of plasmids 

relevant to the luciferase assay. This result indicates that the inhibitor is not specific for 

Gα13 because Gα12 signals are also affected. Notably, CCG-1423 does not seem to 

interfere with Rho activation per se (by targeting LARG for example) because acute 

treatment with CCG-1423 did not inhibit LPA- or serum-stimulated stress fiber formation 

in NIH-3T3 mouse fibroblasts (Fig. 2-4B). The effects of CCG-1423 on serum- and LPA-

induced stress fibers were minimal. There were some LPA-stimulated cells showing a 

change in the morphology of phalloidin staining with 5 µmol/L CCG-1423, but most 

samples showed nearly normal stress fiber formation. CCG-1423, however, inhibited the 

activity elicited by expression of RhoA-G14V and RhoC-G14V. Because activation by 

these proteins is not dependent on upstream activators, this further supports an action of 
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the compound at a downstream step. The ability to block signals initiated by both RhoA 

and RhoC indicates that the step inhibited by CCG-1423 is engaged by both proteins. 

This does not seem to be the Rho kinase (ROCK) because CCG-1423 does not inhibit 

ROCK kinase activity in vitro nor does the known ROCK inhibitor Y-27632 fully inhibit 

Gα13-stimulated SRE-luciferase expression (Fig. 2-7). Thus, CCG-1423 should be 

capable of disrupting cancer cell functions elicited by RhoC as well as RhoA.  

 Because the data above indicate that CCG-1423 does not interfere with upstream 

components of the pathway, we probed steps more proximal to the transcriptional 

machinery. To this end, we tested effects of the compound on the transcriptional response 

induced by several transcription factors/co-activators. SRE.L-driven transcription is 

dependent on the ability of SRF to bind to this DNA element and nucleate the assembly 

of productive transcription complexes. CCG-1423 could therefore act by interfering with 

SRE-SRF recognition or by altering SRF-specific mechanisms of transcriptional 

activation. To distinguish between these possibilities, we examined the ability of CCG-

1423 to inhibit activity elicited by an SRF-VP16 fusion protein. This chimera depends on 

the SRF-SRE interaction for its recruitment to the promoter but can activate transcription 

through the VP16 activation domain. As can be seen in Fig. 2-4A, CCG-1423 failed to 

inhibit the activity elicited by this protein, suggesting that the compound does not 

interfere with SRE-SRF interactions and implies that it does not affect transcriptional 

activation pathways used by the VP16 activation domain. This last point is confirmed by 

the observation that CCG-1423 does not inhibit the transcriptional response elicited by 

the chimeric activator GAL4-VP16 at a promoter-bearing GAL4 sites (Fig. 2-4A). To 

examine the effects of CCG-1423 on transcriptional activation mechanisms used by SRF, 
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we tested the ability of this compound to inhibit SRE.L-driven transcription stimulated by 

expression of the SRF coactivator MKL. As can be seen in Fig. 2-4A, despite the fact that 

expression of MKL1 led to a robust activation, reaching levels comparable with those 

achieved with the SRF-VP16 fusion (31,100 ± 17,500 and 28,500 ± 13,200, respectively), 

CCG-1423 was able to inhibit this response effectively, whereas it had no effect on SRF-

VP16–mediated activity. Together with the lack of effect on GAL4-VP16 or TK-driven 

Renilla luciferase expression, this result suggests that the compound specifically 

interferes with SRF/MKL1-dependent transcriptional activation mechanisms. The ability 

of CCG-1423 to inhibit MKL1-stimulated activity could be due to alterations in the 

recruitment of MKL to SRF or to effects on MKL1-dependent post-recruitment 

transcriptional activation mechanisms. As an initial step to explore these possibilities, 
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Figure 2-3. Latrunculin B, CCG-977, and CCG-1423 inhibit Gα13Q226L-stimulated 
SRE.L luciferase expression in PC-3 cells. Cells were co-transfected with 1 ng of the 
Gα13Q226L expression plasmid along with 30 ng of SRE.L and 7 ng of PRL-TK reporter 
plasmids as described in Materials and Methods. Cells were treated with the indicated 
concentrations of compounds, CCG-1423 (A), CCG-977 (B), latrunculin B (C), and 5,6-
dichlorobenzimidazole-1-ß-D-ribofuranoside (D), for 18 to 19 h after transfection before 
lysis and reading luminescence in the plate reader as described in Materials and Methods. 
The pcDNA3.1-zeo expression plasmid was used as carrier DNA in all experiments. Data 
are graphed as a percentage of the DMSO-negative control. Points, mean of three 
separate experiments done in triplicate; bars, SE. For the firefly luciferase, data with 
reporter alone (i.e., without activator) were subtracted. 
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Figure 2-4. CCG-1423 inhibits downstream of Rho and shows specificity for SRE.L-
mediated transcription. A) PC-3 cells were individually co-transfected with various 
activator expression plasmids (1 ng Gα12Q231L, 1 ng Gα13Q226L, 3 ng RhoA-G14V, 3 
ng RhoC-G14V, 0.2 ng MKL1, 1 ng SRF-VP16, 0.03 ng GAL4-VP16, and 0.01 ng 
GAL4-MKL1) along with 30 ng of SRE.L or 50 ng of p(GAL4)2-Luc and 7 ng of PRL-
TK reporter plasmids. Cells were treated with 10 µmol/L CCG-1423 for 18 to 19 hr after 
transfection during serum starvation. B) Serum-starved NIH-3T3 cells were pre-treated 
with CCG-1423 (5 µmol/L) or latrunculin B (0.5 µmol/L) for 1 hr before treatment with 
LPA (30 µmol/L) and calf serum (10%) for 1 h to stimulate stress fiber formation. Cells 
were then fixed, lysed, and stained as described in Materials and Methods. Data in A are 
baseline-subtracted (reporter alone without activator), and the ratio of firefly to Renilla 
counts is expressed as a percentage of the DMSO control. Experiments were done in 
triplicate and represent n = 3. 
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we bypassed the SRF-dependent MKL recruitment step by fusing a COOH-terminal 

region of MKL, which harbors a strong activation function to the GAL4 DNA-binding 

domain. Activity of this fusion protein at a promoter-bearing GAL4 sites was partially 

inhibited by CCG-1423 (Fig. 2-4A). The partial nature of the response argues that CCG-

1423 may function by altering steps both upstream of MKL recruitment as well as by 

interfering with post-recruitment functions of MKL at the promoter. Thus, in the context 

of the current view of the Rho signaling pathway shown in Fig. 2-1A, our overall analysis 

indicates that the site of action of CCG-1423 lies at a common step downstream of RhoA 

and RhoC distinct from the SRF-SRE interaction. Actions on some aspect of MKL1/SRF 

function (e.g., nuclear translocation, posttranslational modifications, MKL/SRF 

interaction, or MKL interactions with the transcriptional machinery) seem most likely. 

 

CCG-1423 Inhibits Cancer Cell Functions In vitro 

 The above data show that CCG-1423 exerts selective effects on Rho-stimulated 

transcription. To determine whether the influence of this compound extends to Rho-

mediated cellular responses central to malignant cell growth and metastasis, we have 

examined the effect of this compound on the growth and invasiveness of cancer cell lines 

that differ in their Rho pathway properties. Initially, we examined the effects of CCG-

1423 on proliferation in response to activation of the Rho pathway. LPA is a major 

mitogen acting through GPCRs. Specific LPA receptors can activate signaling through at 

least three different G protein families (Gαi, Gαq, and Gα12/Gα13). Gαi signaling is 

sensitive to PTX, whereas Gαq and Gα12/13 signaling are not. The downstream effects are 

also distinct because Gαi activates ras (48), Gα13 strongly activates Rho, whereas Gαq 
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activation leads to both Rho and ras signals (49, 50). Our laboratory has previously 

shown that LPA stimulates Rho in PC-3 cells through PDZ-RhoGEF (51). We therefore 

examined the effect of CCG-1423 on LPA-stimulated DNA synthesis in PC-3 cells using 

a BrdUrd incorporation assay. CCG-1423 specifically inhibited LPA-stimulated DNA 

synthesis in a dose-dependent manner and completely suppressed this response at 3 

µmol/L (Fig. 2-5A). In this context, PTX had no effect on LPA-stimulated DNA 

synthesis (data not shown). This is consistent with a model in which LPA activates Rho 

through non-Gαi pathways, such as Gα12/Gα13 or Gαq, which in turn leads to Rho 

pathway signaling events that are blocked by CCG-1423. Notably, over the 24-h time 

course of this study, the compound did not affect cell viability as measured by WST-1 

metabolism, showing that, at these doses, the compound does not have acute non-specific 

toxic effects on PC-3 cells (data not shown).  

 To assess the anti-proliferative effects of CCG-1423, we analyzed the sensitivity 

of a panel of cell lines that differ in their Rho pathway properties. The panel includes 

melanoma lines that overexpress RhoC (A375M2 and SKMel-147) as well as related low 

RhoC-expressing lines (A375 and SK-Mel-28). In addition, we also examined 

transformed (SW962, PC-3, and SKOV-3) and nontransformed (WI-38) cell lines. The 

A375M2 line was originally derived from the A375 melanoma line by selection for high 

metastatic potential by two passages through a mouse lung metastasis system (52). In this 

line, RhoC mRNA expression is 3- to 5-fold higher than in the non-metastatic cells 

remaining in the primary tumor site (52). The SK-Mel-147 line shows substantially 

higher RhoC protein expression compared with SK-Mel-28 cells as assessed by Western 

blot (44). In an 8-day growth assay in the presence of LPA (Fig. 2-5B), a low 
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concentration of CCG-1423 (300 nmol/L) markedly inhibited the proliferation of RhoC-

overexpressing melanoma cells (A375M2 and SK-Mel-147) while not affecting their 

related low RhoC-expressing counterparts (A375 and SK-Mel-28). The squamous cell 

cancer line SW962, shown by Sahai and Marshal (21) to exhibit Rho-independent 

invasion, in contrast to the Rho-dependent A375M2, was similarly unaffected. PC-3 

prostate cancer cells, SKOV-3 ovarian carcinoma cells, as well as the non-transformed 

WI-38 human fibroblasts were inhibited only marginally at this low concentration. 

However, growth of PC-3 prostate cancer cells was inhibited in this 8-day study with an 

IC50 of 1 µmol/L in good agreement with its potency in effects on DNA synthesis and 

SRE-mediated gene transcription. The spectrum of activity of CCG-1423 in this panel of 

cell lines is consistent with its role as a Rho/SRF pathway inhibitor because its 

antiproliferative effects display selectivity toward RhoC-overexpressing melanoma cell 

lines. One potential mechanism for reduced growth in the presence of CCG-1423 could 

be enhanced apoptosis. We therefore measured caspase-3 activation in response to either 

CCG-1423 or daunorubicin in the RhoC-overexpressing A375M2 and low RhoC-

expressing A375 melanoma cell lines. Compared with the low RhoC-expressing A375 

line, CCG-1423 induced a 2-fold higher caspase-3 activity in the RhoC-overexpressing 

(A375M2) derivative (Fig. 2-5C, left). In this cell line, the activity induced by CCG-1423 

was nearly as large as the effect of daunorubicin. In contrast to CCG-1423, the effect of 

daunorubicin (Fig. 2-5C, right) is substantially higher in the low RhoC-expressing A375 

cells compared with the RhoC-overexpressing A375M2 cells. These data indicate that 

CCG-1423 displays selectivity toward Rho-overexpressing lines and the reversal of 

specificity of the two compounds (CCG-1423 versus daunorubicin) between A375 and 
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A375M2 cells suggests a distinct mechanism of action for CCG-1423 compared with 

daunorubicin. A critical process in metastasis is the ability of malignant cells to invade 

heterologous tissues. Recently, the invasiveness of PC-3 prostate cancer cells was shown 

to be dependent on RhoC and Gα12 (10, 53). Thus, we compared the effects of CCG-1423 

on matrix invasion by PC-3 prostate cancer cells and SKOV-3 ovarian cancer cells. In a 

Matrigel invasion assay, PC-3 cells display high invasion rates and do not require an 

exogenous stimulus for invasion (Fig. 2-6A, left). In contrast, invasion by SKOV-3 cells 

is greatly stimulated in the presence of LPA (Fig. 2-6A, right). Invasion in these two cell 

lines relies on different pathways because LPA-stimulated invasion by SKOV-3 cells was 

completely eliminated by PTX (Gαi-pathway dependent), whereas PC-3 cell invasion was 

not affected (Fig. 2-6B). Consistent with a Rho pathway inhibitor function, CCG-1423 (3 

µmol/L) strongly suppressed the Rho-dependent invasion by PC-3 cells. A similar effect 

was seen on PC-3 cells in the presence of LPA (data not shown). In contrast, CCG-1423 

did not affect the Gαi-pathway-dependent invasion by SKOV-3 cells (Fig. 2-6B). 

 

Discussion 

 Recent developments in cancer therapeutics have highlighted the importance of 

molecularly targeted therapies with a current major emphasis on tyrosine kinases (54, 

55). However, there is a strong body of evidence supporting efforts to disrupt signaling 

by oncogenic GTPases, such as Ras and Rho family members. These include blockade of 

critical lipid modifications by farnesyltransferase and geranylgeranyltransferase 

inhibitors, statins, and bisphosphonates (33). Inhibitors of Rho kinase have also been 

evaluated in cancer models (35, 36). In this report, we describe a novel small-molecule 
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inhibitor, which disrupts transcriptional signaling by the RhoA GTPase family. The 

compound described here (CCG-1423) has nanomolar to low micromolar potency as well 

as selectivity toward Rho-overexpressing and invasive cancer cell lines for inhibition of 

DNA synthesis, cell growth, and/or invasion. The role of RhoA family members, 

particularly RhoA and RhoC, in cancer cell growth and/or metastasis has become quite 

clear. Multiple studies correlate RhoA or RhoC overexpression and tumor aggressiveness 

(2, 3). Suppression of RhoC protein expression reduces invasiveness in vitro (10). 

Furthermore, breast tumors induced by the polyoma virus middle T antigen in a RhoC-

deficient mouse show normal growth but a dramatic reduction in metastasis (11). The 

role of GPCR signaling to Rho is also relevant. A recent study found that a non- 

synonymous polymorphism in the RH-containing rhoGEF, PDZ-rhoGEF, was associated 

with reduced lung cancer risk in a case-control study of Mexican-Americans (56). In 

addition, Yao et al. (10) report that RhoC plays an important role in Rho-dependent 

prostate cancer cell invasion. This result correlates with our observation that CCG-1423 

inhibits PC-3 prostate cancer cell matrix invasion (Fig. 2-6B). In the strongly Rho-

overexpressing cell lines (A375M2 and SK-Mel-147), we see an effect of nanomolar 

concentrations of CCG-1423 on cell growth. Rho-mediated regulation of the cell cycle is 

complex, involving both Rho and ras pathway components, leading to effects on cyclins 

A and D1 and on the cyclin-dependent kinase inhibitors p21Waf1/Cip1 and p27kip1 (57, 58). 

Interestingly, the induction of cyclin D1 by the Rho effector ROCK (57) could be due to 

Rho-mediated gene transcriptional events. Thus, differential dependence on these cell 

cycle regulators could underlie the functional differences in cell growth and DNA 

synthesis that we observe with CCG-1423 on the various cancer cell types. Furthermore,  
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Figure 2-5. CCG-1423 inhibits cancer cell proliferation and survival. A) PC-3 cells 
were treated for 27 h with 100 µmol/L LPA in the presence or absence of various 
concentrations of CCG-1423, labeled with BrdUrd, and stained, and absorbance was read 
as described in Materials and Methods. B) Various cell lines were treated with 30 µmol/L 
LPA with or without 0.3 µmol/L CCG-1423, and then on day 8, WST-1 absorbance was 
read as described in Materials and Methods. Black columns, four melanoma lines with 
differing expression of RhoC [A375M2 and SK-Mel-147 have high expression (see text), 
whereas the parental line A375 (used to derive A375M2) and SK-Mel-28 have lower 
expression]; gray columns, several other cancer cell lines; white column, non-transformed 
fibroblast line, WI-38. C) A375 and A375M2 cells were treated with 3 µmol/L CCG-
1423 or 3 µmol/L daunorubicin for 25 hr, and then caspase-3 activity was measured with 
a fluorescent substrate as described in Materials and Methods. In A and C, data are 
expressed as a percentage of the no FBS control. In B, data are expressed as percentage 
of the LPA + DMSO control. All data represent n = 3. 
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Figure 2-6. CCG-1423 inhibits prostate cancer cell invasion. A) LPA stimulates 
invasion of SKOV-3 but not PC-3 cells. Invasion of Matrigel-coated filters by serum-
starved PC-3 prostate cancer or SKOV-3 ovarian cancer cells was measured with or 
without 30 µmol/L LPA as chemo-attractant as described in Materials and Methods. B) 
CCG-1423 inhibits PC-3 cell invasion, whereas PTX inhibits SKOV-3 cell invasion. The 
effects of CCG-1423 (3 µmol/L) and PTX (100 ng/mL) on spontaneous (PC-3) or LPA-
stimulated (SKOV-3) invasion through Matrigel were measured as described in Materials 
and Methods. In B, data are expressed as a percentage of control. All data represent n = 3. 
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Figure 2-7. Effect of Rho-Kinase Inhibitor, Y-27632, on SRE.L-luciferase Activated 
by Transfection of ROCK or Gα13 and Effect of CCG-1423 on ROCK Kinase 
Activity. A) HEK293T cells transiently transfected with SRE-Luciferase reporter and an 
activator (ROCK or Gα13) were incubated overnight with the indicated concentrations of 
the Rho kinase inhibitor Y-27632 as described in Materials and Methods. Luciferase 
expression (normalized to expression of the co-transfected Renilla reporter) is expressed 
as percent of the no-drug control. Data are mean ± SEM of triplicate determinations. B) 
Rho kinase activity in vitro was measured as described in Materials and Methods. The 
indicated concentrations of staurosporine or CCG-1423 were added. Data are means ± 
SEM of triplicate determinations. 
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 the growth inhibition in the 8-day experiments could also involve enhanced cell death as 

well as inhibition of cell cycle progression. Consistent with this, caspase-3 activation in 

the highly metastatic RhoC-overexpressing A375M2 melanoma cell line was enhanced 

by CCG-1423 whereas a smaller increase was seen with the parental A375 cell line, 

whereas just the opposite pattern was seen with daunorubicin. The precise molecular 

mechanism of action of CCG-1423 is not clear but our findings indicate that CCG-1423 

may disrupt Rho signaling through functional inhibition of SRF transcriptional activity. 

The data suggest that effects on the co-activator MKL1 are likely, although effects on 

other SRF regulatory cofactors cannot be ruled out. Nuclear MKL1 function depends on 

Rho-mediated actin polymerization, which leads to dissociation from G-actin and nuclear 

translocation of MKL1. Free from G-actin, MKL1 can bind the transcription factor SRF 

and stimulate transcription (22, 23). MKL1 function is also regulated by post-

translational modifications, including covalent modification by members of the small 

ubiquitin-like modifier family. Consistent with the effects of sumoylation on sequence-

specific transcription factors (59), small ubiquitin-like modifier modification of MKL1 

attenuates its transcriptional activation potential (60). Thus, CCG-1423 could modify 

several aspects of MKL1 function, for example (a) preventing release from actin or 

blocking nuclear translocation of MKL1, (b) enhancing sumoylation causing 

transcriptional repression, (c) inhibiting the protein-protein interaction between MKL1 

and SRF, or (d) disrupting MKL1 coactivator function. The ability of CCG-1423 to 

partially inhibit the GAL4-MKL1 transcriptional signal supports at least in part this latter 

point, although definitive conclusions will require additional experiments. Alternatively, 

CCG-1423 might disrupt some other aspect of SRF function, such as recruitment or 
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activity of other SRF transcription partners [e.g., Nkx3.1 and GATA-4; refs. (61, 62)]. 

The role of different Rho signaling events in cancer biology has been difficult to decipher 

because RhoA family members activate many effectors, such as Rho kinases (ROCK-I 

and ROCK-II), rhotekin, and mDia1. The downstream events from Rho signals are 

similarly diverse, with alterations in actin cytoskeletal organization and gene 

transcription being two prominent effects. Our identification of CCG-1423 as an inhibitor 

of Rho-mediated transcription provides a useful tool to further elucidate the role of this 

process in cancer biology. Given the strong inhibition of PC-3 cell matrix invasion and 

A375M2 cell growth, it is likely that Rho-stimulated transcriptional processes play a role 

in these phenomena. Indeed, enhanced Rho-dependent matrix metalloproteinase 

expression induced by the chemokine CXCL12 acting at CXCR4 receptors is involved in 

melanoma cell matrix invasion (63). It will clearly be of interest to identify which Rho-

dependent genes show reduced expression with CCG-1423. In summary, our 

identification of CCG-1423 provides a novel lead compound for the development of more 

potent and specific inhibitors of Rho-mediated transcription. CCG-1423 should serve 

both as a pharmacologic tool and as a potential lead for therapeutics for Rho-dependent 

cancers. Further exploration on the mechanism of action of CCG-1423 and identification 

of even more potent analogues will be important steps for the future. 
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CHAPTER III 
 

CHEMICAL SYNTHESIS, STRUCTURE-ACTIVITY RELATIONSHIPS, AND 
PROSTATE CELL-BASED STUDIES OF THE RHOA TRANSCRIPTIONAL 

PATHWAY INHIBITOR, CCG-1423 
 
 

Abstract 
 

 In this chapter, I describe the chemical synthesis of analogs of the RhoA 

transcriptional pathway inhibitor, CCG-1423 (2-({[3,5-bis(trifluoromethyl)phenyl] 

formamido}oxy)-N-(4-chlorophenyl)propanamide), and describe their effect upon the 

cellular function of prostate epithelial cells. The most promising analogs described here 

were less potent than CCG-1423, but were more selective and less toxic with respect to 

the Rho-specific SRE.L luciferase response versus both the thymidine kinase (TK)-

promoter-driven Renilla response and WST-1 cell viability response. These analogs also 

inhibited PC-3 prostate cancer cell Matrigel invasion with an activity profile similar to 

their effect on the SRE.L-luciferase response. They did not show major toxicity 

differences across a panel of prostate epithelial cell lines, with the exception of a few 

compounds. As a result, these structure-activity relationship studies have identified key 

lead compounds for both future mechanistic studies to identify the molecular target of 

CCG-1423 and for in vivo prostate cancer xenograft studies.  
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Introduction 

 Cancer metastasis is a major medical problem, which is responsible for 90% of 

deaths of patients with solid tumors (1). It involves several complex cellular processes 

that are responsible for the movement of malignant cells from the site of tissue origin of 

the primary tumor to an alternate tissue site, such as the bone, lungs, liver, or brain. These 

cellular processes include cell adhesion, migration, invasion, angiogenesis, survival, and 

proliferation (1, 2). The RhoA transcriptional signaling pathway plays an important role 

in these cellular processes and in several solid human tumors such as colon, esophageal, 

lung, pancreatic, and inflammatory breast cancer (3-5). 

 A major mechanism of activating the RhoA transcriptional pathway is through 

activation of heterotrimeric G-protein coupled receptors (GPCR) that activate the Gα12/13 

family of Gα-subunits. Three GPCRs that can couple to the Gα12/13 family of Gα-subunits 

are the lysophosphatidic acid (LPA), thrombin, and bombesin receptors (6, 7). Upon 

receptor activation, RhoA is activated by one of the regulator of G-protein signaling 

homology (RH) domain containing RhoGEFs (p115RhoGEF, PDZ-RhoGEF, and 

leukemia-associated RhoGEF), which stimulates the nucleotide exchange of GTP for 

GDP (8-11). Upon activation, RhoA is most well-known for its short-term effects upon 

cytoskeletal changes within the cell, which are important for the process of cell motility. 

RhoA is required for stress fiber formation, whereas the two other main Rho GTPases, 

Rac and Cdc42, are required for formation of lamellipodia and filipodia, respectively 

(12). In addition to these effects, RhoA activation can have more long-term effects upon 

gene transcription through the activation of the transcription factor, serum response factor 

(SRF), and its co-activator megakaryoblastic leukemia 1 (MKL1) (13-16).  
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 The RhoA transcriptional signaling pathway has been implicated in cellular 

processes that are important for cancer metastasis. The LPA, thrombin, and bombesin 

GPCRs have been shown to stimulate migration of ovarian and prostate cancer cells (17-

19). The downstream Rho effector, Rho-associated coiled coil-forming protein kinase 

(ROCK) has been implicated in cell migration, invasion, and metastasis (20, 21). In 

addition, the transcription factor SRF has been shown to play a crucial role in the cellular 

processes of cell migration, invasion, growth, and survival (22-24). More recently, 

Medjkane et al. (25) have shown that MKL1 is required for breast cancer and melanoma 

cell adhesion, spreading, migration, and invasion, in vitro, and for lung metastasis of 

melanoma cells, in vivo. Therefore, there is a clear role for the RhoA transcriptional 

signaling pathway in the process of cancer metastasis.  

 I described in Chapter 2 the identification of a small-molecule inhibitor, CCG-

1423, of the RhoA transcriptional signaling pathway that prevents PC-3 prostate cancer 

cell invasion (26). Previous work reported that PC-3 prostate cancer cell invasion is 

RhoC-dependent (27-29). We also showed previously that RhoC is capable of activation 

of the RhoA transcriptional signaling pathway through activation of MKL1/SRF 

dependent gene transcription (26). Therefore, here we undertook a structure-activity 

relationship study through chemical synthesis of analogs of CCG-1423 in order to 

improve potency, selectivity (with respect to the Rho-specific SRE.L-luciferase 

transcriptional response versus the constitutively active thymidine kinase Renilla 

luciferase response), and toxicity (monitored by the WST1 cell viability response). In our 

original study, CCG-1423 inhibited SRE.L-luciferase expression with an IC50 of 1 µM. It 

also inhibited both the thymidine kinase driven Renilla luciferase expression and WST1 
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cell viability response approximately 30% at a maximum concentration of 10 µM. 

Therefore, we hypothesize that more potent, selective, and less toxic lead compounds in 

both the Rho-specific SRE.L-luciferase reporter assay and PC-3 prostate cancer cell 

Matrigel invasion assay will enable future mechanistic studies to identify the molecular 

target, and future in vivo prostate cancer cell metastatic xenograft studies for the 

development of cancer therapeutics. 

 

Materials and Methods 

Plasmids, Cell Lines, and Reagents 

The Rho-pathway selective SRE.L luciferase reporter construct was described previously 

(26). The control pRL-thymidine kinase (TK) Renilla luciferase reporter construct was 

purchased from Promega (Madison, WI). The human Gα12Q231L expression plasmid 

was from the Missouri S&T cDNA Resource Center (www.cdna.org). The pcDNA 3.1-

zeo expression plasmid was from Invitrogen (Carlsbad, CA). The BD BioCoat Matrigel 

invasion chambers (8 µm) were from Becton Dickinson (Franklin Lakes, NJ). Crystal 

violet was purchased from Sigma (St. Louis, MO). The WST-1 cell proliferation reagent 

was from Roche Applied Science (Indianapolis, IN). The chemical compound CCG-1423 

[N-[2-(4-chloroanilino)-1-methyl-2-oxoethoxy]-3,5-bis(trifluoromethyl)benzamide] was 

from Cayman Chemical (Ann Arbor, MI). The synthetic analog compounds of CCG-

1423 were synthesized at the Medicinal Chemistry Core Synthesis Laboratory at the 

University of Michigan. The PC-3 cell line was a kind gift from Dr. Kenneth Pienta 

(University of Michigan). The RWPE-1 and LNCaP cell lines were obtained from the 

American Type Culture Collection (Manassas, VA).  



 

74 
 

Cell Culture 

The PC-3 cell line was normally maintained in DMEM medium (Invitrogen, cat.#: 

11995) containing 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 

µg/mL streptomycin at 37°C in 5% CO2. The LNCaP cell line was normally maintained 

in RPMI-1640 medium (Invitrogen, cat.#: 11875) containing 10% fetal bovine serum 

(FBS), 100 units/mL penicillin, and 100 µg/mL streptomycin at 37°C in 5% CO2. The 

RWPE-1 immortalized prostate epithelium cell line was normally maintained in 

Keratinocyte Serum Free medium (K-SFM) (Invitrogen, cat.#: 17005-042) containing 

0.05 mg/ml of bovine pituitary extract (BPE), 5 ng/ml of human recombinant epidermal 

growth factor (EGF), 100 units/mL penicillin, and 100 µg/mL streptomycin at 37°C in 

5% CO2. 

 

Dual Luciferase Reporter Assay 

PC-3 cells were seeded into 96-well plates at a cell density of 4 x 104 cells per well 24 

hour prior to transfection. Cells were transiently transfected with the Gα12Q231L 

activator expression plasmid along with both the SRE.L luciferase and pRL-TK Renilla 

luciferase reporter plasmids. The DNA plasmids were transfected using the lipid-based 

LipofectAMINE 2000 (Invitrogen) transfection reagent at a concentration of 1 µL per µg 

of DNA in antibiotic-free, Opti-MEM I medium. The total amount of DNA was kept 

constant by inclusion of the appropriate amount of the pcDNA3.1-zeo plasmid. Six hours 

after transfection, the transfection mixture was removed and cells were serum-starved 

overnight in DMEM medium containing 0.5% FBS and 1% penicillin-streptomycin. 

Firefly and Renilla luciferase activities were determined 19 hours later using the dual-
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luciferase assay kit (Promega) according to the manufacturer's instructions. 

Luminescence was read on a Victor2 plate reader with dual injectors (Perkin-Elmer). 

Chemical compounds were tested by adding 1 µL of compound or DMSO to the cells 

(final concentration, 1% DMSO) at the beginning of the serum starvation step. 

 

Cell Viability 

Fifty microliters (µl) of low serum (0.5% FBS) DMEM medium or RPMI-1640 medium 

were added to each well of 96-well plates receiving PC-3 and LNCaP cells, respectively. 

Fifty microliters (µl) of K-SFM medium were added to each well of 96-well plates 

receiving RWPE-1 cells. Chemical compounds were added via 2-fold serial-dilutions in 

duplicate to each plate over a concentration range of 100 µM to 0.78125 µM. 1% DMSO 

was added to sixteen control wells per plate. Using a Multidrop 384 (Thermo), cells were 

added in 50 µl of the appropriate medium to a final cell density of 4 x 104 cells per well. 

Twenty-three hours later, 10 µl per well of the tetrazolium salt WST-1 was added to each 

well. Plates were incubated at 37°C in 5% CO2 for 1 hour. The mitochondrial metabolite 

of WST-1 cleavage was detected using absorbance at a wavelength of 450 nm with the 

Victor2 plate reader. For WST-1 cell viability assays performed in conjunction with the 

luciferase reporter assays, the WST-1 reagent was added to each well 1 hour prior to the 

cell lysis step in the dual luciferase assay instructions. For WST-1 cell viability assays 

performed in conjunction with the Matrigel invasion assay, cells were seeded in parallel 

in 96-well plates at a cell density of 4 x 104 cells per well, and subsequently assayed 

twenty-four hours later in the Victor2 plate reader.  
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Matrigel Cell Invasion  

PC-3 cells (2 x 105) were transferred to 24-well Matrigel inserts in low-serum DMEM 

medium (0.5% FBS) with DMSO or chemical compounds in the lower chamber. Low-

serum DMEM medium (0.5% FBS) was added to the lower well and the invasion 

chambers were incubated at 37°C in 5% CO2 for 24 hours. Inserts were fixed in methanol 

for 10 min and then stained for 60 min with 0.5% crystal violet in 20% methanol. After 

wiping the top surface of the filter with cotton swabs to remove non-invaded cells, the 

inserts were allowed to dry overnight. Inserts were incubated in 20% acetic acid on a 

plate shaker for 15 min to extract the crystal violet stain. The number of invaded cells 

was quantitated by measuring the absorbance of the extracted crystal violet stain at a 

wavelength of 595 nm with the Victor2 plate reader.  

 

Compound Synthesis and Characterization 

The chemical synthesis of the analogs will be described elsewhere, in the Thesis 

dissertation of Jessica L. Bell (Thesis Advisor: Dr. Scott D. Larsen – Department of 

Medicinal Chemistry, College of Pharmacy, University of Michigan-Ann Arbor). 

 

Results 

Effect of CCG-1423 Analogs Upon the SRE.L-luciferase Response 

 Table 3-1 summarizes the effects of the CCG-1423 analogs upon Gα12Q231L 

stimulated SRE.L-luciferase expression in PC-3 prostate cancer cells. As expected, our 

original RhoA transcriptional pathway inhibitor, CCG-1423, inhibited the Rho-specific 
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SRE.L response with low micromolar potency (IC50 - 1.2 µM) (Fig. 3-1A). It also 

produced significant inhibition of the constitutively active thymidine-kinase-driven 

Renilla response and the WST-1 cell viability response 44% and 41%, respectively, at the 

maximum concentration of 10 µM (Table 3-1, Fig. 3-1A). Removal of the methyl group 

as in CCG-100596 (2-({[3-tert-butyl-5-(trifluoromethyl)phenyl]formamido}oxy)-N-(4 

chlorophenyl)acetamide) resulted in a half log change in the potency (IC50 – 4.7 µM) and 

no significant improvement in selectivity (53% inhibition of TK-Renilla, 42% for WST-

1) (Table 3-1) at a concentration of 10 µM. At a concentration of 100 µM, CCG-100596 

was highly toxic (Table 3-1). In addition, the di-methyl analog, CCG-100689 (2-({[3,5-

bis(trifluoromethyl)phenyl]formamido}oxy)-N-(4-chlorophenyl)-2 methylpropanamide) 

does not improve potency, selectivity, or efficacy, and also is toxic at 100 µM  (Table 3-

1, Fig. 3-1B-C).  

 By changing the reactive hydroxamate functional group within the linker region 

of CCG-1423 to an amide (CCG-100595 – 3-{[3,5-

bis(trifluoromethyl)phenyl]formamido}-N-(4-chlorophenyl)-2-methylpropanamide), we 

largely eliminated the toxic effect, but drastically reduced potency (IC50 – 62.2 µM). 

However, selectivity was significantly improved at a concentration of 100 µM (Table 3-1, 

Fig. 3-2A). Methyl group analogs of the amide compound (CCG-100601 - 3-{[3,5-

bis(trifluoromethyl)phenyl]formamido}-N-(4-chlorophenyl)butanamide; CCG-100604 - 

3-{[3,5-bis(trifluoromethyl)phenyl]formamido}-N-(4-chlorophenyl)-3-

methylbutanamide; CCG-100598 - 2-{[3-tert-butyl-5-

(trifluoromethyl)phenyl]formamido}-N-(4-chlorophenyl)propanamide) did not show any 
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Figure 3-1. Effect of the Methyl Group Upon the SRE.L Response. Cells were co-
transfected with 2 ng of the Gα12Q231L expression plasmid along with 50 ng of SRE.L 
and 7 ng of PRL-TK reporter plasmids as described in Materials and Methods. Cells were 
treated with the indicated concentrations of compounds, CCG-1423 (A), CCG-100596 
(B), and CCG-100689 (C), for 19 h after transfection before lysis and reading 
luminescence in the plate reader as described in Materials and Methods. Just before lysis 
cell viability was measured by absorbance in the plate reader as described in the 
Materials and Methods. The pcDNA3.1-zeo expression plasmid was used as carrier DNA 
in all experiments. Data are graphed as a percentage of the DMSO-negative control. Each 
data point represents the mean ± SEM of three separate experiments done in triplicate. 
For the firefly luciferase, data with reporter alone (i.e., without activator) were 
subtracted. 
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Figure 3-2. Effect of the Removal of the Hydroxamate Group and the Methyl Group 
Position Upon the SRE.L Response. Cells were co-transfected with 2 ng of the 
Gα12Q231L expression plasmid along with 50 ng of SRE.L and 7 ng of PRL-TK reporter 
plasmids as described in Materials and Methods. Cells were treated with the indicated 
concentrations of compounds, CCG-100595 (A), CCG-100601 (B), CCG-100604 (C), 
and CCG-100598 (D), for 19 h after transfection before lysis and reading luminescence in 
the plate reader as described in Materials and Methods. Just before lysis cell viability was 
measured by absorbance in the plate reader as described in the Materials and Methods. 
The pcDNA3.1-zeo expression plasmid was used as carrier DNA in all experiments. Data 
are graphed as a percentage of the DMSO-negative control. Each data point represents 
the mean ± SEM of three separate experiments done in triplicate. For the firefly 
luciferase, data with reporter alone (i.e., without activator) were subtracted. 
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improvement in potency or selectivity in comparison to CCG-100595 (Fig. 3-2). 

Interestingly, these methyl group analogs also have very low toxicity (< 16% inhibition 

of WST1 at 100 µM) with reasonable SRE.L-luciferase inhibition (60% - CCG-100601, -

100598 and 52% - CCG-100604), which is consistent with our hypothesis that the 

hydroxamate functional group is the major cause of toxicity (Fig. 3-2B-D). 

 In our original publication (26), we identified two compounds, CCG-1423 and 

CCG-977, which contained two identical R1 and R2 functional groups, but distinct 

linkers. Therefore, we tested the importance of these two functional groups (a 2-,4-bis-tri-

fluoro-phenyl and 3-chlorophenyl) using the SRE.L-luciferase reporter assay. We chose 

to use CCG-100596 as our parental compound rather than CCG-1423 in order to simplify 

the synthetic scheme (Fig. 3-3). Removal of the two trifluoro functional groups from the 

phenyl ring, CCG-100701 (N-(4-chlorophenyl)-2-[(phenylformamido)oxy]acetamide), 

completely abolished both the SRE.L and WST-1 cell viability responses (Table 3-1, Fig. 

3-3B). Interestingly, TK-Renilla expression was stimulated by CCG-100701 (Table 3-1, 

Fig. 3-3B). Removal of one of the bis-trifluoro groups (CCG-101202 -N-(4-

chlorophenyl)-2-({[3-(trifluoromethyl)phenyl]formamido}oxy)acetamide; CCG-100723 - 

N-(4-chlorophenyl)-2-({[4-(trifluoromethyl)phenyl]formamido}oxy)acetamide) reduces 

potency (IC50, 52 and 29 µM, respectively) (Fig. 3-3C-D). The compounds are also less 

efficacious on SRE.L-luciferase, but are more selective with respect to the TK-Renilla 

response in comparison to CCG-100596 (Table 3-1, Fig. 3-3A,B-D).  Removal of the 

chloro-group on the phenyl ring, CCG-100703 (2-({[3,5-bis(trifluoromethyl)phenyl] 

formamido}oxy)-N-phenylacetamide), did not completely abolish activity, but reduced 

potency, efficacy, and selectivity in comparison to CCG-100596 (Table 3-1, Fig. 3-
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3A,E). Movement of the p-chloro-group to the meta position (CCG-101200 - 2-({[3,5-

bis(trifluoromethyl)phenyl]formamido}oxy)-N-(3-chlorophenyl)acetamide) did not have 

any significant effect upon potency, selectivity, or efficacy in comparison to CCG-

100596 (Table 3-1, Fig. 3-3A,F). Therefore, the bis-trifluoro-phenyl functional group is 

more important for activity, than the chloro-phenyl group. 

 We also hypothesized that the length of the linker region of CCG-1423 would be 

critical for its inhibitory activity. Therefore, we utilized the amide analog (CCG-100594) 

to assess the importance of length of the linker region (Fig. 3-4). We found that reducing 

the number of carbons to one (CCG-100600 - (2-{[3,5-

bis(trifluoromethyl)phenyl]formamido}-N-(4-chlorophenyl)acetamide) or increasing the 

number of carbons to three (CCG-100597 – 4-{[3-tert-butyl-5-

(trifluoromethyl)phenyl]formamido}-N-(4-chlorophenyl)butanamide) did not 

significantly affect potency, efficacy, or selectivity (Table 3-1, Fig. 3-4A,C). However, 

increasing the number of carbons to four (CCG-100686 - 5-{[3,5-

bis(trifluoromethyl)phenyl]formamido}-N-(4-chlorophenyl)pentanamide) dramatically 

reduced activity (< 12% inhibition at 100 µM) (Table 3-1, Fig. 3-4D). As a result, a four 

carbon linker region results in loss of activity due to either lack of permeability or loss of 

interaction of the compound with its molecular target.  

 We next hypothesized that conformationally restricting the linker region through 

introducing a piperidine ring, pyrrolidine ring, or phenyl ring would improve potency, 

selectivity, and efficacy. The two piperidine ring analogs, CCG-100602 (1-{[3,5-

bis(trifluoromethyl)phenyl]carbonyl}-N-(4-chlorophenyl)piperidine-3-carboxamide) and 
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Figure 3-3. Effects of the R-groups Upon the SRE.L Response. Cells were co-
transfected with 2 ng of the Gα12Q231L expression plasmid along with 50 ng of SRE.L 
and 7 ng of PRL-TK reporter plasmids as described in Materials and Methods. Cells were 
treated with the indicated concentrations of compounds, CCG-100596 (A), CCG-100701 
(B), CCG-101202 (C), CCG-100723 (D), CCG-100703 (E), and CCG-101200 (F), for 19 
h after transfection before lysis and reading luminescence in the plate reader as described 
in Materials and Methods. Just before lysis cell viability was measured by absorbance in 
the plate reader as described in the Materials and Methods. The pcDNA3.1-zeo 
expression plasmid was used as carrier DNA in all experiments. Data are graphed as a 
percentage of the DMSO-negative control. Each data point represents the mean ± SEM of 
three separate experiments done in triplicate. For the firefly luciferase, data with reporter 
alone (i.e., without activator) were subtracted. 
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Figure 3-4. Dose-Dependent Inhibition of the SRE.L Response by the Amide Class 
of CCG-1423 Analogs. Cells were co-transfected with 2 ng of the Gα12Q231L 
expression plasmid along with 50 ng of SRE.L and 7 ng of PRL-TK reporter plasmids as 
described in Materials and Methods. Cells were treated with the indicated concentrations 
of compounds, CCG-100600 (A), CCG-100594 (B), CCG-100597 (C), and CCG-100686 
(D), for 19 h after transfection before lysis and reading luminescence in the plate reader 
as described in Materials and Methods. Just before lysis cell viability was measured by 
absorbance in the plate reader as described in the Materials and Methods. The 
pcDNA3.1-zeo expression plasmid was used as carrier DNA in all experiments. Data are 
graphed as a percentage of the DMSO-negative control. Each data point represents the 
mean ± SEM of three separate experiments done in triplicate. For the firefly luciferase, 
data with reporter alone (i.e., without activator) were subtracted. 
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CCG-100690 (1-{[3,5-bis(trifluoromethyl)phenyl]carbonyl}-N-(4- 

chlorophenyl)piperidine-4-carboxamide), both significantly improved selectivity and 

reduced toxicity (< 39% inhibition – WST-1) in comparison to CCG-1423 (Table 3-1, 

Fig. 3-5A-B). In addition, the piperidine ring analogs improved efficacy (CCG-100602: 

75.4% SRE.L-Luc. inhib. at 100 µM, CCG-100690: 81.8% SRE.L-Luc inhib. at 100 µM) 

in comparison to the amide analogs, CCG-100595 and CCG-100594 (Table 3-1, Fig. 3-

5A-B). The pyrrolidine ring analog, CCG-100692 (1-{[3,5-

bis(trifluoromethyl)phenyl]carbonyl}-N-(4-chlorophenyl)pyrrolidine-2-carboxamide), 

improved selectivity and reduced toxicity in comparison to CCG-1423, but only 

significantly improved efficacy (83.2% SRE.L-Luc. inhib.) in comparison to the amide 

analogs (Table 3-1, Fig. 3-5C). However, the other pyrrolidine ring analog which 

constrains the chloro-phenyl group, CCG-102443 (N-(3-(5-chloroindolin-1-yl)-3-

oxopropyl)-3,5-bis(trifluoromethyl)benzamide), improved selectivity in comparison to 

CCG-1423 and abrogated toxicity. CCG-102443 did improve potency in comparison to 

the amide analogs, but did not improve selectivity or efficacy (Table 3-1, Fig. 3-5D). 

Interestingly, the phenyl ring linker analogs had varying effects upon activity. CCG-

101343 (N-(3-(4-chlorophenylcarbamoyl)phenyl)-3,5-bis(trifluoromethyl)benzamide), 

with a meta-substitution markedly improved potency back to the one micromolar range, 

but did not improve toxicity in comparison to CCG-1423 (Table 3-1, Fig. 3-6A). In 

addition, CCG-101343 initially decreased, but then increased the TK-Renilla expression 

linker analog, CCG-101329 (N-(4-(4-chlorophenylcarbamoyl)phenyl)-3,5 

bis(trifluoromethyl)benzamide), was completely inactive, whereas the ortho-analog, 

CCG-101433 (N-(2-(4-chlorophenylcarbamoyl)phenyl)-3,5-  
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Figure 3-5. Dose-Dependent Inhibition of the SRE.L Response by the 
Conformationally Restrictive Class of CCG-1423 Analogs. Cells were co-transfected 
with 2 ng of the Gα12Q231L expression plasmid along with 50 ng of SRE.L and 7 ng of 
PRL-TK reporter plasmids as described in Materials and Methods. Cells were treated 
with the indicated concentrations of compounds, CCG-100602 (A), CCG-100690 (B), 
CCG-100692 (C), and CCG-102443 (D), for 19 h after transfection before lysis and 
reading luminescence in the plate reader as described in Materials and Methods. Just 
before lysis cell viability was measured by absorbance in the plate reader as described in 
the Materials and Methods. The pcDNA3.1-zeo expression plasmid was used as carrier 
DNA in all experiments. Data are graphed as a percentage of the DMSO-negative 
control. Each data point represents the mean ± SEM of three separate experiments done 
in triplicate. For the firefly luciferase, data with reporter alone (i.e., without activator) 
were subtracted. 
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Figure 3-6. Dose-Dependent Inhibiton of the SRE.L Response by the 
Conformationally Retrictive Class of CCG-1423 Analogs. Cells were co-transfected 
with 2 ng of the Gα12Q231L expression plasmid along with 50 ng of SRE.L and 7 ng of 
PRL-TK reporter plasmids as described in Materials and Methods. Cells were treated 
with the indicated concentrations of compounds, CCG-101343 (A), CCG-101329 (B), 
and CCG-101433 (C), for 19 h after transfection before lysis and reading luminescence in 
the plate reader as described in Materials and Methods. Just before lysis cell viability was 
measured by absorbance in the plate reader as described in the Materials and Methods. 
The pcDNA3.1-zeo expression plasmid was used as carrier DNA in all experiments. Data 
are graphed as a percentage of the DMSO-negative control. Each data point represents 
the mean ± SEM of three separate experiments done in triplicate. For the firefly 
luciferase, data with reporter alone (i.e., without activator) were subtracted. 
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bis(trifluoromethyl)benzamide), did not improve selectivity or efficacy in comparison to 

CCG-1423 or the amide analogs (Table 3-1, Fig. 3-6B-C). In addition, CCG-

101433increased the TK-Renilla expression in a similar manner to CCG-100701 (Fig. 3-

6C). Overall, the conformationally restricted class of analogs improved selectivity and 

efficacy in comparison to CCG-1423 and the amide analogs. 

 In order to further improve activity, we hypothesized that removal of one or both 

amide groups would improve permeability of the compounds. Replacement of the amide 

groups nearest the chloro-phenyl with an amine, CCG-101425 (N-(3-(4-

chlorophenylamino)propyl)-3,5-bis(trifluoromethyl)benzamide), markedly enhanced 

potency and slightly improved efficacy in comparison to CCG-1423 with reduced 

toxicity (IC50 – 4.9 µM, 73.3% inhib. of SRE.L-luc. at 10 µM, 77.6% inhib. of SRE.L-luc 

up to 100 µM, < 5% Inhib. of WST1 up to 100 µM) (Table 3-1, Fig. 3-7A). However, 

replacement of the amide group nearest the bis-trifluoro-phenyl group (CCG-102585–3-

(3,5-bis(trifluoromethyl)benzylamino)-N-(4-chlorophenyl)propanamide) or replacement 

of both amide groups (CCG-102532–N1-(3,5-bis(trifluoromethyl)benzyl)-N3-(4-

chlorophenyl)propane-1,3-diamine) resulted in similar potency (CCG-102585 – IC50 – 

8.3 µM; CCG-102532 – IC50 - 9.1 µM) and efficacy at 10 µM (CCG-102585 – 59.0% 

inhib.; CCG-102532 – 65.2% inhib.) in comparison to CCG-101425 (Table 3-1, Fig. 3-7), 

but the selectivity of CCG-102585 and CCG-102532 suffered. Concentrations greater 

than 10 µM resulted in extreme toxicity of the cells (Table 3-1, Fig. 3-7B-C). Other 

amide replacement analogs (CCG-101325-N-(2-((4-chlorophenyl)(methyl)amino)-2-

oxoethoxy)-3,5-bis(trifluoromethyl)benzamide ; CCG-101435-N-(3-((4-

chlorophenyl)(methyl)amino)-3-oxopropyl)-3,5-bis(trifluoromethyl)benzamide; 102441-
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(3,5-bis(trifluoromethyl)phenyl)(4-(4-chlorophenylamino)piperidin-1-yl)methanone; 

CCG-102445–N-((2-(4-chlorophenyl)thiazol-4-yl)methyl)bis(trifluoromethyl)benzamide; 

CCG-102447–N-(3-(4-chlorophenoxy)propyl)-3,5-bis(trifluoromethyl)benzamide) did 

not show significant improvement of potency, selectivity, or efficacy in comparison to 

the amide analogs or the other analogs within their class (Table 3-1, Fig. 3-8). 

Nevertheless, the amine replacement analogs (e.g. CCG-101425) represent our most 

promising group of compounds to date with low micromolar potency and improved 

selectivity compared to both CCG-1423 and the amide analogs.  

 CCG-1423, along with several of our analogs, contains a chiral center, so we 

hypothesized that some of our compounds may show stereoselectivity, which could 

improve potency, selectivity, toxicity, and efficacy. Therefore, enantiomers were 

synthesized for the following compounds: CCG-100598 (CCG-100599–(S)-N-(1-(4- 

chlorophenylamino)-1-oxopropan-2-yl)-3,5-bis(trifluoromethyl)benzamide; CCG-

100603–(R)-N-(1-(4-chlorophenylamino)-1-oxopropan-2-yl)-3,5 

bis(trifluoromethyl)benzamide), CCG-100601 (CCG-100709–(S)-N-(4-(4- 

chlorophenylamino)-4-oxobutan-2-yl)-3,5-bis(trifluoromethyl)benzamide; CCG-

100711(R)-N-(4-(4-chlorophenylamino)-4-oxobutan-2-yl) 3,5 

bis(trifluoromethyl)benzamide), and CCG-100602 (CCG-100687-(R)-1-(3,5-

bis(trifluoromethyl)benzoyl)-N-(4- chlorophenyl)piperidine-3-carboxamide; CCG-

100688-(S)-1-(3,5- bis(trifluoromethyl)benzoyl)-N-(4-chlorophenyl)piperidine-3- 
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Figure 3-7. Dose-Dependent Inhibition of the SRE.L Response by the Amide 
Replacement Class of CCG-1423 Analogs. Cells were co-transfected with 2 ng of the 
Gα12Q231L expression plasmid along with 50 ng of SRE.L and 7 ng of PRL-TK reporter 
plasmids as described in Materials and Methods. Cells were treated with the indicated 
concentrations of compounds, CCG-101425 (A), CCG-102585 (B), and CCG-102532 
(C), for 19 h after transfection before lysis and reading luminescence in the plate reader 
as described in Materials and Methods. Just before lysis cell viability was measured by 
absorbance in the plate reader as described in the Materials and Methods. The 
pcDNA3.1-zeo expression plasmid was used as carrier DNA in all experiments. Data are 
graphed as a percentage of the DMSO-negative control. Each data point represents the 
mean ± SEM of three separate experiments done in triplicate. For the firefly luciferase, 
data with reporter alone (i.e., without activator) were subtracted. 
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Figure 3-8. Dose-Depedent Inhibiton of the SRE.L Response by the Amide 
Replacement Class of CCG-1423 Analogs. Cells were co-transfected with 2 ng of the 
Gα12Q231L expression plasmid along with 50 ng of SRE.L and 7 ng of PRL-TK reporter 
plasmids as described in Materials and Methods. Cells were treated with the indicated 
concentrations of compounds, CCG-101325 (A), CCG-101435 (B), CCG-102441 (C), 
CCG-102445 (D), and CCG-102447 (E), for 19 h after transfection before lysis and 
reading luminescence in the plate reader as described in Materials and Methods. Just 
before lysis cell viability was measured by absorbance in the plate reader as described in 
the Materials and Methods. The pcDNA3.1-zeo expression plasmid was used as carrier 
DNA in all experiments. Data are graphed as a percentage of the DMSO-negative 
control. Each data point represents the mean ± SEM of three separate experiments done 
in triplicate. For the firefly luciferase, data with reporter alone (i.e., without activator) 
were subtracted. 
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carboxamide). However, none of these analogs showed any stereo-selectivity (Table 3-1).  

 In addition, reverse analogs were synthesized for several analogs by swapping the 

bis-trifluoro-phenyl and chloro-phenyl groups to assess the importance of the position of 

these groups upon activity. Therefore, these groups were swapped for CCG-100690 

(CCG-100721–N-(3,5-bis(trifluoromethyl)phenyl)-1-(4-chlorobenzoyl)piperidine-4-

carboxamide) and CCG-100596 (CCG-100691–N-(2-(3,5-

bis(trifluoromethyl)phenylamino)-2-oxoethoxy)-4-chlorobenzamide), but neither of these 

analogs showed any significant difference in their activity profiles in comparison to their 

parental compounds (Table 3-1). 

 

Toxicity Assesment of the CCG-1423 Analogs 

 Since all of the functional transcriptional reporter studies were performed in the 

highly-metastatic and hormone-independent PC-3 prostate cancer cell line, it is possible 

that the toxicity we observe could be cell line selective due to a pathway-specific 

mechanism. Therefore, we tested the effect of the CCG-1423 and its analogs upon cell 

survival of a normal epithelial prostate cell line, RWPE-1, and a hormone-dependent 

epithelial prostate cancer cell line, LNCaP in addition to the hormone-independent 

epithelial prostate cancer cell line, PC-3, under low serum conditions for twenty-four 

hours. We observed no major selectivity for cell survival across the prostate epithelial 

cell lines with CCG-1423, the toxic hydroxamate analogs, or toxic conformationally 

restrictive analogs (Table 3-2). Therefore, the cell toxicity that we observe with CCG-

1423 and our toxic analogs is not due to a pathway-specific mechanism, but rather a 
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general non-specific toxicity most likely due to the chemical structures of the 

compounds.  

 

Effect of CCG-1423 Analogs Upon PC-3 cell Matrigel Invasion 

 In Chapter 2 and our original publication, we showed that CCG-1423 selectively 

inhibited spontaneous PC-3 prostate cancer cell invasion through a Matrigel matrix, but 

did not inhibit Gαi-dependent lysophosphatidic acid stimulated SKOV-3 ovarian cancer 

cell invasion through Matrigel, in vitro (26).  Therefore, we tested several classes of our 

analogs for their ability to inhibit PC-3 prostate cancer cell Matrigel invasion and tested 

for selectivity for invasion versus toxicity in comparison to CCG-1423. Removal of the 

hydroxamate group or the methyl group (CCG-100595 and CCG-100596) did not 

significantly improve selectivity for the Matrigel invasion inhibition (Table 3-3). The 

amide class of analogs (CCG-100600, CCG-100594, CCG-100597, CCG-100686) 

showed improved selectivity, but were not as efficacious as CCG-1423 (Table 3-3). 

Interestingly, CCG-100686, which was inactive in the Rho-specific SRE.L reporter assay, 

showed modest activity (25.3% inhib. at 100 µM) in the Matrigel invasion assay. Overall, 

the conformationally restrictive class of analogs (CCG-100602, CCG-100690, CCG-

100692, CCG-102443, CCG-101343, and CCG-101329) showed a similar activity profile 

in the Matrigel invasion assay as in the Rho-specific SRE.L reporter assay (Fig. 3-1). In 

addition, the conformationally restrictive class of analogs showed better selectivity and 

similar efficacy in comparison to CCG-1423 in the Matrigel invasion assay (Table 3-3). 

The amide replacement class of analogs (CCG-102441, CCG-102445, CCG-102447, 

CCG-101425, CCG-102585, and CCG-102532) also showed a similar activity profile in 
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the Matrigel invasion assay as in the Rho-specific SRE.L reporter assay (Table 3-1, Table 

3-3, Fig. 3-1). This class of analogs showed the best selectivity and improved efficacy in 

comparison to CCG-1423 in the Matrigel invasion assay. Within this class of compounds, 

CCG-101425 shows the best activity and selectivity to date. In general, the analogs tested 

in the PC-3 cell Matrigel invasion assay showed similar activity profiles in comparison to 

the Rho-specific SRE.L-luciferase reporter assay (Fig. 3-1) and improved selectivity in 

comparison to CCG-1423 in the Matrigel invasion assay.  

 
Discussion 
 
 In the structure-activity relationship study described here, we were able to 

improve selectivity, efficacy, and reduce toxicity, but not improve potency in comparison 

to our originally identified RhoA transcriptional signaling pathway inhibitor, CCG-1423. 

By removing the biologically reactive hydroxamate functional group, we were able to 

reduce toxicity, but not improve potency or efficacy with the amide or methyl amide 

class of analogs. However, given that most of our studies were performed in the 

aggressive metastatic PC-3 prostate cancer cell line, it is possible that the toxicity we see 

with the hydroxamate compound could be due to a RhoA transcriptional signaling 

pathway-dependent mechanism. This would be consistent with the concept of “oncogene 

addicition” in the field of cancer, where cancer cells are dependent upon a particular 

oncogene for their survival (30). However, we found this phenomenon not to apply to the 

toxic compounds studied here, since there was no selectivity across a panel of prostate 

epithelial cell lines, including PC-3 cells along with the low metatstatic LNCaP cell line 

and the normal RWPE-1 cell line. 
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 In addition, in this study, we found that the maximum length of the carbon linker 

for the amide class of compounds in the SRE.L-luciferase reporter assay was three 

carbons. Four carbons proved to be too long and resulted in a complete loss of inhibitory 

activity. This could be a result of a lack of permeability or loss of binding of the 

compound to its molecular target. Interestingly, in the PC-3 prostate cancer cell Matrigel 

invasion assay, the three carbon amide had limited inhibitory activity, whereas the four 

carbon amide showed modest inhibitory activity. A possible explanation for the 

discrepancy of results between the assays could be mechanistic. In addition to the RhoA 

transcriptional signaling pathway, it is possible that there are multiple mechanisms to 

inhibit PC-3 cell Matrigel invasion. Therefore, the four carbon linker amide could have 

an extracellular and receptor-dependent mechanism of inhibition of the PC-3 cell 

Matrigel invasion, which is not dependent upon the RhoA transcriptional signaling 

pathway.  

 Overall, we found the conformationally restrictive class of analogs to be less 

toxic, more selective, and more efficacious than CCG-1423 and the amide class of 

analogs in both the Rho-specific SRE.L luciferase reporter assay and the PC-3 cell 

Matrigel invasion assay. A few of piperidine and pyrrolidine ring analogs showed some 

toxicity across the panel of prostate cell lines at higher doses. This could potentially be 

due to a general off-target toxic effect. In addition, the phenyl ring linker analog, CCG-

101343, showed similar toxicity across cell lines to CCG-1423. It is unclear why this 

analog shows toxicity, but it could potentially be targeting a similar mechanism as CCG-

1423 for its toxic effect.  



 

95 
 

 In our previous study (26), we found that the bis-trifluoro-phenyl and chloro-

phenyl functional groups were identical in both of the RhoA transcriptional pathway 

inhibitors that we identified (CCG-1423 and CCG-977). Therefore, in the present study, 

we investigated the importance of these functional groups. We found that the bis-

trifluoro-phenyl group to be critical for activity, with the chloro phenyl group being less 

so. Therefore, there could potentially be future SAR studies with modifications of the 

chloro-phenyl group with maintenance of the bis-trifluoro-phenyl group. Interestingly, 

we also found that swapping the bis-trifluoro-phenyl and chloro phenyl groups with one 

another had no effect upon activity. Also, surprisingly, there was no stereoselectivity 

observed with the enantiomers synthesized in this study.  

 Our most promising class of analogs in this study proved to be the amide 

replacement class of analogs. This class of analogs returned potency to a low micromolar 

range similar to that of CCG-1423, and showed improved selectivity and reduced 

toxicity. A possible explanation for the dramatic improvement in activity with this class 

of analogs could be due to improved cell permeability due to the removal of one or both 

of the amide groups. CCG-101425 is the most promising analog to date within this class 

of analogs showing the best potency, selectivity, and improved toxicity out of all the 

analogs in both the Rho-specific SRE.L-luciferase assay and the PC-3 cell Matrigel 

invasion assay. This compound along with a few others within the amide replacement 

class of analogs and the conformationally restrictive class of analogs should serve as 

promising lead compounds for both future mechanistic and in vivo xenograft studies for 

the continued development of a cancer therapeutic.  
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Figure 3-9. Correlation between the Matrigel Invasion Assay vs. the SRE.L-
luciferase reporter assay. A. and B.) Correlation graph between the average inhibition 
of the PC-3 Matrigel invasion assay results on the x-axis versus the average inhibition of 
the Gα12QL-stimulated SRE.L-luciferase expression in PC-3 cells on the y-axis at 10 µM 
and 100 µM, respectively. Panel A and B represent the average data of experiments 
performed 3 separate times for a n = 3 in duplicate and triplicate, respectively.  
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Chapter IV 
 

THE EFFECT OF THE RHOA TRANSCRIPTIONAL PATHWAY INHIBITOR, 
CCG-1423, UPON GLOBAL PC-3 PROSTATE CANCER CELL GENE 

EXPRESSION 
 
 

Abstract 

 Cancer metastasis is a major health problem that results in many cancer patient 

deaths every year. The complex process of metastasis requires tumor cells to escape from 

their tissue of origin and to re-establish themselves at an alternate secondary tissue site, 

such as the bone, lungs, liver, and brain. Gene expression has been implicated to play a 

pivotal role in the process of metastasis. The RhoA transcriptional signaling pathway has 

been shown to play an important mechanistic role in the process of metastasis in a variety 

of malignancies, such as breast cancer, prostate cancer, head and neck cancer, and 

melanoma. I have previously shown that the RhoA transcriptional pathway inhibitor, 

CCG-1423, which inhibits megakaryoblastic leukemia 1 (MKL1)/serum-response factor 

(SRF) mediated gene transcription, also inhibits PC-3 prostate cancer cell Matrigel 

invasion (1). Therefore, I undertook a genome-wide Affymetrix gene chip study to 

further investigate both the general mechanism of action of CCG-1423 and its mechanism 

of action as it relates to PC-3 prostate cancer cell Matrigel invasion. Using metastasis-

related gene ontology (GO) categories, an 8-fold-change in gene expression cut-off in 

either a stimulatory or inhibitory direction, and the literature (2-11), I was able to identify 

4 candidate genes (RGS4, RGS7, CTGF, SOX9) that are regulated by CCG-1423. These 4 
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candidate genes were confirmed to be CCG-1423 regulated by quantitative real-time 

polymerase chain reaction (QRT-PCR). Interestingly, only 2 (RGS4 and SOX9) of these 4 

candidate genes were confirmed to be regulated by two more selective CCG-1423 

analogs, CCG-100602 and CCG-101425, via QRT-PCR. Future functional studies will 

determine if the genes, RGS4 and SOX9, are involved in CCG-1423-mediated inhibition 

of prostate cancer metastasis. 

  

Introduction 

 Cancer metastasis is one of the major causes of cancer patient deaths (15-19). 

Metastasis is defined as a multi-step process that enables tumor cells to disseminate from 

their site of origin in order to colonize distant tissue and organ sites. The basic steps 

involved in this complex process include: local tissue invasion, intravasation, survival in 

the blood circulation, extravasation, and colonization at a distant site (15-19). There are 

several key cancer cell functions that are necessary for the metastasis to occur, which 

include cell proliferation, adhesion, migration, invasion, survival, and angiogenesis (15-

19). The complex process of cancer metastasis and its related cellular functions can be 

mediated by several classes of genes, which can be grouped as metastasis initiation, 

metastasis progession, and metastasis virulence genes (18). Metastasis initiation genes 

can be defined as genes that enable tumor cells to invade the surrounding tissue, mediate 

tumor cell dissemination, and intravasate (18), such as the epithelial-mesenchymal 

transition (EMT) genes (Twist1, Snai1, Snai2) (20) and hepatocyte growth factor (HGF) 

pathway-dependent genes (metadherin) (21). Genes that enable tumor cells to extravasate 

and survive at the secondary tissue site are defined as metastasis progression genes, such 
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as prostaglandin G/H synthase 2 (PTGS2), epiregulin, and angiopoietin-like 4 

(ANGPTL4) (18, 22, 23). Lastly, the metastasis virulence class of genes is defined by 

genes that enable tumor cells to colonize and survive at the distant secondary tumor site, 

such as parathyroid hormone-related protein (PTHRP) and interleukin 11 (IL-11) (18, 24-

26). Therefore, clearly gene expression plays a vital role in the complex process of cancer 

metastasis. 

  The RhoA transcriptional signaling pathway is known to play a role in the 

complex process of metastasis and in many of the cellular processes that are associated 

with it. Both the RhoA and RhoC GTPases have been well-established to play a role in 

the process of cancer metastasis and related cellular processes. RhoA has been implicated 

in both in vitro and in vivo MDA-MB-231 breast cancer cell growth and in vitro Matrigel 

cell invasion (27). In addition, RhoA has been implicated in in vitro cell motility and 

Matrigel invasion of highly metastatic head neck squamous cell carcinoma cells (28). 

However, RhoC has been shown to play a more prominent role to date than RhoA in 

metastasis. RhoC has been shown to strongly correlate with the inflammatory breast 

cancer metastatic phenotype (29-31). RhoC has also been implicated to play a role in in 

vitro cancer cell migration and/or invasion and in in vivo metastatic nude mouse models 

across several malignancies, including melanoma (32, 33), pancreatic adenocarcinoma 

(34), prostate cancer (35-38), and lung cancer (39). In a polyoma T-antigen-induced 

mammary tumor model, RhoC-deficiency was found to nearly eliminate lung metastasis, 

but did not affect tumor initiation and growth (40). Also, the Gα12-subunit, which 

activates Rho, was found to be over-expressed in both breast and prostate cancers. It also 

mediates in vitro cancer cell Matrigel invasion through a RhoA-signaling pathway-
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dependent mechanism (41, 42). Interestingly, genome-wide gene expression analysis of 

NIH-3T3 mouse fibroblast cells transformed with constitutively activated RhoA or RhoC 

revealed no major differences in regulated gene expression. Genes involved in both cell 

proliferation and in cytoskeketal changes necessary for cell motility were regulated by 

both RhoA and RhoC (43). Also, in another microarray study, RhoC was shown to 

mediate gene expression of several metastasis-related genes, including cyclin D1, VEGF-

C, CXCL1, fibronectin, and IGFBP2 (44). 

 The downstream transcriptional portion of the RhoA transcriptional pathway has 

been implicated in metastasis and related cellular processes, but its specific role is not as 

well-established as an overall role for RhoA and RhoC. The RhoA/C-mediated serum-

response factor (SRF) transcription factor has been implicated in several metastasis-

related cellular processes in non-cancerous cells, including cell motility, growth, 

adhesion, DNA synthesis, and angiogenesis (45-47). More interestingly, SRF has been 

shown to play a role in in vitro cell migration and invasion of hepatocellular carcinoma 

cells (48), and in in vitro cell growth and DNA synthesis of prostate cancer cells (49). 

More recently, Medjkane and colleagues have shown that both the SRF co-activator, 

megakaryoblastic leukemia 1 (MKL1), and SRF itself play a role in both in vitro and in 

vivo breast cancer and melanoma metastasis (14). Consistent with the data from RhoC-

deficient mice (40), MKL1 and SRF were shown to be required for cell migration and 

invasion, but not proliferation (14). More interestingly, upon microarray analysis of 

MKL1-dependent gene expression in breast cancer and melanoma cells, two cytoskeleton 

genes, Myl9 and Myh9, were identified. These genes were required for in vivo pulmonary 

metastasis for both breast cancer and melanoma cells (14). In addition, several serum-
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mediated MKL1-dependent genes, including SRF, adrenomedullin, epiregulin, 

interleukin-6, hexokinase 2, and zyxin, (13), have been implicated in metastasis-related 

cellular processes, such as cell growth, migration, invasion, and survival (50-55). 

Therefore, the RhoA transcriptional pathway and pathway-mediated gene expression 

clearly play a role in the process of cancer metastasis and related cellular processes.  

 Previously, we identified the small-molecule, CCG-1423, as an inhibitor of the 

RhoA and RhoC transcriptional signaling pathway (1). We also showed that CCG-1423 

could inhibit in vitro Matrigel invasion by PC-3 prostate cancer cells, but not Gαi-

dependent SKOV-3 ovarian cancer cells (1). Therefore, to gain further insight into the 

mechanism of action of CCG-1423, we undertook a genome-wide gene expression 

analysis of CCG-1423, latrunculin B, and DRB effects on PC-3 prostate cancer cell gene 

expression utilizing conditions employed in our PC-3 cell Matrigel invasion assays. 

Latrunculin B is an actin polymerization inhibitor, which we utilized as our positive 

control inhibitor of the RhoA transcriptional signaling pathway. DRB is a casein-2 kinase 

inhibitor that disrupts RNA polymerase II-mediated gene transcription, which we utilized 

as our negative control. These compounds had a very modest effect upon PC-3 cell gene 

regulation at an early 2 hour time point, but a much greater effect at a later 24 hour time 

point. Surprisingly, there was relatively poor overlap between CCG-1423 regulated genes 

and latrunculin B regulated genes, CArG-box genes (12), and MKL1-dependent genes 

(13, 14).  

 Therefore, we hypothesized that the functional effect of CCG-1423 upon PC-3 

cell Matrigel invasion was dependent upon CCG-1423 regulation of metastasis-related 

gene expression. Using metastasis-related gene ontology (GO) categories, an 8-fold-
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change in gene expression in either a stimulatory or inhibitory direction, and the cancer 

literature, we were able to identify four candidate genes, RGS4, RGS7, CTGF, and SOX9, 

that may play a role in CCG-1423-mediated inhibition of PC-3 cell Matrigel invasion. 

We show here the confirmation of these four CCG-1423-regulated candidate genes in 

follow-up quantitative real-time polymerase chain reaction (QRT-PCR) experiments. In 

addition, only two (RGS4 and SOX9) of these four candidate genes were confirmed to be 

regulated by two of the more selective CCG-1423 analogs identified in Chapter 3, CCG-

100602 and CCG-101425, that also inhibit Matrigel invasion by PC-3 cells. Future 

functional experiments will determine if one or both of these candidate genes are 

involved in in vitro PC-3 prostate cancer cell Matrigel invasion along with cell migration, 

growth, and survival, and in vivo bone metastasis.  

 

Materials and Methods 

Cell lines and Reagents 

Dimethyl Sulfoxide (DMSO), the marine toxin latrunculin b, and the casein kinase-2 

RNA synthesis inhibitor DRB (5,6-Dichlorobenzimidazole 1-β-D-ribofuranoside) were 

all purchased from Sigma (St. Louis, MO). The RhoA transcriptional pathway inhibitor, 

CCG-1423 [N-[2-(4-chloroanilino)-1-methyl-2-oxoethoxy]-3,5-

bis(trifluoromethyl)benzamide], was from Cayman Chemical (Ann Arbor, MI). The 

chemical compounds CCG-100686 [5-{[3,5-bis(trifluoromethyl)phenyl]formamido}-N-

(4-chlorophenyl)pentanamide], CCG-100602 [1-{[3,5-

bis(trifluoromethyl)phenyl]carbonyl}-N-(4-chlorophenyl)piperidine-3-carboxamide], and 

CCG-101425  [N-(3-(4-chlorophenylamino)propyl)-3,5-bis(trifluoromethyl)benzamide] 
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were synthesized at the Medicinal Chemistry Core Synthesis Laboratory at the University 

of Michigan. The PC-3 cell line was a kind gift from Dr. Kenneth Pienta (University of 

Michigan). The RWPE-1 and LNCaP cell lines were obtained from the American Type 

Culture Collection (ATCC) (Manassas, VA). The RNAqueous® RNA isolation kit was 

purchased from Ambion (Austin, TX). The TURBO DNAse-free kit was purchased from 

Ambion (Austin, TX). The TaqMan® Reverse-Transcription Reagents Kit was purchased 

from Applied Biosystems (Foster City, CA). The Brilliant® II SYBR® Green QPCR 

Master Mix with low Rox dye was purchased from Stratagene (La Jolla, CA). 

 

Cell Culture 

The PC-3 prostate cancer epithelial cell line was normally maintained in DMEM medium 

(Invitrogen, cat.#: 11995) containing 10% fetal bovine serum (FBS), 100 units/mL 

penicillin, and 100 µg/mL streptomycin at 37°C in 5% CO2. The LNCaP prostate cancer 

epithelial cell line was normally maintained in RPMI-1640 medium (Invitrogen, cat.#: 

11875) containing 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 

µg/mL streptomycin at 37°C in 5% CO2. The normal RWPE-1 prostate epithelial cell line 

was normally maintained in Keratinocyte Serum Free medium (K-SFM) (Invitrogen, 

cat.#: 17005-042) containing 0.05 mg/ml of bovine pituitary extract (BPE), 5 ng/ml of 

human recombinant epidermal growth factor (EGF), 100 units/mL penicillin, and 100 

µg/mL streptomycin at 37°C in 5% CO2. 
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Microarray Analysis 

PC-3 cells (9 x 105) were seeded into individual 60 mm dishes. Twenty-four hours later, 

PC-3 cells were serum-starved (0.5% FBS) for twenty-four hours. Cells were then treated 

for an additional two or twenty-four hours with DMSO (1.0%), 3 µM of CCG-1423, 0.5 

µM of latrunculin B, or 50 µM of DRB under serum-starved conditions (0.5% FBS). 

Cells from three dishes for each condition were lysed and RNA was isolated using the 

RNAqueous® kit from Ambion following the manufacturer’s directions. cDNA and 

biotin-labeled cRNA synthesis, hybridization to the human U133 plus 2.0 Affymetrix 

gene chips, scanning of the gene chips, and analysis of the data images were all 

performed at the University of Michigan Comprehensive Cancer Center (UMCCC) 

Affymetrix and Microarray Core Facility in Ann Arbor, MI. Expression values for each 

probeset on the chip were calculated using a robust multi-array average (RMA) (56) and 

were expressed as log2 transformed data. Fold changes for each probeset were calculated 

by dividing the average expression values for the compound samples by the average 

expression values of the DMSO samples. A record for each probeset showing a two-fold 

change (i.e. log2 fold change > 1 for a decrease or < -1 for an increase in expression) was 

then imported into a MySQL® database (Sun Microsystems, Santa Clara, CA). Queries on 

the MySQL® database was utilized to obtain counts for genes with altered gene 

expression, identify highly regulated genes (log2 fold change > 3 or < - 3), identify 

overlaps between datasets, filter by gene ontology (GO) categories, and to generate the 

data in the tables and the Venn diagram described here. Comparisons to gene sets from 

literature studies were done both manually and by importing gene symbols into our 

MySQL® database for comparison by queries. 
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Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR) 

PC-3 cells, LNCaP cells, or RWPE-1 cells (9 x 105) were seeded into 60 mm dishes. For 

Figure 4-4, 5 x 105 cells of PC-3 cells were plated into individual wells of a 6 well-plate. 

Twenty-four hours after-plating, PC-3 and LNCaP cells were serum-starved (0.5% FBS), 

while RWPE-1 cells were re-fed with fresh complete K-SFM medium, for twenty-four 

hours. Cells were then treated for an additional twenty-four hours with DMSO (0.03% or 

1.0%) or compound under serum-starved conditions (0.5% FBS) for PC-3 cells and 

LNCaP cells or under normal conditions for RWPE-1 cells. Cells were lysed and RNA 

was isolated using the RNAqueous® kit from Ambion following the manufacturer’s 

directions.  10 µg of RNA was DNAse treated using the TURBO DNA-free kit from 

Ambion following the manufacturer’s directions. 1 µg of DNAse-treated RNA was used 

as a template for synthesizing cDNA utilizing the Taqman® Reverse-Transcription 

Reagents kit. The components used for the reverse-transcription reaction were 1x reverse 

transcription buffer, 5.6 mM MgCl2, 2 mM dNTPs, oligo dT, RNAse inhibitor, reverse 

transcriptase enzyme, sterile water, and 1 µg of RNA. The sequential order of reaction 

conditions was: (i) 25oC for 10 minutes, (ii) 48oC for 30 minutes, (iii) 95oC for 5 minutes 

and carried out in a Biometra TGradient thermocycler. The QRT-PCR reaction was 

performed using 5 µl of cDNA sample per well in a 25 µl final reaction volume in a 96-

well qpcr plate, and the Brilliant® II SYBR® Green QPCR Master Mix with low Rox dye 

from Stratagene in a Stratagene MX3000P® QPCR System. The reaction mix consisted of 

1x of the Brilliant® II SYBR® Green QPCR Master Mix with low Rox dye, 200 nM each 

of both forward and reverse primers, and sterile water. The sequential order of reaction 

conditions was: (i) 95oC for 10 minutes, (ii) 95oC for 30 seconds, (iii) 55oC for 1 minute, 
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and (iv) 72oC for 30 seconds. Steps 2 through 4 were carried out for 50 cycles. The 

primer sequences used were GAPDH: Fwd-5’-GGAAGGACTCATGACCACAG-3’, Rev-

5’-ACAGTCTTCTGGGTGGCAGTGATG-3’ (base-pairs were corrected to match human 

sequence) (13); RGS4: Fwd-5’-TTCCCACAACAAGAAGGACAAAG-3’, Rev-5’-

TGATTCAGCCCATTTCTTGAC-3’ (base-pairs were corrected to match human sequence) 

(57); RGS7: Fwd-5’-CCTTCTAACCCATGGCTGTC-3’, Rev-5’-

TTTTTCAGGTCCTCCACTGC-3’ (58); CTGF: Fwd-5’-CAGAGTGGAGCGCCTGTTC-

3’, Rev-5’-CTGCAGGAGGCGTTGTCAT-3’ (59); SOX9: Fwd-5’-

CAACCAGAATTCCCTTTGGA-3’, Rev-5’-TGCTCCATTTAGCCAAGGTT-3’ (60). 

GAPDH gene expression was utilized as an internal control. The relative mRNA gene 

expression was calculated using the following formula: 2-(∆Ct), where the ∆Ct value = Ct 

value of Sample – Ct value of GAPDH. Fold Changes were calculated by dividing the 2-

(∆Ct) of the compound sample by the 2-(∆Ct) of the DMSO control sample.  

 

Results 

Microarray Analysis – Stimulatory vs. Inhibitory Regulated Gene Expression 

 In order to gain further insight into both the general cellular mechanism of action 

and the mechanism of action of my RhoA transcriptional pathway inhibitor, CCG-1423, 

upon in vitro PC-3 prostate cancer cell Matrigel invasion, I undertook a microarray 

approach to test the effect of CCG-1423 upon global PC-3 cell gene expression. I also 

utilized the actin cytoskeleton inhibitor, latrunculin B, as a positive control compound 

that inhibits the RhoA transcriptional pathway, along with the casein-2 kinase inhibitor, 

DRB, as a negative control compound that inhibits general RNA Polymerase II-mediated 



 

 123

transcription. I tested the effects of the compound both at an early 2-hour time point to 

capture effects upon genes with short half-lives, and a later time point of 24 hours to 

capture effects upon genes with longer half-lives and to be consistent with our Matrigel 

invasion assay conditions. I observed significantly fewer genes regulated at the early 2 

hour time point in comparison to the 24 hour time point (Table 4-1). Interestingly, at the 

2 hour time point, I observed both CCG-1423 and latrunculin B to have primarily a 

stimulatory regulatory effect upon gene expression (CCG-1423 – 47 gene transcripts out 

of 49 total gene transcripts, latrunculin B – 15 genes out of 17 total gene transcripts) in 

comparison to an inhibitory regulatory effect (Table 4-1). However, our control 

compound, DRB, had the opposite effect at the 2 hour time point, where it had primarily 

an inhibitory regulatory effect upon gene expression (DRB – 714 gene transcripts out of 

719 total gene transcripts) (Table 4-1).  The correlation at the 2 hour time point between 

CCG-1423 and latrunculin B is an interesting observation, but does not correlate with the 

number of genes shared, because only 4 total genes are both regulated by CCG-1423 and 

latrunculin B. At the 24 hour time point, there was an abundance of genes both stimulated 

and inhibited by all three compounds. 

 

Microarray Analysis – Shared Gene Expression  

 In order to gain better insight into regulated gene expression at the 24 hour time 

point, we decided to build a Venn Diagram for comparison between the various 

compound treatments, along with a table depicting the percentage of regulated genes 

shared between compound treatments (Figure 4-1). As expected, our negative control 

compound, DRB, selectively regulated the most number of genes (2,205 gene 
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transcripts), and our positive control compound selectively regulated the least number of 

genes (105 gene transcripts) (Figure 4-1). Our RhoA transcriptional pathway inhibitor, 

CCG-1423, was in the middle with respect to the number of genes it regulated (1,130 

gene transcripts) (Figure 4-1). This is consistent with our hypothesis that our inhibitor, 

CCG-1423, is selective for the RhoA transcriptional pathway, but does have some non-

specific effects, as described in Chapter 2. Interestingly, CCG-1423 did regulate 

significantly fewer genes than did our general transcriptional negative control inhibitor, 

DRB, which further supports our argument in Chapter 1 that CCG-1423 is indeed a 

selective RhoA transcriptional pathway inhibitor. However, it is interesting to note that 

our general transcriptional negative control inhibitor, DRB, did regulate a much smaller 

number of genes than we hypothesized. However, this could be due to DRB being an 

indirect inhibitor of RNA Polymerase II by inhibiting one of its regulatory kinases.  

 In looking at the percentage of genes shared between the different treatments at 

the 24 hour time point, we did find a correlation between CCG-1423 and latrunculin B 

similar to the correlation we observed at the 2 hour time point. Interestingly, although 

CCG-1423 regulated a significant greater number of genes than latrunculin B, it did 

regulate 72.9% of the total number of latrunculin B regulated genes in comparison to 

DRB which only regulated 40.6% (Figure 4-1). On the other hand, latrunculin B only 

regulated 20.7% of the total number of CCG-1423 regulated genes, but also only 

regulated 8.2% of the total number of DRB regulated genes. Therefore, overall there is 

some correlation between regulated genes by CCG-1423 and latrunuclin B, which is 

consistent with our hypothesis of CCG-1423 being a selective RhoA  
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Note. * total number of genes changes does not equal the sum of stimulated and inhibited 
gene totals because some genes have probesets that are stimulated and others that are 
inhibited. 
 
Table 4-1. Number of Genes Regulated in Microarray. This table shows the number 
of genes stimulated and inhibited using a 2-fold criterion by 3 µM of CCG-1423, 0.5 µM 
of latrunculin B, and 50 µM of DRB after 2 hours and 24 hours of treatment of PC-3 
prostate cancer cells under serum-starved conditions (0.5% FBS). The total number of 
genes changed by each treatment is also displayed.  

                 2 hours                               24 hours 

Treatment  Stimulated   Inhibited  Total   Stimulated   Inhibited  Total
 
CCG-1423         47              2            49           837         1305      2142
 
Lat. B                 15              2            17           225           383       608
 
DRB                    5             714         719        1058         2026     3020*
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Figure 4-1. Microarray analysis of Regulated Genes. PC-3 cells were treated with 3 
µM of CCG-1423, 0.5 µM of latrunculin B, and 50 µM of DRB under serum-starved 
conditions (0.5% FBS) for 24 hours and gene expression assessed with an Affymetrix 
gene chip. The number of genes regulated (stimulated or inhibited) by CCG-1423, 
latrunculin B, and DRB with ≥ 2-fold change are indicated in the Venn didagram. The 
percentages of genes coordinately regulated by CCG-1423 and latrunculin B, or  
latrunculin B, and DRB are indicated in the table below the Venn diagram.  
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transcriptional pathway inhibitor, but clearly CCG-1423 has other potentially interesting 

effects upon gene expression.  

 In chapter 2, I hypothesized that CCG-1423 selectively modulated MKL1/SRF-

mediated gene transcription. Therefore, I investigated this hypothesis by comparing our 

gene expression data with three independent studies from the literature.  First, I compared 

our data to a study in which the authors performed a bioinformatics experiment where 

they did an in silico genome-wide screen to identify novel CArG-box containing genes, 

which have been well-established to be SRF-mediated (12). In total, the authors were 

able to identify 194 known and novel CArG-box genes with CArG-box consensus 

sequences at least 4 kb upstream of the transcription start site (12). In comparison to our 

microarray dataset, CCG-1423 only regulated 12.9% of the CArG-box genes, but 

surprisingly latrunculin B only regulated 2.6% of the CArG-box genes (Table 4-2). This 

clearly indicates that latrunculin B is not a completely selective inhibitor of the RhoA 

transcriptional signaling pathway and SRF-mediated CArG-box gene expression. Clearly, 

there is not a strong correlation between CCG-1423 regulated gene expression  and 

CArG-box genes.  

 We also compared our data with two studies in which the authors performed 

microarray studies to assess what genes are regulated by the co-activator MKL1. One 

study looked at the effect of overexpressing an MKL1-dominant negative protein upon 

serum-mediated gene expression, whereas the other looked at the effect of MKL1 shRNA 

knockdown upon global gene expression in both an invasive breast cancer and melanoma 

cell line (13, 14). Interestingly, CCG-1423 regulated 17.8% of the serum-mediated 

MKL1-dependent genes, 25.5% of the MKL1-dependent genes in the breast cancer cell 
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line, and 22.6% of the MKL1-dependent genes in the melanoma cell line (Table 4-2). 

Like the CArG-box genes, latrunculin B regulated a small percentage of the MKL1-

dependent genes (0% - serum-mediated MKL1-dependent genes; 7.8% - MKL1-

dependent breast cancer cell genes; 16.7% -MKL1-dependent melanoma cell genes) 

(Table 4-2). On the other hand, DRB regulated a similar percentage of genes as CCG-

1423 (25.0% - serum-mediated MKL1-dependent genes; 25.3% - MKL1-dependent 

breast cancer cell genes; 18.0% -MKL1-dependent melanoma cell genes) (Table 4-2). 

Although, there is not a striking correlation between CCG-1423 and MKL1 regulated 

gene expression, it is interesting to note that CCG-1423 regulates similar percentages of 

MKL1-dependent genes as latrunculin B regulated genes (Figure 4-1, Table 4-2). 

 

Microarray analysis - CCG-1423 regulation of metastasis-related gene expression 

 Due to the lack of a strong correlation of CCG-1423 regulated gene expression 

with latrunculin B and MKL1 regulated gene expression, we decided to investigate the 

effect of the compound more globally upon metastasis-related genes in order to gain 

insight into the mechanism of CCG-1423 inhibition of PC-3 prostate cancer cell in vitro  

Matrigel invasion. Therefore, utilizing metastasis-related gene ontology (GO) categories, 

which included angiogenesis, cell migration, cell adhesion, epithelial to mesenchymal 

transition, extracellular matrix, G-protein coupled receptor protein signaling pathway, 

inflammatory response, metalloendopeptidases, as a filter, we identified 203 gene 

Matrigel invasion. Therefore, utilizing metastasis-related gene ontology (GO) categories, 

which included angiogenesis, cell migration, cell adhesion, epithelial to mesenchymal  
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 CCG-1423 Latrunculin B DRB 
1CArG-Box Genes (#) 25 out 194 5 out 194 32 out of 194 

1CArG-Box Genes (%) 12.9% 2.6% 16.5% 

2FBS-MKL1-Dependent 
 Genes (#) (NIH3T3) 

5 out of 28 0 out of 28 7 out of 28 

2FBS-MKL1-Dependent 
 Genes (%) (NIH3T3) 

17.8% 0.0% 25.0% 

3MKL1-Dependent Genes (#) 
 (MDA-MB-231) 

273 out 1,070 83 out of 1,070 271 out of 1,070 

3MKL1-Dependent Genes (%) 
 (MDA-MB-231) 

25.5% 7.8% 25.3% 

3MKL1-Dependent Genes (#) 
 (B16F2) 

73 out of 323 54 out of 323 58 out of 323 

3MKL1-Dependent Genes (%) 
 (B16F2) 

22.6% 16.7% 18.0% 

 

Table 4-2. Comparison of Genes Regulated by CCG-1423 with CArG-Box or 
MKL1-Dependent Genes. The number and percentage of genes regulated by CCG-
1423, latrunculin B, and DRB that share identity with genes identified to be CArG-Box, 
Serum (10% FBS)-mediated MKL1-dependent in NIH3T3 mouse fibroblast cells, or 
MKL1-dependent in aggressive MDA-MB-231 breast cancer cells or B16F2 melanoma 
cells are displayed in the table. The references used to build the table are indicated below 
the table. 

Footnotes (References): 
1.) Sun Q. et al., Genome Research, 2006, 16(2): 197-207 {4 kb upstream of the TSS} (12) 
2.) Selvaraj A. and Prywes R., BMC Mol. Biol., 2004, 5: 13 (13) 
3.) Medjkane S. et al., Nat. Cell Biol., 2009, 11(3): 257-268 (14) 
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transition, extracellular matrix, G-protein coupled receptor protein signaling pathway, 

inflammatory response, metalloendopeptidases, as a filter, we identified 203 gene 

transcripts out of the 2,142 total gene transcripts (Table A-1) that are regulated by CCG-

1423 to be metastasis-related (Table 4-3, Table A-1). To further narrow the number of 

candidate genes to follow-up upon, we filtered the 203 gene transcripts for genes where 

CCG-1423 stimulated or inhibited by at least an 8-fold change in gene expression (Table 

4-3). This left us with 16 candidate gene transcripts to follow-up upon (Table 4-3). We 

ruled out 12 of these gene transcripts based on the fact that the cancer biology literature 

on these gene transcripts did not correlate with the CCG-1423 regulated gene expression 

microarray results (Table 4-3). Therefore, we were left with 4 candidate genes, including 

regulator of G-protein signaling 4 (RGS4), regulator of G-protein signaling 7 (RGS7), 

connective tissue growth factor (CTGF), and SRY (sex determining region Y)-box 9 

(campomelic dysplasia, autosomal sex reversal) (SOX9), to follow-up upon based on the 

cancer biology literature (Table 4-3).  

 Both RGS4 and RGS7 gene expression were stimulated by CCG-1423 in PC-3 

prostate cancer cells. Interestingly, in ovarian cells RGS4 was previously found to be 

differentially expressed with RGS4 being expressed about 5,000-fold less in ovarian 

cancer cell lines (SKOV-3, Caov-3, OVCAR-3) in comparison to normal immortalized 

ovarian surface epithelial cells (IOSE) (4). Therefore, stimulation of RGS4 gene 

expression by CCG-1423 may prove useful in inhibiting cancer progression. In NIH3T3 

mouse fibroblast cells, constitutively activated Gαo-subunit stimulated focus formation in 

a Stat3-dependent manner (8). Given that RGS7 can regulate Gαo-mediated signaling 
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mechanisms, stimulation of RGS7 gene expression by CCG-1423 may prove useful in 

inhibiting cancer progression dependent upon Gαo signaling pathways.  

 In contrast, both CTGF and SOX9 gene expression were inhibited by CCG-1423 

in PC-3 prostate cancer cells. In the literature, CTGF has been shown to be over 

expressed in several types of cancers, including head and neck squamous cell carcinoma 

(7), pancreatic cancer (2), gastric cancer (5), and in pre-B acute lymphoblastic leukaemia 

(ALL) (3). In gastric cancer, CTGF overexpression was strongly correlated with poor 

patient survival (5), whereas in pancreatic cancer CTGF mediated tumor growth both in 

vitro and in vivo (2). SOX9 has been shown to be overexpressed in both colorectal cancer 

(6) and hormone-refractory prostate cancer (11). Overexpression of SOX9 has been 

correlated with poor patient survival in colorectal cancer (6), and enhanced in vivo tumor 

growth, angiogenesis, and invasion in a LNCaP prostate cancer xenograft model (10). 

Therefore, inhibition of CTGF and/or SOX9 by CCG-1423 may potentially play a role in 

preventing cancer progression. 
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Total # of Transcripts on 
Affymetrix Chip   50,000 
Genes changed by CCG-1423 
(3 µM)  2,143 

  
Genes w/ metastasis-related 
function based on GO 
Categories 

 203 
Genes w/ +/- 8-fold change 

 16 
Literature Validated Genes 
(Prostate or Cancer-Related)  4 

 (RGS4, RGS7, CTGF, SOX9) 
 

Table 4-3. Rationale for Candidate Gene Selection. Using metastasis-related gene 
ontologies as a filter, we were able to narrow the 2,143 candidate genes regulated by 
CCG-1423 down 203 gene transcripts. Then, using a stringent 8-fold change cutoff in 
either the stimulatory or inhibitory direction, we were able to narrow the candidate genes 
down to 16 gene transcripts. Finally, using literature to validate the 16 candidate genes as 
it potentially would correlate with CCG-1423 regulation, we were able to rule out 12 
genes, and identify 4 candidate genes (RGS4, RGS7, CTGF, SOX9) that may play a role 
in PC-3 cell Matrigel invasion
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Microarray vs. QRT-PCR Results 

 In order to confirm the microarray results for the 4 candidate genes, we tested the 

ability of CCG-1423 to regulate RGS4, RGS7, CTGF, and SOX9 gene expression in PC-

3 prostate cancer cells in a quantitative-real time polymerase chain reaction (QRT-PCR) 

experiment. Both RGS4 and RGS7 gene expression was confirmed to be up-regulated, 

meanwhile both CTGF and SOX9 gene expression was confirmed to be down-regulated, 

by 3 µM of CCG-1423 in the QRT-PCR experiment. The mean fold change for RGS4 up-

regulation by CCG-1423 was slightly lower (12.4 fold-change) in the QRT-PCR results 

in comparison to the mean fold changes (21.7 fold-change, 21.6 fold-change, 19.4 fold-

change) of the three RGS4 probesets in the microarray results (Table 4-4). The difference 

in mean fold changes for RGS7 upregulation by CCG-1423 between the QRT-PCR (9.9 

fold-change) and microarray (9.6 fold-change) results was negligible (Table 4-4). With 

respect to CCG-1423-mediated down-regulation of CTGF gene expression, the mean fold 

change observed in the QRT-PCR results (0.12 fold-change) was lower than in the 

microarray results (0.05 fold-change) (Table 4-4). The mean fold change of SOX9 by 

CCG-1423 was very similar (0.19 fold-change) in the QRT-PCR results in comparison to 

the mean fold changes (0.12 fold-change, 0.13 fold-change) of the two SOX9 probesets 

in the microarray results (Table 4-4). Overall, the 4 candidate genes were confirmed by 

QRT-PCR to be regulated by CCG-1423. 

 

Time-Course of CCG-1423 Regulated Gene Expression 

 In order to better understand the timing of CCG-1423 regulated gene expression, 

we studied the effect of CCG-1423 upon RGS4, RGS7, CTGF, and SOX9 gene 
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expression over a time frame between 1 hour and 24 hours in PC-3 prostate cancer cells 

(Figure 4-2). CCG-1423 stimulated RGS4 gene expression in a time-dependent manner 

peaking at the 24 hour time point (Figure 4-2A). However, CCG-1423 stimulated RGS7 

gene expression peaked at 6 hours (Figure 4-2B). Interestingly, CCG-1423 stimulated 

CTGF gene expression at the early 6 hour time point, but inhibited CTGF gene 

expression at the late 24 hour time point (Figure 4-2D). This suggests that if PC-3 

prostate cancer cell Matrigel invasion is CTGF-dependent, then it would take at least 24 

hours of CCG-1423 treatment for inhibition. Lastly, CCG-1423 inhibited SOX9 gene 

expression in a time-dependent manner, and inhibition was maximized after 12 hours of 

CCG-1423 treatment (Figure 4-2C). Overall, with the exception of RGS7 (6 hours), it 

takes between 12 hours and 24 hours of CCG-1423 treatment to maximize its regulation 

of RGS4, CTGF, and SOX9 gene expression. 

 

Candidate Gene Expression across Prostate Epithelial Cell Lines 

 In order to determine if the 4 candidate genes were differentially expressed 

between two prostate cancer epithelial cell lines (LNCaP and PC-3) and a normal prostate 

epithelial cell line (RWPE-1), endogenous mRNA expression of these genes were tested 

via QRT-PCR. We hypothesized that RGS4 and RGS7 mRNA expression would be 

lower and CTGF and SOX9 mRNA expression would be higher in the prostate cancer 

cell lines versus the normal prostate cell line. In contrast with this expectation, RGS4 

mRNA expression was strongly up-regulated in the hormone-independent PC-3 cancer 

cell line in comparison to both the hormone-dependent LNCaP cancer cell line and 

normal RWPE-1 cell line (Figure 4-3A). Interestingly, RGS4 mRNA expression was 
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slightly lower (~ 1.4 fold) in the hormone-dependent LNCaP cancer cell line versus the 

normal RWPE-1 cell line (Figure 4-3A). These data are not consistent with our 

hypothesis in relation to the hormone-independent PC-3 cells, but suggest that CCG-

1423-mediated up-regulation of RGS4 gene expression may potentially play an inhibitory 

role in hormone-dependent prostate cancer progression. RGS7 mRNA expression was 

up-regulated in both the hormone-dependent LNCaP (~ 4-fold) and hormone-independent 

PC-3 (~ 4-fold) cancer cell lines in comparison to the normal RWPE-1 cell line (Figure 

4-3C). This RGS7 result is also inconsistent with our hypothesis.  

 CTGF mRNA expression is up-regulated (~ 45-1,900 fold) in the hormone-

independent PC-3 prostate cancer cells in comparison to both the hormone-dependent 

LNCaP prostate cancer cells and normal RWPE-1 prostate cells (Figure 4-3G). However, 

CTGF is down-regulated (~ 41-fold) in the hormone-dependent LNCaP prostate cancer 

cells versus the normal RWPE-1 prostate cells (Figure 4-3G). These CTGF results are 

partially consistent with our hypothesis with respect to the PC-3 cells, but not with 

respect to the LNCaP cells. Therefore, these data suggest that CCG-1423-mediated 

down-regulation of CTGF mRNA expression would potentially have an inhibitory effect 

upon hormone-independent prostate cancer progression and metastasis, but not hormone-

dependent prostate cancer progression and metastasis. SOX9 mRNA expression is up-

regulated (~ 30-45 fold) in hormone-independent PC-3 prostate cancer cells in 

comparison to both the hormone-dependent LNCaP prostate cancer cells and normal 

RWPE-1 prostate cells (Figure 4-3E). However, SOX9 mRNA expression is higher (~ 

1.5 fold) in normal RWPE-1 prostate cells than hormone-dependent LNCaP prostate 

cancer cells (Figure 4-3E). These SOX9 data are partially consistent with my hypothesis 
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in relation to PC-3 cells, but not LNCaP cells. Therefore, similar to the CTGF data, the 

SOX9 data suggest that CCG-1423-mediated down-regulation of SOX9 gene expression 

potentially would have a positive inhibitory role in hormone-independent prostate cancer 

progression and metastasis, but not hormone-dependent prostate cancer progression and 

metastasis.  

 I also hypothesized that the CCG-1423-mediated effects upon gene expression of 

the 4 candidate genes would be selective for the prostate cancer cell lines versus the 

normal prostate cell line. Interestingly, CCG-1423 had a selective greater stimulatory 

effect upon RGS4 gene expression in both the hormone-dependent LNCaP (~ 13 fold-

change) and hormone-independent PC-3 (~ 13 fold-change) prostate cancer cell lines 

versus the normal RWPE-1 (~ 3 fold-change) prostate cell line (Figure 4-3B), but no 

difference in its effect upon RGS7 gene expression across the prostate cell lines (Figure 

4-3D). With respect to CTGF gene expression, CCG-1423 selectively stimulates CTGF 

gene expression in the hormone-dependent LNCaP (~ 80 fold-change) prostate cancer 

cell line, but selectively inhibits CTGF gene expression in the hormone-independent PC-

3 (~ 0.5 fold-change) prostate cancer cell line, in comparison to the normal RWPE-1 

prostate cells (Figure 4-3H). These effects upon CTGF gene expression may potentially 

serve useful in inhibiting both hormone-dependent and –independent prostate cancer 

progression and metastasis, if the endogenous mRNA expression of CTGF correlates 

with disease pathogenesis. CCG-1423 selectively inhibits SOX9 gene expression in 

hormone-independent PC-3 (~ 0.2 fold-change) prostate cancer cells, but only modestly 

inhibits SOX9 gene expression in hormone-dependent LNCaP (~ 0.77 fold-change) 

prostate cancer cells (Figure 4-3F). However, interestingly, CCG-1423 modestly 
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stimulates SOX9 gene expression the normal RWPE-1 (~ 1.6 fold-change) prostate cells 

(Figure 4-3F). Overall, CCG-1423 has selective effects upon RGS4, CTGF, and SOX9 

gene expression in the two prostate cancer cell lines versus the normal prostate cell line, 

which make them viable candidate genes to further investigate the mechanism of CCG-

1423-mediated inhibition of PC-3 prostate cancer cell Matrigel invasion.  

 

Effect of CCG-1423 analogs Upon Candidate Gene Expression 

 In chapter 3, we identified several synthetic analogs of CCG-1423 with reduced 

toxicity and improved selectivity of the Rho-specific SRE.L-luciferase response in 

comparison to the thymidine kinase-mediated Renilla luciferase response. We 

hypothesized that these improved selective CCG-1423 analogs would have similar effects 

upon RGS4, RGS7, CTGF, and SOX9 gene expression in PC-3 prostate cancer cells, 

considering these analogs also had inhibitory effects upon PC-3 prostate cancer cell 

Matrigel invasion. We chose to test the effects of the RhoA transcriptional response 

inactive CCG-100686 analog and two active, CCG-100602 and CCG-101425, analogs 

upon candidate gene expression. As expected, we observed the CCG-100686 to be 

inactive and both CCG-100602 and CCG-101425 to stimulate RGS4 gene expression in a 

similar manner as CCG-1423 (Figure 4-4A). CCG-101425 stimulates RGS4 gene 

expression in a dose-dependent manner, but surprisingly CCG-100602 did not (Figure 4-

4A). Surprisingly, the inactive, CCG-100686, and two active, CCG-100602 and CCG-

101425, analogs all stimulated RGS7 gene expression (Figure 4-4B). There was no 
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significant difference in CCG-100602 stimulation of RGS7 gene expression at 30 µM and 

100 µM, but CCG-101425 surprisingly did not stimulate RGS7 gene expression at 30 µM 

(Figure 4-4B). The effects of the CCG-1423 analogs upon CTGF gene expression were 



 

 140

RGS4

1 2 6 12 24
0
2
4
6
8

10
12
14
16
18

1423 (3 µM)

Time (hrs)

FO
LD

 C
HA

NG
E

(o
ve

r D
M

SO
 C

TR
)

RGS7

1 2 6 12 24
0

1

2

3

4

5
1423 (3 µM)

Time (hrs)

FO
LD

 C
HA

NG
E

(o
ve

r D
M

SO
 C

TR
)

SOX9

1 2 6 12 24
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

1423 (3 µM)

Time (hrs)

FO
LD

 C
HA

NG
E

(o
ve

r D
M

SO
 C

TR
)

CTGF

1 2 6 12 24
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.02

9
1423 (3 µM)

Time (hrs)

FO
LD

 C
HA

NG
E

(o
ve

r D
M

SO
 C

TR
)

A B

C D

Figure 4-2. Time-Course of CCG-1423 Effect Upon PC-3 Cell Gene Expression. PC-
3 cells were treated with 3 µM of CCG-1423 under serum-starved (0.5% FBS) conditions 
for 1 hr, 2hrs, 6, hrs, 12 hrs, and 24 hrs. The genes, RGS4 (A), RGS7 (B), SOX9 (C), and 
CTGF (D), which were identified as candidate follow-up genes using our stringent 
criteria, were tested using QRT-PCR as described in the Materials and Methods. Data in 
Panels A-D represent mean ± SEM fold-change values (over DMSO Control) for three 
separate experiments. 
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Figure 4-3. Gene Expression across 3 Prostate Epithelial Cell Lines. Normal RWPE-1 
prostate epithelial cells, hormone-dependent LNCaP prostate cancer epithelial cells, and 
hormone-independent PC-3 prostate cancer epithelial cells were tested under serum-
starved conditions (0.5% FBS) in the presence of DMSO (0.03%) for 24 hours for their 
basal levels of gene expression of RGS4 (A), RGS7 (C), SOX9 (E), and CTGF (G) 
mRNA using QRT-PCR as described in the Materials and Methods. The three prostate 
epithelial cell lines were also tested under serum-starved conditions (0.5% FBS) in the 
presence of 3 µM of CCG-1423 for 24 hours to assess the effect of the compound upon 
RGS4 (B), RGS7 (D), SOX9 (F), and CTGF (H) gene expression using the QRT-PCR 



 

 142

Figure 4-3. Gene Expression across 3 Prostate Epithelial Cell Lines (continued). 
assay as described in the Materials and Methods. Data in Panels A, C, E, and G represent 
mean ± SEM 2-(∆ct value) relative expression values for three separate experiments. Data in 
Panels B, D, F, and H mean ± SEM fold-change (over DMSO control) values for three 
separate experiments.
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drastically different in comparison to CCG-1423. As expected, the inactive CCG-100686 

analog had no effect upon CTGF expression (Figure 4-4C). However, interestingly the 

active CCG-100602 analog had a stimulatory effect, whereas CCG-101425 had a very 

modest inhibitory effect upon CTGF gene expression (Figure 4-4C). In terms of SOX9 

gene expression, the inactive CCG-100686 analog had no significant effect, whereas both 

active analogs, CCG-100602 and CCG-101425, had similar inhibitory effects as CCG-

1423 (Figure 4-4D). However, the inhibitory effect of CCG-101425 was not as strong as 

CCG-1423 (Figure 4-4D). Therefore, considering the differential effects of the CCG-

1423 analogs upon RGS7 and CTGF gene expression in comparison to CCG-1423, we 

are left with both RGS4 and SOX9 as a two best candidate genes that CCG-1423 may 

mediate its inhibitory effect upon PC-3 prostate cancer cell Matrigel invasion.  

 

Discussion 

 In the study described here, we undertook a gene expression microarray analysis 

of CCG-1423 regulation of basal PC-3 prostate cancer cell gene expression. The goal of 

this study was to investigate the mechanism of action of CCG-1423 as it relates to both 

the RhoA transcriptional signaling pathway and spontaneous PC-3 prostate cancer cell 

Matrigel invasion. In order to investigate the mechanism of action as it relates to the 

RhoA transcriptional signaling pathway, we compared the effects of CCG-1423 regulated 

gene expression with the effects of both the actin cytoskeleton inhibitor, 
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latrunculin B, as a positive control inhibitor of the pathway and the casein kinase II 

inhibitor, DRB, as a non-specific negative control inhibitor of general transcription. As 

expected, at both the 2 hour and 24 hour time point, DRB regulated the expression of the 

greatest number of gene transcripts, and the selective inhibitor, latrunculin B, regulated 

the least number of gene transcripts. Interestingly, CCG-1423 regulated a smaller number 

of gene transcripts than DRB, but a greater number of gene transcripts than latrunculin B. 

Therefore, these microarray results are consistent with our hypothesis that CCG-1423 is 

not a general non-specific gene transcription inhibitor, but it is a signaling pathway 

inhibitor with some non-specific effects based on the number of genes regulated by CCG-

1423 and our control compounds. Interestingly, our general transcription inhibitor, DRB, 

regulated a surprisingly small number of gene transcripts at both the 2 hour (719 gene 

transcripts) and 24 hour (3021 gene transcripts) out of a possible total of about 50,000 

gene transcripts. This is surprising since DRB was originally identified as an inhibitor of 

RNA-Polymerase II-mediated general transcription both biochemically and in cell culture 

through inhibition of the casein II kinase (61, 62). However, in early studies (61, 62), 

only a few gene promoters were tested. Interestingly, our genome-wide gene expression 

data suggest that casein kinase II-mediated regulation of RNA-Polymerase II driven 

transcription is specific only for a subset of genes, but this may partially be attributed to 

mRNA stability since only two time points were tested. Therefore, although not the focus 

of the work described here, our data suggest that DRB may not be completely selective 

for general RNA Polymerase II transcriptional activity. Different genes most likely utilize 

different kinases for mediating RNA Polymerase II activity. It would be interesting if 
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others in future studies investigate other potential kinases that may regulate RNA 

Polymerase II-mediated transcriptional activity.  

 Interestingly, at the 2 hour time point both CCG-1423 and latrunuclin B 

stimulated all except two of the genes they each regulated. However, this is unlikely due 

to a correlation that both target the RhoA transcriptional signaling pathway since they 

only shared the regulation of four gene transcripts. At the 24 hour time point, CCG-1423 

only shared 20.7% of its regulated transcripts with latrunculin B, but interestingly 

latrunculin B shared 72.9% of its regulated gene transcripts with CCG-1423, which 

would suggest some correlation due to pathway specificity between both inhibitors. 

However, the lack of strong correlation of CCG-1423 regulated gene transcripts with 

latrunculin B raises questions about this interpretation. However, it should be noted that 

latrunculin B is not specific for the RhoA transcriptional signaling pathway because the 

actin cytoskeleton is involved in many other cell signaling pathways, such as NF-kappaB 

(63), Rac (64), merlin-protein kinase A (PKA) (65), and insulin (66) signaling. This lack 

of pathway specificity could contribute to the lack of correlation between the CCG-1423 

and latrunculin B data described here. We also tried to compare shared gene symbols 

identified in our gene expression compound results to an in silico study identifying 

known and novel SRF-mediated CArG-box genes (12) and to micorarray studies utilizing 

dominant negative overexpression and shRNA knockdown of MKL1 in different cell 

lines (13, 14), but found no significant correlation with our data. The lack of correlation 

could be partially attributed to most of these studies being performed in different types of 

cell lines. Therefore, future microarray experimental results in PC-3 cells utilizing more 

specific inhibitors or siRNA knockdown and/or dominant-negative overexpression of 
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components of the RhoA transcriptional signaling pathway, such as the Rho-kinase 

inhibitor, Y-27632, the Rho ADP-ribosylating toxin, C3, or siRNA knockdown and/or 

dominant-negative overexpression of RhoA, RhoC, MKL1, and/or SRF, would be useful 

to compare to the compound regulated gene expression results described here.  

 Due to the lack of a strong correlation of CCG-1423 regulated gene expression 

with the RhoA transcriptional signaling pathway in the study undertaken here, it is 

possible that CCG-1423 may not be as selective for the RhoA pathway as I originally 

hypothesized. Therefore, I decided to more generally look at the mechanism of CCG-

1423 as it relates to global PC-3 cell gene expression. As a result, I switched my focus to 

investigating the mechanism of action of CCG-1423 as it relates to regulated genes that 

potentially may play a role in spontaneous PC-3 prostate cancer cell Matrigel invasion 

and metastasis. In the literature, gene expression has been implicated to play a role in the 

complex process of metastasis (18).   In a genome-wide gene expression study comparing 

low versus high metastatic breast cancer cells, a subset of 54 genes were identified to be 

biologically relevant to lung metastasis (67). Out of these 54 genes, 9 genes were 

functionally validated to play a biological role in in vivo lung metastasis models, 

including the epidermal-growth-factor family epiregulin (EREG), the chemokine 

GRO1/CXCL1, the matrix metalloproteinases MMP1 and MMP2, the cell adhesion 

molecule SPARC, the interleukin-13 decoy receptor IL13Rα2, the cell adhesion receptor 

VCAM1, the transcriptional inhibitor of cell differentiation and senescence ID1, and the 

prostaglandin-endoperoxide synthase PTGS2/COX2 (67). Also, in another study, TGFβ-

mediated SMAD signaling and induction of angiopoietin-like 4 (ANGPTL4) gene 

expression in lung metastatic breast cancer cells was found to promote lung metastasis of 
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breast cancer cells in a xenograft model (23). More interestingly, in prostate cancer, 

overexpression of the Tat-interacting protein 30 (TIP30) and the ADP-ribosylation factor 

GTPase-activating protein (ASAP1) in metastatic prostate cancer cell lines were shown 

to play a role in in vitro cell migration and invasion (68, 69), whereas the overexpression 

of a splice-variant of Kruppel-like factor 6 (KLF6-SV1) was shown to play a role in in 

viv o bone, lymph node, and brain metastasis in an orthotopic prostate cancer metastasis 

xenograft model (70). Therefore, using metastasis-related gene ontology (GO) categories 

(angiogenesis, cell migration, cell adhesion, epithelial to mesenchymal transition, 

extracellular matrix, G-protein coupled receptor protein signaling pathway, 

inflammatory response, metalloendopeptidases), an eight-fold change in gene expression 

in either the stimulatory or inhibitory direction, and the cancer literature, we were able to 

identify four candidate genes (RGS4, RGS7, CTGF, and SOX9) that were regulated by 

CCG-1423 to potentially play a role in PC-3 prostate cancer cell invasion and metastasis. 

Then, upon using two more selective CCG-1423 analogs (CCG-100602 and CCG-

101425) identified in Chapter 3, we were able to rule out two out of the four candidate 

genes to not play a role in PC-3 prostate cancer cell invasion and metastasis, due to the 

more selective compounds having a differential effect upon gene expression of these 

genes in comparison to CCG-1423. Therefore, we were able to identify RGS4 and SOX9 

as two potential genes that may play a role in PC-3 prostate cancer cell invasion and 

metastasis.  

 RGS4 is a regulator of G-protein signaling protein that regulates the inactivation 

of Gαi/o and Gαq coupled G-protein coupled receptor (GPCR) signaling through 

stimulating the hydrolysis of GTP to GDP on the nucleotide bound Gα-subunit (71, 72). 
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Interestingly, RGS4 has been shown to play a role in tumorigenesis in a variety of cancer 

types. In thyroid cancer, RGS4 was found to be up-regulated in comparison to normal 

human tissue, and siRNA knockdown of RGS4 in thyroid cancer cells led to a functional 

reduction in viability (73), whereas in a pancreatic cancer metastatic xenograft model, 

RGS4 was found to be up-regulated in the liver metastasis cells in comparison to the 

primary tumor cells (74). However, in several ovarian cancer cell lines dependent upon 

lysophosphatidic acid (LPA) signaling, RGS4 was found to be at least 5,000-fold down-

regulated in comparison to normal ovarian epithelial cells, which suggests a role for 

RGS4 in ovarian cancer pathogenesis (4). More interestingly, ovarian cancer ascites 

stimulated OV-90 ovarian cancer cell invasion through a Matrigel matrix, and this 

invasion directly correlated with an up-regulation of RGS4 gene expression. Also, RGS4 

was found to be up-regulated in fast-migrating glioma cells versus slow-migrating glioma 

cells (9), thus suggesting a role of RGS4 regulated pathways in glioma invasion and 

metastasis. Therefore, the implication of RGS4 in the pathogenesis of a variety of cancers 

makes it a viable gene candidate that may play a role in PC-3 prostate cancer cell 

invasion and metastasis. 

 SOX9 (SRY (sex determining region Y)-box 9) is a transcription factor 

downstream of β-catenin signaling that has been well-established to be involved in male 

testis development and sex determination  (75). However, in adulthood, aberrant SOX9 

regulation can play a key role in tumorigenesis of colorecatal and prostate cancers. In a 5-

year colorectal cancer patient study, patients with high SOX9 expression showed a 

reduced survival rate in comparison to patients with low SOX9 expression (6). More 

interestingly, SOX9 was observed to be expressed in a higher percentage of prostate 
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cancer patients with recurrent tumors versus those with primary tumors (11). Also, SOX9 

was shown to be over-expressed in hormone-refractory prostate cancer cell lines, and 

down-regulation in these cell lines led to a reduction of cell-cycle progression, and 

reduction of in vivo CWR22Rv1 cell growth (10, 11). In a xenograft model utilizing 

LNCaP cells overexpressing SOX9, tumor growth, invasion, and angiogenesis were 

enhanced (10). Therefore, SOX9 should be a viable gene candidate for the regulation of 

PC-3 prostate cancer cell invasion and metastasis.  

 In the microarray study described here, we were able to identify two viable 

candidate genes that may play a pivotal role in PC-3 prostate cancer cell invasion and 

metastasis. Future in vitro functional studies addressing the role of RGS4 and/or SOX9 in 

PC-3 cell growth, adhesion, migration, and invasion through retroviral overexpression of 

RGS4 and shRNA knockdown of SOX9 will produce insights into the role of these CCG-

1423 regulated genes in prostate cancer progression and metastasis. Additional, in vivo 

PC-3 prostate cancer cell metastasis xenograft studies through retroviral overexpression 

of RGS4 and shRNA knockdown of SOX9 will also be useful in assessing the role of 

these CCG-1423 regulated genes in prostate cancer progression and metastasis, but in a 

more physiologically relevant context.  
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Chapter V 

HIGH-THROUGHPUT SCREENING FOR SMALL-MOLECULE INHIBITORS 
OF LARG-STIMULATED RHOA NUCLEOTIDE BINDING VIA A NOVEL 

FLUORESCENCE POLARIZATION ASSAY 
 
 

Abstract 

Guanine nucleotide exchange factors (GEFs) stimulate guanine nucleotide exchange and 

the subsequent activation of Rho family proteins in response to extracellular stimuli 

acting upon cytokine, tyrosine kinase, adhesion, integrin, and G-protein coupled receptors 

(GPCRs). Upon Rho activation, several downstream events occur, such as morphological 

and cytoskeletal changes, motility, growth, survival, and gene transcription. The 

leukemia-associated RhoGEF (LARG) is a member of the regulators of G-protein 

signaling homology domain (RH) family of GEFs originally identified as a result of 

chromosomal translocation in acute myeloid leukemia. Using a novel fluorescence 

polarization guanine nucleotide-binding assay using BODIPY–Texas Red–GTPγS 

(BODIPY-TR-GTPγS), we performed a 10,000-compound high-throughput screen for 

inhibitors of LARG-stimulated RhoA nucleotide binding. Five compounds identified 

from the high-throughput screen were confirmed in a non-fluorescent radioactive guanine 

nucleotide-binding assay measuring LARG-stimulated [35S] GTPγS binding to RhoA, 

thus ruling out nonspecific fluorescent effects. All 5 compounds selectively inhibited 

LARG-stimulated RhoA [35S] GTPγS binding but had little to no effect on RhoA or Gαo 

[35S] GTPγS binding. Therefore, these 5 compounds should serve as promising starting 
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points for the development of small-molecule inhibitors of LARG-mediated nucleotide 

exchange as both pharmacological tools and therapeutics. In addition, the fluorescence 

polarization guanine nucleotide-binding assay 

described here should serve as a useful approach for both high-throughput screening and 

general biological applications. 

 

Introduction  

 The Rho-family of small GTPases are a main subset of the Ras superfamily of 

small GTPases (~20-25 kDa) (1). The Rho-family of GTPases is further subdivided into 

10 subgroups based on their identity. In this work, we focus on the small GTPase RhoA, 

which is a member of the RhoA subgroup (RhoA, RhoB, and RhoC) within the Rho-

family of proteins. In the cell, Rho GTPases are activated upon ligand activation of cell 

surface receptors, such as cytokine, tyrosine kinase, adhesion, integrin, and G-protein-

coupled receptors (GPCRs) (2). As a result, this causes Rho GTPases to switch from their 

inactive guanosine diphosphate (GDP)–bound form to their active guanosine triphosphate 

(GTP)–bound form, leading to various downstream cellular events, such as cytoskeletal 

and morphological changes, migration, growth, survival, and gene transcription (1). 

  The activation state of Rho GTPases is controlled by several classes of regulatory 

proteins. The GTPase-activating proteins (GAPs) catalyze GTP hydrolysis by active Rho 

proteins, leading to their inactivation. The guanine nucleotide-dissociation inhibitors 

(GDIs) sequester GDP-bound Rho GTPases in the cytosol, thus preventing their 

subcellular localization to the plasma membrane and activation. Last, the guanine 

nucleotide exchange factors (GEFs) stimulate the exchange of GTP for GDP upon Rho 
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GTPases, leading to their activation. The GEFs are the focus of this work. There are more 

than 60 identified human Rho GEFs that specifically activate Rho GTPases (1). 

 Rho GEFs are characterized by their Dbl homology (DH) (~200 residues) and C-

terminal adjacent pleckstrin homology (PH) (~100 residues) domains. DH domains are 

primarily responsible for catalyzing the guanine nucleotide exchange (GTP for GDP) 

upon Rho GTPases (1). PH domains are responsible for membrane localization of Rho 

GEFs and aid the DH domain in catalysis of guanine nucleotide exchange (1). The focus 

of this work is on the leukemia-associated RhoGEF (LARG), which was originally 

identified as a chromosomal translocation fusion protein to the mixed-lineage leukemia 

(MLL) gene in a patient with acute myeloid leukemia (3). LARG is a member of the 

regulators of the G-protein signaling homology domain (RH) containing the RhoGEF 

family of proteins (LARG, p115-RhoGEF, PDZ-RhoGEF) (4). This family of Rho GEFs 

is linked to Rho-dependent signaling pathways controlled by heterotrimeric GPCRs 

coupled to the Gα12 and Gα13 subunits, such as the lysophosphatidic acid, bombesin, and 

thrombin receptors (4-7). 

 LARG is an important regulatory protein in several clinical disorders. 

Considering its original identification in acute myeloid leukemia, LARG largely has been 

thought to be a key player in cancer progression. In conjunction with the Raf-1 kinase, 

LARG has been shown to transform mouse fibroblasts (8). It has also been shown to play 

a role in cell migration and growth of head and neck squamous cancer cells through 

adhesion and tyrosine kinase receptor interaction and subsequent RhoA activation (9). 

LARG has also been shown, through overexpression and siRNA knockdown, to play a 

role in thrombin and bombesin receptor-mediated prostate cancer cell morphology 
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changes and migration (6, 7). In addition to cancer, LARG has been implicated in lectin 

signaling in dendritic cells, which is important in the sequestration of human 

immunodeficiency virus (HIV) virions leading to the progression of the HIV disease (10). 

LARG also has been shown to play a role in vascular biology and calcium signaling. It 

has been directly linked to a role in salt-induced hypertension in transgenic mice and it 

has been speculated to play a role in erectile dysfunction (11-13). As a result, considering 

the implication of LARG in multiple diseases and disorders, it is an attractive molecular 

target for drug discovery.  

 Currently, there are limited pharmacological tools targeting RhoGEFs and Rho 

GTPases. To date, most of the efforts have focused on inhibiting the lipid modification of 

Rho GTPases, which is necessary for plasma membrane localization and activation. The 

inhibitors of this modification include farnesyltransferase and geranylgeranyl transferase 

inhibitors and the cholesterol-lowering statin drugs (14, 15). Unfortunately, these 

inhibitors and drugs are not specific to Rho GTPases, which complicates the mechanistic 

interpretation of results using these inhibitors. To date, there are only 2 reported specific 

inhibitors of Rho GTPases. Both inhibitors selectively inhibit Rac1, but they differ in 

their mechanism of inhibition. The inhibitor NSC23766 (IC50, ~50 µM) inhibits by 

binding to the GEF binding pocket on Rac1, (16) and EHT 1864 (Kd, 40 nM) inhibits by 

binding to the nucleotide-binding pocket on Rac1 (17, 18). Although there are a few 

examples of selective Rho GTPase inhibitors, there are no published examples to date of 

inhibitors that target RhoGEFs.  

 Therefore, in this study, we performed a 10,000-compound high-throughput 

screen for small-molecule inhibitors of LARG-stimulated RhoA nucleotide exchange. To 
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do this screen, we first developed a novel fluorescence polarization (FP) RhoA 

nucleotide-binding assay using BODIPY-TR-GTPγS. We chose fluorescence polarization 

rather than both the standard fluorescence intensity and radioactive [35S] GTPγS binding 

approaches because it proved to be more environmentally friendly, robust, reliable, and 

reproducible. Of the 10,000 compounds screened, 6 were confirmed to inhibit LARG-

mediated guanine nucleotide exchange. Of these 6 compounds, 5 were confirmed in a 

non-fluorescent, radioactive [35S] GTPγS guanine nucleotide-binding assay with IC50 

values in the micromolar range. These compounds showed selectivity for LARG-

stimulated RhoA [35S] GTPγS binding by having little to no effect on RhoA and Gαo 

[35S] GTPγS binding. Therefore, as a result of the high-throughput screen with this novel 

FP guanine nucleotide-binding assay, 5 promising compounds were identified as 

inhibitors of LARG-stimulated RhoA nucleotide binding. Therefore, with further 

synthetic chemistry follow-up, these compounds may lead to useful inhibitors of LARG-

stimulated RhoA nucleotide binding for both research and therapeutic purposes. 

 

Materials and Methods 

Plasmids, protein purification, and chemical reagents 

 Human RhoA (residues 1-189, C189S) was expressed in Escherichia coli as 

described previously (19). Human LARG encoding the DH/PH domains (residues 765-

1138) was expressed in E. coli as described previously (20). Gαo expression and 

purification in E. coli was described previously (21). BODIPY Texas Red (TR) 

guanosine 5′-O-(3-thiotriphosphate) (GTPγS) was obtained from Molecular Probes—

Invitrogen (Eugene, OR). [35S] GTPγS was obtained from PerkinElmer (Waltham, MA). 
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GTPγS was obtained from EMD Biosciences (San Diego, CA). The non-ionic detergents 

IGEPAL and Lubrol were from Sigma (St. Louis, MO). The 10,000 structurally diverse 

chemical compounds were obtained from ChemBridge (San Diego, CA) as part of the 

collection of the University of Michigan Center for Chemical Genomics (CCG). The 

chemical similarity was low: at 80% similarity calculated with the ICM Pro (Molsoft 

LLC, La Jolla, CA) clustering algorithm, there were 4,390 clusters with a median size of 

1 compound and mean size of 2.28 compounds. 

 

Guanine nucleotide-binding FP assays 

 Exchange buffer (20 mM Tris HCl [pH 7.5], 150 mM NaCl, 10 mM MgCl2, 10% 

glycerol, 0.01% IGEPAL, and freshly prepared 1 mM DTT) was added to each well of a 

black 96-well plate. Purified full-length human RhoA(C189S), purified DH/PH domain 

of human LARG, and BODIPY-FL-GTPγS or BODIPY-TR-GTPγS were added 

sequentially to each well to a final volume of 100 µL per well. Fluorescein or Texas Red 

fluorescence polarization was read in a Victor2 plate reader using excitation at 485 nm 

and emission at 535 nm for fluorescein or an excitation at 560 nm and emission at 630 

nm for Texas Red. The measured values of polarization (mP) were calculated by using 

the following formula: mP = (F|| – F⊥)/(F|| + F⊥), where F|| = fluorescence intensity 

parallel to the excitation plane, and F⊥ = fluorescence intensity perpendicular to the 

excitation plane. The statistical Z′ factor used to assess assay suitability for high-

throughput screening (HTS) was calculated by using the following formula: Z′ = 1 – 

[(3σc+ + 3σc–)/(|µc+ – µc–|)], where σ = standard deviation, µ = mean, c+ = with LARG, 

and c– = without LARG. 
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RhoA [35S] GTPγS guanine nucleotide-binding assay 

 The indicated concentrations of the purified DH/PH domain of human LARG 

(0.5-2 nM, final) were added to a tube in buffer I (20 mM Tris [pH 7.5], 1 mM EDTA, 1 

mM DTT, 50 mM NaCl, 0.1% Lubrol, 2 mM MgCl2) in a final volume of 180 µL. To 

this mixture, 45 µL of purified human RhoA (C189S) in buffer I was added to yield a 

final concentration of 500 nM. The reaction was initiated by adding 225 µL of 2× binding 

buffer (100 mM Tris [pH 7.5], 1 mM EDTA, 2 mM DTT, 100 mM NaCl, 10 mM MgCl2, 

5 µM GTPγS, 0.1% Lubrol, 6.75 µCi [35S] GTPγS) for a final reaction volume of 450 µL. 

Reaction mixtures were incubated at room temperature for 1, 5, 10, 30, 60, 120, and 180 

min. Then, 50 µL of reaction mixture was removed and diluted in a tube containing 4 mL 

of ice-cold wash buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 25 mM MgCl2) to stop the 

reaction. An additional 4 mL of wash buffer was added to the tube and the sample filtered 

on a BA85 25-mm nitrocellulose filter using a Hoeffer filtration system. Filters were 

washed 2 times with 4 mL of wash buffer. Filters were dried under a heat lamp for 5 min. 

Filters were counted in 4 mL of scintillation fluid (Scintiverse, Fisher Scientific, 

Hampton, NH) for 1 min using a Beckman LS 5801 Scintillation Counter. The identical 

method was followed for RhoA [35S] GTPγS binding studies without LARG, except 

reaction mixtures were incubated at room temperature for 1, 5, 10, 30, 60, 130, and 180 

min. 

 

Gαo [35S] GTPγS guanine nucleotide-binding assay 

 Purified Gαo was diluted to a final concentration of 10 µM in 180 µL of Gαo 

dilution buffer (10 mM HEPES [pH 7.7], 1 mM EDTA, 0.1% Lubrol, 1 mM DTT). [35S] 
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GTPγS binding was initiated by adding 180 µL of Gαo binding cocktail (50 mM HEPES 

[pH 7.7], 1 mM EDTA, 40 mM MgCl2, 200 mM NaCl, 2 µM GTPγS, 6.75 µCi [35S] 

GTPγS, 1 mM DTT) and incubated at room temperature for 1, 5, 10, 30, 60, 90, and 120 

min. Then, 40 µL of the reaction mixture was diluted in a tube containing 4 mL of ice-

cold wash buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 25 mM MgCl2). This reaction 

mixture was then filtered on a BA85 25-mm nitrocellulose filter using a Hoeffer filtration 

system. Filters were washed twice with 4 mL of wash buffer, then dried under a heat 

lamp for 5 min. Filters were counted in 4 mL of scintillation fluid for 1 min using a 

Beckman LS 5801 Scintillation Counter. 

 

High-Throughput LARG-stimulated RhoA guanine nucleotide-binding FP screen 

 Using a Multidrop 384 (Thermo Scientific, Waltham, MA), exchange buffer was 

added to each well of a low-volume black 384-well plate (cat. 3676, Corning, NY); 20 µL 

was added for the positive control wells (i.e., no LARG), and 15 µL was added to all 

other wells. Using a 384-well pin tool on a Biomek FX liquid-handling workstation 

(Beckman Coulter, Fullerton, CA), approximately 250 nL of compound (stock 

concentration 0.75-4 mM; ChemBridge) or DMSO, for control wells, was added 

(producing final compound concentrations of ~6-30 µM and 0.8% DMSO). Plates were 

then incubated at room temperature for 5 min. Using a Multidrop micro (Thermo 

Scientific), 5 µL of purified DH/PH domain of human LARG in exchange buffer was 

added to the wells of the 384-well plate to produce a final concentration of 100 nM. 

Plates were then incubated for 5 min at room temperature. Using a Multidrop micro, 5 µL 

of purified human RhoA (C189S) in exchange buffer was added to produce a final 
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concentration of 2 µM. Plates were then incubated for 2 min at room temperature. The 

reaction was initiated by using a Multidrop micro to add 5 µL of BODIPY-TR GTPγS in 

exchange buffer to a final concentration of 500 nM and a final reaction volume of 30 µL. 

Plates were incubated for 20 min at room temperature, then read for fluorescence 

polarization with a PHERAstar (BMG LabTech, Offenburg, Germany) plate reader with 

a 575-nm band pass excitation filter, a 620-nm band pass emission filter, a dichroic 

mirror, and a dual-emission beam splitter to permit simultaneous recording of parallel 

and perpendicular fluorescence readings. Plates were individually incubated after each 

addition so that all plates would be read in the PHERAstar plate reader precisely at 20 

min after GTPγS addition (i.e., prior to saturation of the reaction time course). For 

follow-up dose-response studies of the primary hits, the same method was carried out as 

for the high-throughput screen, except reagents were added by hand with a multichannel 

pipet. In addition, compounds were added to the wells of the 384-well plate using serial 

2-fold dilutions over a range of concentrations between 100 µM and 3.125 nM. 

 

Compound Properties 

 Compound properties were calculated with ChemAxon JChem software. The 

LogP value method is described in Viswanadhan et al.(22). 

 

Results 

FP guanine nucleotide-binding assay 

 To study RhoA guanine nucleotide exchange in vitro, we used a novel FP guanine 

nucleotide-binding assay adapted from the standard fluorescence intensity guanine 
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nucleotide binding assay described previously by our laboratory (23, 24). This FP assay 

uses the non-hydrolyzable fluorescently labeled guanine nucleotide BODIPY-GTPγS 

fluorophores. LARG-stimulated BODIPY-GTPγS fluorophore binding to RhoA results in 

an increase in fluorescence polarization that can be read by a plate reader (Fig. 5-1A). 

The structures of the BODIPY-GTPγS fluorophores used in this study are shown in 

Figure 5-1C.  

 Due to the importance of having a robust and reproducible assay for HTS, we 

compared the suitability of nucleotide binding to RhoA measured by fluorescence 

intensity (data not shown) versus fluorescence polarization (Fig. 5-2). Although both 

intensity and polarization assays gave signals for RhoA nucleotide binding, only the FP 

assay (Z′ factor = 0.7) gave suitably reproducible data appropriate for doing HTS (Fig. 5-

2). The FP assay takes into account fluorescence that is both parallel and  perpendicular 

to the excitation plane, and the ratiometric nature of the measurement cancels many 

contributions to the noise (25). This most likely accounts for the difference between the 

Z′ factors of the 2 assays. As a result, we conclude that fluorescence polarization should 

be a useful assay for HTS for small-molecule inhibitors of GEF-stimulated small GTPase 

guanine nucleotide binding. In addition, the assay has recently been used for general 

biological applications studying GEF activity upon small GTPases (26). 

 

Comparison between the FP and [35S] guanine nucleotide-binding assays 

 The standard [35S] GTPγS nucleotide-binding assay is generally not suitable for 

HTS due to time consumption, accumulation of environmental hazardous waste, and the 

complexity of adapting the assay to a 384-well plate format. Therefore, we chose the FP 
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assay to use for our high-throughput screen. We found that in both assays, LARG was 

able to stimulate RhoA (C189S) nucleotide binding in a concentration-dependent manner 

(Fig. 5-3A, B). However, the time courses for saturation in the 2 methods differed, with 

saturation occurring at 40 min for the FP assay and 180 min for the [35S] radioactive 

assay. The basal rate constant for nucleotide exchange was slower with the [35S] GTPγS 

method. The faster kinetics of binding in the FP assay may be due, in part, to the higher 

concentration of RhoA, lower ratio of nucleotide to RhoA, the higher NaCl or MgCl2 

concentrations, or the non-native BODIPY nucleotide structure in the FP assay. However, 

plotting the rate constants on a graph both give a linear plot (Fig. 5-3C-D), suggesting 

that both the FP and radioactive nucleotide-binding assays are appropriate for measuring 

GEF-stimulated nucleotide binding to the Rho-family of proteins. 

 

High-Throughput Screen for Inhibitors of LARG-stimulated RhoA nucleotide exchange 

 A 10,000 diverse chemical compound collection from ChemBridge was used to 

screen for small-molecule inhibitors of LARG-stimulated RhoA nucleotide exchange. 

The FP guanine nucleotide-binding assay using the purified DH/PH domain of LARG 

and RhoA (C189S) was used for the screen. Compounds were added to a black 384-well 

low-volume plate containing exchange buffer with a 384-well pin tool on the Biomek FX 

workstation. Then, the purified DH/PH domain of LARG, RhoA (C189S), and BODIPY-

TR-GTPγS were added to the plate in sequential order. After a 20-min incubation (non-

saturating time point), polarization was read in a PHERastar plate reader, as shown in 

Figure 5-4A. The assay was tested for its suitability for HTS and reliability by using the 

Z′ factor statistical measurement. Using purified RhoA (C189S) alone plus DMSO 
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(positive control for screen—100% inhibition) and the purified DH/PH domain of LARG 

and RhoA (C189S) plus DMSO (negative control for the screen—0% inhibition), the Z′ 

factor in this HTS format was determined to be 0.52, indicating a suitable and reliable 

screen (Fig. 5-4B) (27). Although many FP-type screens give higher Z′ factors than this, 

consideration should be taken of the fact that this is a kinetic assay done at a pre-

saturation time point, so it would not be expected to have quite as good a Z′ as a standard 

equilibrium FP binding assay.  

 Compounds that showed more than 30% inhibition or values of percent inhibition 

more than 3 standard deviations from the negative control were considered to be actives. 

Figure 5-4C shows 19 hits from the 30% inhibition criterion, and an additional 12 were 

found with the 3 standard deviation criterion, providing 31 initial actives (or a “hit” rate 

of 0.3%). There were several plates with clusters of compounds that just met the cutoff, 

and they were re-tested in duplicate using the primary screening assay methodology. Any 

that confirmed in either of the 2 measurements were retained in the actives list and were 

studied further in a concentration response study using the BODIPY-TR-GTPγS FP 

assay. Of those 13 compounds, 7 (0.07% hit rate) did inhibit in this follow-up assay, and 

6 compounds did not (<50% inhibition at 100 µM; Fig. 5-4D). Of the 7 confirmed 

actives, 6 were available for resupply from ChemBridge for follow-up studies. The 3 

most potent of these 6 compounds—CCG-14631 (4-{5-[(4,6-dioxo-2-sulfanylidene-1,3- 

diazinan-5-ylidene)methyl]furan-2-yl}-N-(1,3-thiazol-2-yl)benzene-1-sulfonamide) 

(ChemBridge, cat. 6192873), CCG-12529 (7-(3-nitrophenyl)-8- 

azatricyclo[7.4.0.0^{2,6}]trideca-1-(13),3,9,11-tetraene-10-carboxylic acid) 

(ChemBridge, cat. 5584249), and CCG-5849 (4-amino-2-(5-amino-1,3-benzothiazol-2-
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yl)phenol) (ChemBridge, cat. 5312639) had IC50 values between 3 and 10 µM (Fig. 4D 

and Table 1). The 3 remaining compounds-CCG-14113 ((N’Z)-2-[(3-

methylphenyl)amino]-N’-[(2,4,6-tribromo-3-hydroxyphenyl)methylidene] 

acetohydrazide) (ChemBridge, cat. 6119878), CCG-13528 ((5Z)-3-(2H-1,3- benzodioxol-

5-yl)-2-imino-5-{[5-(2-nitrophenyl)furan-2-yl]methylidene}-1,3 thiazolidin-4-one) 

(ChemBridge, cat. 5354792), and CCG-7167 (7-hydroxy-3-[2-(4-phenylphenyl)-1,3-

thiazol-4-yl]-2H-chromen-2-one) (ChemBridge, cat. 5354792) were less potent, with 

IC50 values between 32 and 65 µM (Fig. 5-4D and Table 5-1) in the FP assay. 

 

Secondary screen in [35S] GTPγS radioactive guanine nucleotide-binding assay 

 As mentioned previously, a potential mechanism for false positives in a 

fluorescence-based assay is quenching of the fluorescence signal. To address this 
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Figure 5-1. GTPase cycle, mechanisms of inhibition, and structure of guanosine 
triphosphate (GTP) analogs. (A) In its inactive form, the small GTPase RhoA is bound 
to both guanosine diphosphate (GDP) and Mg+2. Upon the binding of the Dbl 
homology/pleckstrin homology (DH/PH) domain of the leukemia-associated RhoGEF 
(LARG, which is the catalyst of the guanine nucleotide exchange reaction), a 
conformational change occurs in the switch regions of the small GTPase RhoA, causing 
an intermediate to form that is free of nucleotide and Mg+2. This enables the GTP and 
Mg+2 to bind to the small GTPase RhoA. In our in vitro assays described in this report, 
we use the BODIPY–Texas Red fluorescently labeled or [35S] radioactive labeled 
nonhydrolysable form of the guanine nucleotide, GTPγS. As a result, the GTP-bound 
RhoA can be released from the RhoGEF LARG in an active state. This results in a 
polarized light signal in our fluorescence polarization assay or a radioactive signal in our 
[35S] radioactive assay that can be quantitatively measured. (B) There are several 
potential mechanisms of inhibition of LARG-stimulated RhoA nucleotide binding, which 
include (I) competitive inhibition at the site of interaction between LARG and RhoA, (II) 
allosteric inhibition by drug binding to LARG, (III) competitive inhibition at the site of 
nucleotide binding, or (IV) allosteric inhibition by drug binding to RhoA. (C) The 
chemical structures of the 3 non-hydrolysable forms of the guanine nucleotide, GTPγS,  

BODIPY-FL-GTPγS

BODIPY-TR-GTPγS

[35S] GTPγS 
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Figure 5-1. GTPase cycle, mechanisms of inhibition, and structure of guanosine 
riphosphate (GTP) analogs (continued) .used in both the fluorescence and radioactive 
in vitro assays described in this report are depicted. 
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Figure 5-2. Fluorescence polarization RhoA nucleotide-binding assays. Purified Dbl 
homology/pleckstrin homology (DH/PH) domain of leukemia-associated RhoGEF 
(LARG; 200 nM) stimulated nucleotide binding of purified RhoA (C189S) (2 µM) using 
BODIPY-FL-GTPγS (1 µM) and BODIPY-TR-GTPγS (1 µM). Values were measured in 
a Victor2 plate reader as described in materials and methods. (A) LARG-dependent 
nucleotide binding to RhoA (C189S) (2 µM, □) stimulated by LARG (50 nM, ∆; 100 nM, 
◊; 200 nM, ○) using BODIPY-TR-GTPγS (1 µM) was measured over a time course of 55 
min for fluorescence polarization by using a Victor2 plate reader, as described in 
materials and methods. (B) Fluorescence polarization measurements were taken from 48 
wells not containing LARG (– LARG, ■) and 48 wells containing LARG (+ LARG, ▲) 
in a 96-well black plate after incubating for 20 min at room temperature. Data in panels A 
and B represent experiments performed in duplicate and are represented as mP 
polarization values. The Z′ factor was calculated for the fluorescence polarization 
measurement. The Z′ factor for the fluorescence polarization assay was 0.7, indicating an 
assay suitable for high-throughput screening. 
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Figure 5-3. Dose-dependent leukemia-associated RhoGEF (LARG)–stimulated 
RhoA nucleotide binding. (A) Dose-dependent nucleotide binding to RhoA (C189S; 2 
µM, □) stimulated by LARG (50 nM, ∆; 100 nM, ◊; 200 nM, ○) using BODIPY-TR-
GTPγS (500 nM) was measured over a time course of 40 min in a Victor2 plate reader, as 
described in materials and methods. (B) Dose-dependent nucleotide binding to RhoA 
(C189S; 500 nM,■) stimulated by LARG (0.5 nM, ●; 1 nM, ♦; 2 nm, ▲) using [35S] 
GTPγS was measured over a time course of 180 min by a Beckman LS 5801 Scintillation 
Counter, as described in materials and methods. The black dotted vertical line and the 
solid black circles indicate the time point (incomplete saturation point) used for the high-
throughput screen. (C, D) Rate constants for the reactions were plotted versus the 
concentration of LARG, yielding a linear plot for both the fluorescence polarization (FP) 
and radioactive binding assays. A linear regression plot was performed using Graphpad 
Prism 5, yielding R2 values of 0.9. Rate constants were calculated using the 1-phase 
exponential association equation Y = Ymax * (1 – exp(–k*X)) (k = rate constant for the 
reaction). Data in panel A were measured in duplicate and are representative data of n = 
3. Data in panel A were background subtracted from BODIPY-TR-GTPγS fluorescence 
alone. Data in panel B represent the Mean ± SEM of 3 separate experiments (n = 3). 



 

 
 

175

concern, we used the traditional radioactive [35S] GTPγS guanine nucleotide filter 

binding assay as a secondary follow-up assay for our 6 confirmed active compounds. For 

these experiments, we used a time point of 25 min, prior to saturation on the kinetic curve 

in Figure 5-5A. Five of the 6 candidate compounds showed dose-dependent inhibition in 

the [35S] GTPγS guanine nucleotide-binding assay. The 1 compound that was not active 

in the radioligand assay showed a marked effect on the total fluorescence, as calculated 

by F-parallel + 2*F-perpendicular (54% reduction). The 3 most potent compounds in this 

radioactive-based assay—CCG-13528, CCG-14631, and CCG-7167—had IC50 values 

between 4 and 7 µM (Fig. 5-5B and Table 5-1). The other 2 compounds, CCG-14113 and 

CCG-12529, were less potent, with IC50 values around 30 µM (Table 5-1). The IC50 

values for several of the compounds differ between the [35S] GTPγS and fluorescence 

polarization methods. These differences most likely can be attributed to experimental 

differences between the assays such as NaCl and MgCl2 concentrations and the different 

nature of the detergent or nucleotide used. Despite these differences, the fact that 5 of the 

6 tested compounds did show some activity in the [35S] GTPγS method is encouraging.  

 CCG-13528 and CCG-14631 satisfy all of Lipinski’s rules for chemical 

compounds that have the most potential in becoming a drug with respect to their physical 

properties (28). CCG-7167 had only 1 violation of Lipinski’s rule-of-5 due to a partition 

coefficient (log P) of 5.52 (Table 5-1). Interestingly, our 3 most potent compounds are all 

extended aromatic molecules. They have 4 (CCG-14631) or 5 (CCG-13528, CCG-7167) 

rings and are 16 (CCG-13528) or 18 (CCG-14631, CCG-7167) atoms in length (Fig. 5-

5C). This suggests a potential pharmacophore for inhibiting LARG-stimulated RhoA 
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nucleotide exchange, which may be explained by the long shallow pocket of the LARG-

RhoA interaction site (29). 

 

Compound selectivity for LARG-stimulated RhoA nucleotide binding 

 Inhibition of LARG stimulation of RhoA nucleotide exchange can occur by 2 

primary mechanisms. The compound could directly inhibit GTP binding to RhoA, or it 

could block LARG-mediated nucleotide exchange. Determining the exact mechanism of 

the inhibition of LARG-stimulated RhoA nucleotide exchange is beyond the scope of the 

present study, but we did determine whether the compounds inhibited GTP binding or 

LARG-mediated exchange in the [35S] GTPγS guanine nucleotide-binding assay. [35S] 

GTPγS binding to the small GTPase RhoA and the G-protein alpha subunit Gαo was 

determined at 60 min and 25 min, respectively (Fig. 5-6A, B). [35S] GTPγS binding to 

RhoA and Gαo was tested in the absence of GEFs to determine whether the compounds 

inhibited GTP binding directly. As expected, all 5 compounds inhibited LARG-

stimulated RhoA [35S] GTPγS binding (≥50%), yet they had only modest or no effect on 

direct RhoA and Gαo [35S] GTPγS binding at a maximal concentration of 100 µM (Fig. 

5-6C). Therefore, the 5 compounds identified in the high-throughput screen described 

here do appear to inhibit the LARG-mediated nucleotide exchange in some manner. 

 

Discussion 

 Radioactive and fluorescence assays are the primary approaches used to measure 

guanine nucleotide exchange of small GTPases. These approaches typically use  
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Figure 5-4. Fluorescence Polarization Screen for Inhibitors of LARG-stimulated 
RhoA nucleotide Binding. (A) Schematic of the protocol used for the 10,000 
ChemBridge diverse chemical compound high-throughput screen (HTS) as described in 
the materials and methods. All samples, compounds and controls, contain 0.8% DMSO. 
(B) Control samples run on each plate include (100 nM) LARG as a negative (0% 
inhibition) control (•) and no LARG as a positive (100% inhibition) control (•). The 
statistical Z’ – Factor measurement for the HTS was calculated to be 0.52 for this entire 
screen indicating suitable reproducibility. (C) Data from the 10,000 ChemBridge 
compound HTS (CCG compounds 5029-15028) are shown (•) with a 30 percent 
inhibition line indicated in red. (D) Dose-response follow-up of the hits from the HTS in 
the LARG-stimulated RhoA nucleotide BODIPY-TR-GTPγS binding assay measured at 
a time point of 20 minutes. Data in panel D were measured in duplicate and are 
represented as percent change from the +LARG negative control (0%) compared to the 
no LARG positive control (100%). 
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Table 5-1. Chemical Compound Properties and IC50 Values. This table describes the 
chemical compound properties along with the IC50s and Hill Slopes for the 6 compounds 
identified in the HTS. The IC50 and Hill Slope values were taken from the dose-
dependent data in both the BODIPY-TR-GTPγS and [35S] GTPγS assays in Fig. 5-4D and 
Fig. 5-5B. The notation NA indicates the compound had no inhibitory activity. 
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radioactive [3H] or [35S] or fluorescent N-methyl-3′-O-anthranoyl (MANT) and boron 

dipyrromethene (BODIPY) analogs of guanine nucleotides. They either measure binding 

of the non-hydrolysable GTP analog, GTPγS, to G-proteins or release of labeled GDP 

from G-proteins (23, 24, 30). Upon nucleotide exchange, the guanine nucleotide analogs 

yield either a measurable radioactive or fluorescence signal. Here, we describe a novel 

assay that uses fluorescence polarization rather than the standard fluorescence intensity 

approach to measure LARG-stimulated RhoA nucleotide binding. We chose the FP assay 

due to its better, initial baseline kinetics, signal-to-noise ratio, and Z′ factor (data not 

shown). The Z′ factor measures the reliability of a screen hit based on the dynamic range 

and intrinsic variability of the assay (27, 31). The Z′ factor for the FP assay was 0.7 in 

pilot studies and showed a sustained level of 0.52 in our 10,000-compound screen. This 

should be sufficient for HTS and for general biological applications.  

One major issue in fluorescence-based HTS assays is the type of fluorophore one 

chooses. The most commonly used fluorophores used to label guanine nucleotides,  

MANT and BODIPY-FL, have the drawback of being detected in the blue and green 

regions of the electromagnetic spectrum (32). This enhances the chance of false positives 

in high-throughput screens due to compounds absorbing light in this region of the 

electromagnetic spectrum. Therefore, in the work described here, we use a GTPγS 

nucleotide labeled with the BODIPY-TR fluorophore (Fig. 5-1C), which is detected in 

the red region of the electromagnetic spectrum. This, along with the use of the ratiometric 

FP method, should decrease the chance of false positives due to non-specific compound 

absorbance. We compared the FP BODIPY-TR-GTPγS binding assay as a measure of 

nucleotide exchange with the traditional radioactive [35S] GTPγS binding assay. We 
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Figure 5-5. Dose-response inhibition of leukemia-associated RhoGEF (LARG)–
stimulated RhoA [35S] GTPγS binding by high-throughput screening (HTS) hits. (A) 
Time course of guanosine nucleotide binding of RhoA (C189S; 500 nM, ■) stimulated by 
LARG (2 nM,●) using [35S] GTPγS was measured over a time course of 180 min by a 
Beckman LS 5801 Scintillation Counter, as described in materials and methods. (B) 
Compound dose-dependent inhibition of LARG (2 nM) stimulated RhoA (C189S; 500 
nM) guanosine nucleotide binding at a 25-min time point. (C) Chemical structures of the 
5 compounds that show dose-dependent inhibition in panel B. Data in panels A and B 
were measured in duplicate and represent Mean ± SEM of 3 separate experiments (n = 3). 
Data in panel B are represented as percentage of DMSO control for [35S] GTPγS binding. 
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Figure 5-6. Compound selectivity for leukemia-associated RhoGEF (LARG)–stimulated 
RhoA [35S] GTPγS binding. (A) Time course of RhoA (C189S; 500 nM, ■) [35S] GTPγS 
binding over 180 min. (B) Time course of Gαo (250 nM, ●) [35S] GTPγS binding over 
120 min. [35S] GTPγS alone is represented by ■ in both (A) and (B). (C) Bar graph 
representation of compound (100 µM) selectivity for LARG-stimulated [35S] GTPγS 
binding versus RhoA (C189S) and Gαo [35S] GTPγS binding. Binding was measured at a 
60-min time point (indicated by the dotted vertical line) for RhoA (C189S) and 25-min 
time point (indicated by the dotted vertical line and open circles) for both Gαo and 
LARG-stimulated RhoA [35S] GTPγS binding. Data in panels A, B, and C measured in 
duplicate represent Mean ± SEM for 3 separate experiments (n = 3). Data in panel C are 
represented as a percentage of DMSO control for [35S] GTPγS binding. 
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found both assays to be able to show concentration-dependent LARG-stimulated RhoA 

nucleotide binding with linear rate constants with respect to LARG concentration (Fig. 5-

3). However, the 2 methods were different with respect to experimental conditions (i.e., 

buffers, protein concentrations, type of detergent and nucleotide) and reaction time. 

Despite the differences between assays, we chose the fluorescence polarization assay for 

a high-throughput screen for inhibitors of LARG-mediated nucleotide exchange based on 

its reliability, adaptability to a 384-well plate format, lack of production of environmental 

waste, and time efficiency.  

 There are several ways that one can molecularly target the function of RhoGEFs 

and Rho GTPases. One can inhibit the membrane localization of Rho GTPases through 

blockade of lipid modifications. Interestingly, using an HTS approach, Peterson et al. 

(33) describe the identification of a geranylgeranyl transferase type I small-molecule 

inhibitor (IC50, 10 µM) that inhibits Rho GTPase function. Another way to obstruct Rho 

function is through small-molecule stimulation of GAPs to stimulate intrinsic hydrolysis 

of Rho GTPases, promoting inhibition of function. Small-molecule stabilization of the 

association of GDP dissociation inhibitors (GDIs) with Rho GTPases can also be 

effective in disrupting the activation of Rho GTPases by preventing membrane 

localization (1). Also, small-molecule inhibition of GEFs would be effective in disrupting 

Rho function by preventing activation of Rho GTPases. Function can be abolished by 

directly targeting the Rho GTPase. Interestingly, Gao et al. (16) describe the 

identification of a direct small-molecule inhibitor of Rac1, NSC23766 (IC50, 50 µM), 

through a structure-based virtual screening approach. Another direct Rac1 inhibitor, EHT 

1864 (Kd, 40 nM), selectively inhibits Rac1 through blocking the binding of the guanine 
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nucleotide to Rac1 (17, 18). Also, we recently identified an inhibitor downstream in the 

Rho-stimulated gene transcription pathway using a cell-based luciferase reporter screen 

(34). As a result, we describe here a FP high-throughput screen of a ChemBridge diverse 

chemical library for inhibitors of LARG-mediated RhoA nucleotide exchange. LARG 

was originally discovered as a chromosomal translocation fusion to MLL in a patient 

with acute myeloid leukemia (3). Therefore, from its initial identification, LARG has 

been linked to cancer. LARG gene expression was shown to be upregulated in patients 

with the preleukemic disorder Scwachman-Diamond syndrome (SDS) (35). LARG was 

first shown to have oncogenic activity in a NIH-3T3 transformation assay (8). Since then, 

LARG-mediated Rho activation has been shown to be important in prostate cancer (PC-

3) and breast cancer (MDA-MB-435) cell morphology, motility, and invasion upon 

extracellular stimulation by the GPCR ligands bombesin, thrombin, and lysophosphatidic 

acid (6, 7, 36). In addition, LARG interaction with the adhesion receptor, CD44, or 

tyrosine kinase receptor, epidermal growth factor receptor (EGFR), and subsequent Rho 

activation has been shown to be necessary for cytoskeletal modification, motility, and 

invasion in head and neck squamous cell carcinoma (HSC-3) cells (9). Therefore, a 

small-molecule inhibitor of LARG-mediated RhoA nucleotide exchange would be a 

useful tool to elucidate cancer mechanisms and as a potential cancer therapeutic.  

 In addition to cancer, LARG also has the potential to play an important role in 

HIV or vascular diseases. LARG has been shown to be upregulated in rat vascular 

smooth muscle by angiotensin II and it is expressed in rat corpus cavernosum, thus 

potentially playing a vital role in contraction and calcium sensitization (11, 12, 37). 

Recently, LARG was determined to be the key RhoGEF involved in the development of 
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salt-induced hypertension (13). Interestingly, Hodges et al. (10) describe a role for LARG 

in HIV-1 pathogenesis via forming a complex with the C-type lectin receptor, DC-SIGN. 

Therefore, small-molecule inhibition of LARG-mediated RhoA nucleotide exchange may 

prove to be useful in the development of pharmacological tools and therapeutics for 

better understanding of disease pathogenesis and treatment of diseases and disorders, 

including HIV, hypertension, and erectile dysfunction (ED).  

 The 5 compounds identified in this study would be of interest for further 

development based on the multiple diseases and disorders that an inhibitor of LARG-

mediated RhoA nucleotide exchange may have a positive impact on. All 5 compounds 

have potency in the micromolar range, which make them reasonable candidates for 

synthetic chemistry follow-up. In addition, the compounds do not inhibit GTP binding to 

RhoA or to Gαo. Therefore, they most likely inhibit LARG-mediated nucleotide binding 

by (i) binding to the LARG binding surface on RhoA; (ii) binding to the RhoA binding 

surface on LARG; (iii) allosterically binding to either LARG or RhoA, causing a 

conformational change; (iv) binding to both RhoA and LARG; or (v) covalently 

modifying RhoA or LARG. Further development, specificity studies, and mechanistic 

characterization are still needed, but the compounds identified in this study inhibit 

LARG-mediated RhoA nucleotide exchange with micromolar potency in vitro. 
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Chapter VI 
 

CONCLUSION 
 

 Cancer metastasis is a major health problem that results in thousands of deaths 

every year (1, 2). The complex process of metastasis requires tumor cells to escape their 

primary tumor site and to re-colonize at an alternate tissue site, such as the bone, lungs, 

liver, and brain (1-5). The RhoA transcriptional signaling pathway has been shown to 

play a role in the complex process of metastasis along with many of the cellular processes 

associated with it (6-26). However, there is still much to be elucidated with regard to the 

connection between signaling mechanisms of the RhoA transcriptional signaling pathway 

and to the progression and metastasis of multiple malignancies. Therefore, the major goal 

of my work here was to identify a small-molecule inhibitor of the RhoA transcriptional 

pathway that can be used as a pharmacological tool to further investigate the contribution 

of this pathway to the cell signaling mechanisms necessary for the progression and 

metastasis of these various malignancies. Also, another goal of my work was to identify a 

lead compound that can be potentially developed into a future cancer therapeutic.  

 In Chapter 2, using a two-thousand compound cell-based Rho-specific SRE.L-

luciferase reporter assay high-throughput screen, I was able to identify two small-

molecule inhibitors, CCG-977 and CCG-1423, of the RhoA transcriptional signaling 

pathway. In assessing the mechanism of action of the more potent compound, CCG-1423, 

the compound was found to work downstream of RhoA and RhoC and actin dynamics at 

the MKL1/SRF transcriptional signaling level. Given that CCG-1423 modulates 
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MKL1/SRF transcriptional activity, there are an abundance of potential cellular 

mechanisms, including: (i) inhibition of translocation of MKL1 into the nucleus, (ii) 

stimulation of MKL1 phosphorylation or sumoylation (27, 28), (iii) inhibition of the 

interaction between MKL1 and SRF, (iv) regulation of an element of transcriptional 

control, such as SPT16 (29), BRG1 (30),  histone demethylases (31), histone 

acetyltrasferases (HATs) (32), histone deacetyltransferases (HDACs) (32), and histone 

methyltransferases (HMTs) (32), or (v) inhibition of a novel regulatory protein. 

Interestingly, MKLl and SRF have recently been shown to play a role in breast cancer 

and melanoma metastasis (17), thus solidifying the importance of the transcriptional 

portion of the RhoA signaling pathway in cancer biology. Therefore, development of 

more selective and less toxic analogs will be necessary to identify the molecular target of 

CCG-1423. 

 In Chapter 3, we utilized chemical synthesis to develop more potent, selective, 

and less toxic analogs of the RhoA transcriptional inhibitor, CCG-1423, that I identified 

in Chapter 2. The most promising analogs tested were less potent but more selective and 

less toxic than CCG-1423. The amide replacement class of analogs displayed the best 

activity with CCG-101425 showing the best activity and selectivity to date. This class of 

analogs should be most useful in identifying the molecular target of CCG-1423 and for 

development of a pharmacological tool that can be used in vivo to study the role of the 

RhoA transcriptional signaling pathway in prostate cancer metastasis. For assessing the 

effect of the compounds upon prostate cancer metastasis, a metastasis model described by 

Kalikin and colleagues will be used (33). Immunocompromised mice will be injected into 

the left ventricle with PC-3 prostate cancer cells stably expressing firefly luciferase, and 
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disease progression and metastasis will be monitored non-invasively by bioluminescent 

signals in real time without the need for sacrificing many mice (33). 

 Future mechanistic studies to identify the molecular target of CCG-1423 will 

utilize three compounds developed in Chapter 3. The approach that will be taken to 

identify the molecular target will be a compound affinity column. This approach has been 

successfully described previously to identify molecular targets of phenotypic screens (34-

36). The small-molecule inhibitor, TWS119, a 4,6-disubstituted pyrrolopyrimidine, was 

identified in a high-throughput cell-based screen for inducers of neurogenesis in murine 

embryonic stem cells. Using an affinity-column approach, the molecular target of 

TWS119 was identified to be glycogen kinase-3β (GSK-3β) (34). Another study 

implemented an affinity-column approach to identify the molecular target of an inducer 

of glucose uptake in L6 myocytes via AMP-activated protein kinase (AMPK) activation, 

D942, a furancarboxylic acid derivative. The molecular protein target of D942 was 

identified to be NAD(P)H dehydrogenase [quinine 1] (complex 1) (35).  For our column, 

the conformationally restrictive piperidine ring analog, CCG-100602, and the amide 

replacement analog, CCG-101425, will be used as active analogs for identifying the 

molecular target due their selective and efficacious functional activities (Fig. 6-1B-C). 

The amide analog, CCG-100686, will be used as an inactive analog for ruling out non-

specific compound interactions with proteins due its lack of activity against both the Rho-

specific SRE.L-luciferase and TK-Renilla luciferase responses (Fig. 6-1D). The 

compounds will be chemically linked to sepharose beads through a methoxy and 

polyethylene glycol (PEG) – amine linkage (Fig. 6-1A). PC-3 total cell lysate and nuclear 

extract will be used as the protein source for the column. Compound eluate will be run on 
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a SDS silver-stained gel. Protein bands specific for the active compounds (CCG-100602 

and CCG-101425) versus the inactive compound (CCG-100686) will be submitted for 

matrix-assisted laser desorption/ionization (MALDI) - Mass Spectrometry analysis for 

determination of positive hits that may be the molecular target of CCG-1423. Upon 

identification of the molecular target, it can be used for more rational structure-activity 

relationship experimental studies for the development of a more specific pharmacological 

tool and cancer therapeutic.   
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Figure 6-1. CCG-1423 Analogs and Affinity Column for Future Mechanistic 
Studies. (A) A schematic of the methoxy and PEG linkage that will be used to attach the 
compounds to the sepharose beads to make the affinity column. Dose-dependent  
inhibition of Gα12QL-stimulated SRE.L-luciferase expression, thymdine kinase (TK) 
driven Renilla luciferase expression, and PC-3 cell survival via the WST1 cell viability 
assay of the “active” compounds, CCG-100602 (B) and CCG-101425 (C), and the 
“inactive” compound, CCG-100686 (D) in PC-3 prostate cancer cells. The assays were 
carried out as described in the Materials and Methods in Chapter 3. Panels B-D represent 
the mean ± SEM data performed in triplicate three separate times. 
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 In Chapter 4, four candidate genes (RGS4, RGS7, CTGF, SOX9) were identified 

as potential CCG-1423 regulated genes that may play a role in the CCG-1423 inhibition 

of PC-3 cell Matrigel invasion described in Chapter 2. These genes were confirmed to be 

regulated by CCG-1423 by quantitative real time polymerase chain reaction (QRT-PCR) 

analysis. As described in Chapter 4, RGS7 and CTGF were ruled out due to the 

differential effects that the two more selective and less toxic CCG-1423 analogs, CCG-

100602 and CCG-101425, and the inactive analog, CCG-100686, had upon their gene 

expression in comparison to CCG-1423. Therefore, RGS4 and SOX9 were identified as 

my promising gene candidates that may regulate PC-3 prostate cancer cell Matrigel 

invasion and potentially metastasis. Future studies utilizing retroviral overexpression of 

RGS4 and shRNA knockdown of SOX9 expression in PC-3 cells will be necessary to 

assess the potential role of these gene candidates in functional studies. Initially, PC-3 

cells stably expressing RGS4 and shRNA SOX9 will need to have RGS4 protein 

overexpression and knockdown of SOX9 protein expression confirmed by western blot. 

Then, these cells can be used in in vitro cancer cell functional assays, including cell 

growth, adhesion, migration, and invasion. In addition, these cells will be used in in vivo 

prostate cancer metastasis studies using the metastasis model described by Kalikin and 

colleagues (33). 

 In Chapter 5, we used a completely different biochemical molecular high-

throughput screening approach to identify novel small-molecule inhibitors of the RhoA 

transcriptional signaling pathway. We performed a ten-thousand compound fluorescence 

polarization RhoA nucleotide binding screen for inhibitors of the interaction between the 

RhoGEF, LARG, and the Rho GTPase, RhoA, we identified five compounds that 
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selectively inhibit LARG-stimulated RhoA nucleotide binding. These compounds were 

also shown to selectively inhibit LARG-stimulated RhoA [35S] GTPγS binding but not 

RhoA or Gαo [35S] GTPγS binding. Therefore, using another high-throughput screening 

approach, I was able to identify five promising lead compounds that inhibit the RhoA 

transcriptional signaling pathway that upon further development may lead to the 

development of pharmacological tools and therapeutics. Future biochemical studies 

utilizing this assay will assess the specificity of these compounds with respect to different 

RhoGEF and RhoGTPase interactions. In addition, future biochemical studies will assess 

the mechanism of action of these compounds, including the possibilities of (i) 

competitive inhibition at the site of interaction between LARG and RhoA, (ii) allosteric 

inhibition by compound binding to LARG, (iii) competitive inhibition at the site of 

nucleotide binding, or (iv) allosteric inhibition by compound binding to RhoA. Also, 

structure-activity relationship studies will be needed to develop analogs that can be used 

as pharmacological tools in cell-based and in vivo mouse experiments. As discussed in 

Chapter 5, cell-based inhibitors of LARG may lead to the development of therapeutics 

that may serve to be useful in multiple diseases and disorders, including leukemia (37, 

38), human immunodeficiency virus (HIV) (39), hypertension (40), and erectile 

dysfunction (ED) (41-43).  

 Overall, in my thesis work described here, I have identified promising lead 

compounds that inhibit the RhoA transcriptional signaling pathway. These compounds 

should serve as a good start for the development of both pharmacological tools to assess 

the role of the RhoA transcriptional signaling pathway in the biology of cancer metastasis 

and future cancer therapeutics. Also, through the use of my RhoA transcriptional 
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signaling pathway inhibitor, CCG-1423, I have begun to elucidate a cancer gene 

signature that may be useful for identifying  a population of future cancer patients that 

may be helped by drugs that target the RhoA transcriptional signaling pathway. 
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