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SUMMARY

Colorectal cancer is a heterogeneous disease that is estimated to impact 5% of al
Americans during their lifetime. Current evidence indicates that colorectal cancer develops as
norma colonic epithelium acquires genetic and epigenetic alterations that contribute to
development and progression of the colorectal tumor. The concerted effort of the scientific
community has identified severa key oncogenes and tumor suppressor genes that play arolein
development and progression of colorectal cancer. At the same time, evidence aso implicates
over-expression and activation of signaling pathways regulated by RTKSs (receptor tyrosine
kinases) and GPCRs (G protein coupled receptors) to contribute to development and progression
of colorectal cancer. One such GPCR, GRPR (gastrin releasing peptide receptor), has been
implicated in progression of many different solid tumors including colon cancer. GRPR signaling
through Gq heterotrimeric G protein contributes to cancer cell proliferation in variety of solid
tumors. GRPR activation in colon cancer cells has also been implicated to regulate colon cancer
cell motility and invasion. However, the specific signaling pathway(s) initiated by GRPR
activation that regulates colon cancer cell migration have not been identified. Thus, we set out to
molecularly dissect the signaling pathway(s) initiated by GRPR that contributes to colon cancer
cell migration.

Utilizing cell-based and biochemical techniques with colon cancer cell lines that
endogenously express functional GRPR, we were able to identify G13 heterotrimeric G-protein to
predominantly regulate GRP stimulated RhoA activation. More importantly, we have identified
PRG (Postsynaptic density 95, Disk large, Zona occludens-1-RhoGEF), amember of RH-RhoGEF
(RGS-homology domain containing guanine nucleotide exchange factors) family, to be the

predominant activator of RhoA downstream of GRPR. Our data provides evidence that

Xiv



SUMMARY (continued)
PRG-RhoA signaling through ROCK (Rho-associated kinase) regulates GRP stimulated colon
cancer cell migration and Cox-2 (cycoloxygenase-2) expression. Overall, these data suggests that

GRPR mediated Ga13-PRG-RhoA-ROCK axis regulates colon cancer cell migration.

XV



|. Introduction
GRPR has been found to be ectopically expressed or over-expressed in SCLC (small cell
lung cancer), breast cancer, prostate cancer, and colon cancer (reviewed in (1)). In colon cancer,
several studies support the role of GRPR in increasing tumor cell proliferation (2,3), and
morphogenic transformation leading to increased tumor cell differentiation (4). GRPR has aso
been shown to stimulate colon cancer cell motility (5). However, the molecular mechanisms by

which GRPR activation leads to colon cancer cell migration are not well understood.

GRPR isaseven transmembrane GPCR that couples to members of the Gg/11 and G12/13
families of heterotrimeric G-proteins (reviewed in (1)). GRPR-mediated cancer cell proliferation
is thought to be primarily regulated through activation of Gag canonical signaling pathway ((6)
and reviewed in (1,7)). In comparison to Gog signaling, relatively little is known about Go1o/13—
mediated pathways downstream of GRPR and their contributions to colon cancer progression.
Receptors coupled to Gaiz are known to activate small GTPase RhoA that controls cell migration
(8,9). This is accomplished by direct interaction of activated Gaiz with family of guanine
nucleotide exchange factors for RhoA known as RH-RhoGEFs. The RH-RhoGEF subfamily
consists of p115 (p115RhoGEF), PRG, and LARG (Leukemia-associated RhoGEF) (10-15). GTP-
(guanosine-5’-triphosphate) bound Ga3 interacts with the RH domain of these large multi-domain
containing GEFs. This interaction stimulates their GEF activity leading to exchange of GDP
(guanosine-5’-diphosphate) to GTP on RhoA (11,12,16). Thus, RH-RhoGEFs are primary

candidates that may link GRPR stimulation to RhoA activation.

Activation of RhoA is known to contribute to tumorigenesis by playing a role in cellular
transformation, proliferation, migration and invasion (reviewed in (17)). Severa studies have

shown that RhoA is over-expressed and highly activated in many solid tumors, including colon



cancer ((18-20) reviewed in (17)). Increased RhoA activation and signaling through its
downstream effectors, such as ROCK, contributes to cancer progression. Activation of the RhoA -
ROCK signaling axis initiates cytoskeletal changes that are essentia for cancer cell motility and

invasion, initiates gene transcription, and promotes cancer cell proliferation (21-23).

A. Statement of Hypothesis

GPCRs coupled to Gais, signaling through RhoA, have been implicated in regulation of
breast and prostate cancer cell migration and invasion (24,25). However, these reports fail to
identify the critical elements, the RhoGEF(s), that regulate RhoA activation in these cancers-
which subsequently regulates diverse sets of cellular processes that promote cancer progression.
Currently, the signaling events downstream of GRPR that regulate colon cancer cell migration are
not completely understood. Based on the available evidence, we hypothesize that GRPR regul ates
colon cancer cell migration through Goiz mediated regulation of RhoA activation. We a so set out
to identify the RH-RhoGER(s) that are activated downstream of Gais, serving asthe molecular link
between Goiz and RhoA activation, in order to provide a complete picture of GRPR signaling
events that govern colon cancer cell migration. To address this hypothesis we utilized colon cancer
cell lines that endogenously express functional GRPR for cell based and biochemical assays that
interrogated GRPR signaling to identify the critical e ements within the signaling pathway(s) that

regulate colon cancer cell migration.

B. Significance of Study

Here we have identified key molecular players downstream of GRPR that regulates colon
cancer cell migration. Our data shows that GRP stimulation of colon cancer cell lines leads

predominantly to Gaiz mediated RhoA activation. More importantly we have determined PRG as



the dominant RH-RhoGEF mediating GRP stimulated RhoA activation, and have provided
evidence that PRG-RhoA-ROCK signaling axis regulates GRP stimulated colon cancer cell
migration. Furthermore, our data suggests that PRG-RhoA-ROCK axis leads to GRP mediated
Cox-2 expression, and find that Cox-2 activity contributes to the overal GRP stimulated colon
cancer cell migration. We have also discovered that PRG is over-expressed in these cancer cell
lines in comparison to primary HCoEpiC (human colonic epithelia cells) and human colonic
mucosal samples. This observation is further supported by data which shows that in human colon
cancer samples, PRG gene (ARHGEF11), have increased gene copy number. Overal, our data
demonstrates that GRPR signaling through Ga13-PRG-RhoA-ROCK signaling axis s critical for
colon cancer cell migration. More importantly, it has implicated PRG as a central player in
regulation of colon cancer cell motility. This finding provides sound rationale for future studies
utilizing recently devel oped small molecule inhibitor specific for RH-RhoGEFsin anin vivo colon
cancer model system to test PRG and other RH-RhoGEFs role in colon cancer cell migration and
metastatic spread (26). Based on our findings, it would be interesting to see if this signaling
pathway can be generalized to other solid tumors (i.e., SCLC) that express GRPR and are known

to have a high metastatic potential.



[l. Literature Review

A. Colorectal cancer

Colorectal cancer is the 3" leading cause of cancer and the 3 leading cause of cancer
deaths in both men and women. It is estimated that approximately 5% of all Americans will be
diagnosed with colorectal cancer within their lifetime (27). Risk factors associated with
development of colorectal cancer include; genetic predisposition (family history of colorectal
cancer), dietary habits (high intake in red meats and unsaturated fats), excessive alcohol intake,
obesity, diabetes, and inflammatory bowel disease ((27) reviewed in (28)). The etiology for
sporadic colorectal cancer is multifactorial as evidenced by the diverse genetic, lifestyle, and
dietary factors that increase a person’srisk for colorectal cancer.

1. Molecular Pathogenesis (Adenoma-Car cinoma Seguence)

The classical model of colorectal tumorigenesis, initially proposed by Fearon and
Vogelstein, indicates that colorectal cancer develops in a stepwise progression, as normal
glandular colonic epithelial cells acquire selected genetic and epigenetic alterations, as it
progresses from normal colonic epithelial cells to an adenoma and then to carcinoma over atime
scale of years to decades (Figure 1) ((29) reviewed in(30)). It is widely accepted that adenomas
are the important precursor lesions to colon cancer as studies have shown that patients who
undergo polypectomy, removal of adenomatous polyps, significantly decrease their risk for
development of colon cancer (31). The progression through this sequence has been correlated with
gain in mutations of certain oncogenes along with loss of tumor suppressor genes (TSGs). For
complete review of the most prevalent genetic alterations in colorectal cancer please access the

recent review by Fearon (30).
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Figure 1. Genetic mutational landscape of colon cancer contributing to progression of
adenoma-car cinoma sequence: Colon cancer development is initiated by genomic instability.
There are two more common types of genomic instability that drives colon cancer development.
Chromosomal instability (CIN) and microsatalite instability (MSI). It is well accepted that |oss of
adenomatous polyposis coli (APC) gene is one of the earliest events in development of colon
cancers and it has been implicated to contribute to CIN. Germline mutations or somatic
inactivation of DNA mismatch repair genes (MMR) have been shown to be critical eventsleading
to MSI which initiates the sequence of events that leads to colon cancer. Here, the most frequent
genetic aterationsthat drive tumor devel opment and the particul ar tumorigenesis stage with which
they have strong association are indicated. However, it is important to note that these genetic
defects, within a particular stage of tumorigenesis, do not always arisein aset order. Here, we also
include the role of growth factor receptors and Cox-2 in contributing the adenoma-carcinoma
sequence.



2. Non-Mutational Drivers of Colorectal Cancer

It iswell established that certain oncogenes along with loss of TSGs drive colon cancer
development and progression. However, it is also important to remember that within this context,
growth factors signaling thorough RTKs and GPCRs have also been implicated in colorectal
cancer pathobiology. Up-regulation of EGFR (epidermal growth factor receptor) and of its cognate
ligands have been observed in certain subsets of colon cancer (reviewed in (32)), and this may
serve as an early event in the adenoma-carcinoma sequence. Another early event in devel opment
of not only colon cancer, but also breast, prostate, and lung cancers is the increased expression of
Cox-2 and subsequent PGE> signaling ((33) and reviewed in (32,34)). Severa cytokines and
growth factors have been reported to increase Cox-2 expression. Indeed, GRPR signaling has also
been implicated in up-regulation of Cox-2 expression in variety of cell types, including colon
cancer cell lines, viasignaling pathways that are not yet clearly understood (35-37). Non-the-less,
what is clear isthat the increased Cox-2-PGE; signaling has been shown to regulate colon cancer
progression through increased angiogenesis, cancer cell proliferation, migration and invasion
(reviewed in (34)).

3. GPCRsin Colorectal Cancer

Current evidence indicates that many GPCRs play a critical role in colon cancer
progression (Table 1) (reviewed in (38-40)). However, it is unknown where in the adenoma-
carcinoma sequence does aberrant GPCR signaling fit-in, as mgority of the studies were
conducted in cancer models utilizing cancer cell lines, and so for now the evidence only implicates

GPCR signaling in colon cancer progression.



Impact of GPCRson different aspectsof cancer biology

Receptors

Tumor cell proliferation

EP,, EPs, LPA12, ETa-B, CCK2R,
PAR1, Frizzled, GRPR

GPCR link inflammeation to cancer

PARL, EP, EPs4

Angiogenesis

EP,, EP4, LPA, S1P, PAR1

Cell migration & Invasion

LPA, PARL, EP;, GRPR?

Table 1: GPCRsimplicated in colon cancer progression. Abbreviated list of GPCRs that have
been reported to be either ectopically or over-expressed in colon cancer and that effect various
aspects of cancer biology. GRPR has been shown to contribute to tumor cell proliferation in
variety of solid tumors. However, the contribution and the mechanism by which GRPR signaling
promotes colon cancer cell migration and invasion are not currently defined (as denoted by the “?’

after GRPR).




B. GPCRs

1. Overview of GPCRS

GPCRs are integral membrane proteins which have 7TM spanning a pha-helices, with
an extracellular N-terminal region, anintracellular C-terminal region, along with threeintracellular
and extracellular loops. Structural data aso has uncovered a fourth intracellular loop created by
the eighth intracellular apha-helix at its C-terminus which contain palmitoylation sites (reviewed
in (41)). GPCRs are one of the largest group of proteins encoded by the genome with ~800 genes
that encode for receptors whose ligands range from neurotransmitters, hormones, to sensory
stimuli such as odorants and photons of light. GPCRs represent an ideal target for treatment of
human diseases as exemplified by the fact that ~30% of current pharmaceutical agents on the
market are targeted for GPCRs (reviewed in (42).

2. Heterotrimeric G-Proteins

Heterotrimeric G proteins are made up of Ga subunits interacting with the tightly
associated G3 and Gy subunits. There are 16 genes which encode for 21 Ga subunits in humans,
whereas there are 5 genes encoding 6 G and 12 Gy subunits (reviewed in (43)). The heterotrimeric
G proteins are divided into four major classes based on primary sequence similarity of the Ga
subunit. Most well characterized Ga subunits are Gas, Gog, Gai, and Gaiz13. The Ga subunits
contain a GTPase domain and a helical domain which are conserved among small monomeric G
proteins. The GTPase domain is responsible for GTP hydrolysis and aso provides the interface
for interactions with GPCRs, Gy dimers, and downstream effector proteins. Ga subunit GTPase
domain contains three flexible regions termed switch I, I, and 111, which enables Ga subunit to
adopt different conformations depending if GDP or GTPisbound. The helical domainiscomposed

of six alpha helices that bury the bound nucleotide into the hydrophobic core of the Ga subunits.



All Ga subunits are known to undergo palmitoylation at their N-terminus which is critical for
membrane localization and function. Ga subunits bound to GTP can activate variety of signaling
pathways, through interaction with their cognate downstream effectors, to bring about a cellular
response (reviewed in (44)). Ga protein signaling is terminated by the hydrolysis of GTP to GDP,
which can be promoted by RGS (regulators of G protein signaling) proteins that function as GAPs
(GTPase activating proteins). Ga-GDP then re-associates with Gy dimers to prepare for another
round of signaling (Figure 2).

Gp and Gy subunits make extensive contacts with each other forming a functional unit
that can only dissociate under denaturing conditions. Structural data of heterotrimeric G proteins
reveal that much of the interactions with Ga and Gy subunits occur primarily through contacts
made between Goa and G subunits. Much like Ga subunit, Gy also undergoes lipid post-
tranglational modificationsat its C-terminuswith either afarnesyl or geranylgeranyl moiety, which
also plays a role in membrane localization (reviewed in (41)). GBy subunits can also activate
distinct signaling pathways upon GPCR activation to bring about variety of cellular responses

(Figure 2).
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Figure 2: General schematic of GPCR signaling. Under resting conditions, Ga-GDP is bound
to GBy subunits forming an inactive heterotrimer. Upon agonist binding, the receptor undergoes a
conformational change resulting in interaction with the heterotrimeric G-proteins which stabilizes
the receptor conformation in the active state. This interaction cgoles a conformational change
within the Ga subunit leading to exchange of GDP for GTP. Ga-GTP subunit undergoes functional
dissociation from Gy heterodimer allowing Ga-GTP and Gy to engage with their effectors and
initiate signaling cascades that produce a cellular response. Also depicted is the termination of G-
protein signaling, which can be regulated by various RGS proteins that accelerate the hydrolysis
of GTP to GDP on Ga subunits. Thus, promoting the formation of the inactive heterotrimer.
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3. GPCR Signal Transduction

Regardless of the diversity of the GPCR superfamily, it is interesting that these signal
receiversinteract with arelatively small subset of effector proteins that transduce the extracellular
signa into a cellular response. Signal transduction occurs upon agonist binding to the GPCR,
resulting in a conformational change stabilized by engagement of G proteins with the agonist
bound receptor. This interaction subsequently leads to a conformational change within the Ga
subunit resulting in the release the GDP and loading of GTP, which is found at higher
concentrations within the cytosol. The mechanism by which activated GPCR facilitates the
guanine nucleotide exchange on the Ga subunit is just now being elucidated. Data from high
resolution crystal structures of GPCRs in an active and in-active states along with molecular
dynamic studies revealed that G proteins play a critica role in stabilization of the active
conformation of GPCR. It is postulated that the C-terminus of Ga subunit interacting with the
agonist bound receptor, further facilitates interaction of receptor with the N-terminus of Ga
subunit, resulting in conformational change in the P-loop. This leads to loss of coordination with
the B-phosphate of GDP with subsequent release of GDP and loading of GTP ((45,46) and
reviewed in (47)). Ga-GTP subunit adopts a conformation that has decreased affinity for Gpy,
leading to functional dissociation from the Gy subunits. Both Ga-GTP and Gy subunits then

interact with several downstream effectors to initiate a cellular response (Figure 3).
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Figure 3: General schematic of GPCR signaling via Ga subunits. Ga-GTP, in an activation
dependent manner, interacts with its downstream effectors leading to activation of variety of
signaling pathways. Here, depicted are the most well characterized downstream effectors of the
four most well studied Ga subunits. Interaction of these Ga subunits with their cognate effectors
(colored gold) leadsto formation of specific second messengers and activation of specific signaling
pathways (as identified in green boxes). The (-) on Ga; denotes inhibitory effect of Gai-GTP on
AC activity leading to decreased CAMP levels. AC (adenylyl cyclase), cAMP (cyclic adenosine
monophosphate), Ca?* (calcium), PKA (protein kinase A), PKC (protein kinase C), and PLCB
(phosphoalipase Cp).
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C. Gastrin Releasing Peptide Receptor

1. Classification-Phar macological and Biochemical Characteristics

GRPR belongs to 7TM G protein coupled receptor class A superfamily. Within this
superfamily, GRPR belongsto asmall subfamily of receptors known as bombesin receptors. There
are currently three family members within the bombesin receptor subfamily, which include BB1
(bombesin receptor 1) also known as NMBR (neuromedin B receptor), BB2 (bombesin receptor
2) also known as GRPR, and BB3 (bombesin receptor 3). These receptors are known as bombesin
receptors since the first natural agonist found to activate these receptors was called bombesin asit
was isolated from the skin of the frog Bombina bombina. Bombesin is an amidated tetrapeptide
that is known to bind with high affinity to both BB1 and BB2 (48,49). It wasn’t until much later
that the natural mammalian agonist for bombesin receptors termed GRP (gastrin rel easing peptide)
and neuromedin B were identified (50,51). Further studies after the cloning of the BB2 receptor
revealed that these endogenous agonists have higher affinity for one bombesin receptor over the
other. Thus, these receptors were also named based on the preferential binding to the endogenous
ligands (e.g., GRP has greater the 400 fold higher affinity for GRPR then it doesfor NMBR) (52).

The gene for GRPR is located on chromosome Xp22, and it encodes for a 384 amino
acid GPCR that is N-linked glycosylated (53,54). Giving the mature human GRPR the apparent
molecular mass of 60 + 1 kDa. After deglycosylation of the receptor the molecular massis 43 kDa
(52,55,56). Experimental evidence supports the role of N-linked glycosylation of murine GRPR,
which shares 90% homology with human GRPR, in proper intracellular sorting and membrane
localization (56). Further studies utilizing murine GRPR, provide evidence that Asn'®:

glycosylation may be necessary for high affinity agonist binding and G protein coupling (57).



14

Though not yet tested, it is presumed that N-linked glycosylation aso plays a similar role for
human GRPR expression and function.

2. GRPR - Signaling and Function

In humans GRPR is expressed in variety of tissuesincluding; Gl tract (gastrointestinal)
-promotes Gl motility and hormone secretion, and CNS (central nervous system) - regulates
satiety, memory consolidation, adult hippocampal neurogenesis, thermoregulation, and regulation
of itch sensation ((58-62) and reviewed in (1)). GRPR is also expressed on immune cells where it
plays a role in chemotaxis and lymphocyte function (63). In pathological condition, GRPR has
al so been shown to be ectopically expressed or over-expressed in variety of solid tumorsincluding;
neuroblastoma, breast, lung, prostate, and colon cancers. It is well accepted that GRPR signaling
in these solid tumors promotes cancer cell proliferation ((64) and reviewed in (1,65)). However,
some studies in colon cancer also implicate GRPR signaling contributing to a morphogenic
phenotype (66). GRPR couples to Gg/11 heterotrimeric G proteins. GRPR activation leads to the
canonical Gag signaling pathway, where Gogq mediated activation of PLC[ (phospholipase Cf3)
leads to formation of phosphoinositides and diacylglycerol with subsequent mobilization of
intracellular Ca2* and the activation of PKC (protein kinase C), resulting in stimulation of MAPK
(mitogen activated protein kinases) signaling pathways ((52,67,68) and reviewed in (7)). Current
evidence implicates Gog arm of GRPR in facilitating promitogenic signaling in various solid
tumors. However, certain reports indicate that MAPK signaling due to GRPR is possibly a result
of GRPR mediated transactivation of EGFR (69,70). Nevertheless, it is currently not known
through which mechanism(s) does GRPR activation leads to EGFR transactivation in these solid
tumors? It is possible that Gog arm of GRPR may be responsible for EGFR transactivation as

previously suggested ((71) and reviewed in (38)). Conversely, not much is known about Ga12/13
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signaling downstream of GRPR in many of these malignancies. Only one report supports the role
of Gazsignaling through RhoA inregulation of prostate cancer cell migration (72). Although, this
study did not directly identify the RH-RhoGEF(s) involved in regulation of GRPR mediated
prostate cancer cell migration.

D. G12/13 family of heterotrimeric G proteins:

Gaz2 and Gais are ubiquitously expressed G proteins that share 67% sequence homology
(reviewed in (73)). Both Gai2 and Gaiz undergo N-terminal palmitoylation. It is predicted that
Gaiz undergoes palmitoylation at the Cys*, and Gaus is palmitoylated at Cys**and Cys'® (74,75).
Palmitoylation of Gass is required for proper membrane localization and activation of RhoA
signaling via p115 membrane recruitment (75). Studies have shown that many GPCRs couple to
and activate more than one family of heterotrimeric G proteins. In fact, many GPCRs that couple
to Goiy1z have also been shown to couple with Gag (reviewed in (76,77)). Activated Gai13 have
been reported to interact with diverse set of downstream effectors such as; cadherin, radixin, Pyk2
(Proline rich tyrosine kinase 2), Btk (Burton’s tyrosine kinase), PP5 (Protein phosphatase 5),
AKAP-Lbc (A-kinase anchoring protein-Lbc), Hsp90 (heat shock protein 90), and integrins to
bring about a variety of cellular responses as summarized in (Figure 4) ((78) and reviewed in

(79,80).
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Figure 4: Interacting partners of Gaizis subunits. Gaxz interacting partners are shown by the
green arrow. Gozs interacting partners are shown by Orange arrow. Interacting partners for both
Guaz13 are indicated with blue arrows. See text for detail.
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1. Physiological Role of Gaizi1z Signaling

The signaling pathways initiated by Gai2/13 have been reported to be critical for various
physiological processes such as embryonic development, cell polarity and cell migration, cell
growth, platelet activation, immune function, neuronal cell migration, neurite retraction, and
regulation of vascular tone. The role Gai213 play in these physiological processes is extensively
reviewed by Suzuki et a. (reviewed in (81)). Here we focus primarily on the role of Gaiz1zin
embryonic development, cancer development and progression.

a. Gaizas Signaling in Embryonic Development

Importance of Gaiziz signaling in embryonic development has been
demonstrated in multiple model organisms. From the current evidence, it can be inferred that
Gai213-Rho signaling axis is evolutionarily conserved. In Drosophila melanogaster, embryos
lacking expression of DRhoGEF2, a putative RH-RhoGEF, or expression of dominant negative
mutant of Rhol, a homolog of RhoA, results in defective invagination and cell shape changes
during gastrulation (82). It is also known that Drosophila gene, concertina, which share ~70%
sequence identity with Gazs, is critical for proper gastrulation, as loss of concertina expression
leads to defective ventral furrow formation and embryonic lethality (83,84).

Our lab has also provided evidence for the existence Gai2/13-RH-RhoGEF-Rho
signaling axisin Caenorhabditis elegans. The Gai213 homologin C. elegans, GPA-12, was shown
to interact with an RH-RhoGEF homolog, CeRhoGEF, in GPA-12 activation-dependent manner
(85). Furthermore, loss of expression of GPA-12 or CeRhoGEF in C. elegans, resultsin egg laying
defect and embryonic lethality (85).

In mice, Gaiz gene ablation also results in embryonic lethality, as Ga1s -/- mice

die at E9.5. The embryonic lethality of Gais -/- mice was primarily attributed to defect in
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angiogenesis, as these embryos failed to develop a functional vascular network (86). This defect
was not attributed to a defective EC (endothelia cell) differentiation, but rather postulated to be
the result of defective endothelial cell migration, which is required for proper sprouting and
vascular branching to form a mature vascular network. Indeed, a study utilizing EC specific Ga1z
-/- mice also reported to have embryonic |ethality due to defective vascul ature formation with mice
dying between E.9.5 to E.11.5. Furthermore, these mice can be rescued with re-introduction of
Gais. The data demonstrates that Gais -/- ECs fail to undergo tubulogenesis when grown in
matrigel as compared to WT ECs, indicating some form of cell migratory defect (87). Indeed,
cultured mouse embryonic fibroblasts of E.8.5 embryos from Gas -/- mice were shown to have a
severe defect in cell migration in response to thrombin stimulation (86).

It is interesting to point out that Gai2 -/- mice develop normally with no overt
morphological or behavioral phenotype. However, Gaiz -/- Gais -/- mice seem to die earlier at
E8.5 with different morphological defects from Gaais -/- mice, demonstrating that Gai. has a
specific function during embryonic development. Furthermore, mice with one Gais allele, Gaas -
[+, requires at least one copy of Gai2-/+ for proper development. Indicating that Ga12 does have
some distinct and some over-lapping functions with Gaiz in mouse embryonic development (88).

Overal, these reports provide evidence for that G12/13-Rho axisis conserved
in these model systems and is critical for normal embryonic development in-part by regulation of
cell shape changes and coordinated cell migration.

b. Gaizazin Cancer

Evidence from multiple | aboratories have demonstrated that over-expression of
WT Gaiz/13and GTP-ase deficient mutants of Gaiz (Gaz Q229L) or Gas (Gois Q226L) promotes

potent cellular transformation as observed by focus formation assays in NIH 3T3 cells ((89-91)
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and reviewed in (92)). These early studies indicated that Gai213 may play arolein cancer biology.
Indeed, several GPCRs known to couple to Gaiz13, although not exclusively, have been reported
to be over-expressed in various malignancies. The contributions to cancer progression made by
these GPCRs, through Goiz13 signaling have been reported. Ample evidence indicates that
PAR1(protease activated receptor-1), which is found to be over-expressed in invasive breast and
prostate cancers, signals through Gaiz/13 mediated Rho activation to regulate breast and prostate
cancer cell migration and invasion ((24,25,93) and reviewed in (94)). In prostate cancer, ETa-s
(endothelin receptors), BB2, and TP receptor (thromboxane A receptor) signa through Gaiziz to
increases prostate cancer cell motility and invasion (24,72). Along with the above mentioned
receptors, other GPCRs such as LPA 1.3 (lysophosphatidic acid receptors), S1P1 3 (sphingosine 1-
phosphate receptors), and CXCR4 (C-X-C chemokine motif receptor 4) have also been shown to
contribute to cancer cell migration and invasion of solid tumors (i.e., pancreatic, breast, lung,
prostate, colon and ovarian cancers) ((23,95-97) and reviewed in (38,39)). Thus, overwhelming
evidence supports the hypothesis that many Gaziz/13 coupled GPCRs signal via Gaiz/13-Rho axis to
regulate cancer cell migration and invasion (Figure 5).

However, it should be noted that not all Gaiz13 coupled GPCRs positively
regulate cancer cell migration. As S1P, mediated activation of Gai13-Rho axisresultsininhibition
of melanoma and glioma cancer cell migration and invasion (98-100). Thus, the role of GPCR-
Gai213-Rho axis in regulation of cancer cell migration maybe context specific, depending upon

factors such as cell type and receptor sub-types.
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Figure5: Regulation of RhoA signaling downstream of GPCRs coupled to Gaais. Upon
agonist binding and receptor activation, Gois-GTP interacts with RH domain of RH-
RhoGEFs (depicted here is PRG). This interaction along with membrane localization of
RH-RhoGEFs leads its GEF activity towards Rho proteins, which is accomplished by the
DH-PH domains of RH-RhoGEFs. RhoA-GTP is then able to interact with its effectors to
bring about a cellular response. See text for detail.
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c. Goaiziz Rho-Independent Pathwaysin Cancer

In comparison to our current understanding of Ga12/13-Rho mediated pathways
regulating cancer cell migration and invasion, not much is known about Ga12/13 signaling via the
other effectors and their role in cancer cell proliferation or invasion. The growth-promoting
signaling nodes regulated by Gai213 are just now being identified and reported. In SCLC, Ga1213
have been implicated in regulation of cancer cell proliferation. The data demonstrates that
silencing Gai2/13 subunitsindependently or concomitantly in H69 and H209 SCLC cell lines|eads
to decreased cancer cell proliferation. Indeed, knockdown of both Gaiz13 subunits in HE9 cells
nearly abolished tumor growth in s.c (subcutaneous) tumor xenograft mouse model (101).
However, the mechanism(s) by which Gaziz/13 regulates SCLC cell proliferation and survival was
not elucidated in this study. It is possible that this defect in tumor growth can be explained by a
recent report that implicates Gog and Goaiz13 signaling downstream of GRPR, to activate Shh
(Sonic hedgehog) signaling pathway. It is demonstrated that increased Shh production, in response
to GRPR activation, acts through an autocrine/paracrine signaling mechanism to increase SCLC
cell proliferation. Additionally, other Gai2/13 coupled GPCRs were al so shown to up-regulate Shh
production and increase activation of Gli transcription factors that promotes SCLC cdll
proliferation (102). Based on these data, it is tempting to hypothesize that GPCRs coupled to
Gai213 may contribute to increased SCLC cell proliferation in-part by regulation of Shh pathway,
and thus may explain the near complete loss of SCLC tumor growth when Gai213 expression is
silenced. It would be of interest to verify if GRPR-Ga12/13 Signaling up-regulates Shh pathway in
other solid malignancies promoting increased cancer cell proliferation.

In ovarian cancer, Go12 was shown to promote ovarian cancer cell proliferation

in response to LPA stimulation (103). The data suggests that LPA, through yet unidentified LPA
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receptor(s), signals through Gai>-Ras-Erk (extra cellular-signal regulated kinase) pathway to
stimulate phosphorylation of CREB (CAMP-response element binding) protein at position 133,
leading to transcriptional activation of genes governing cell survival and proliferation (104). Thus,
current evidence indicates that LPA signaling in ovarian cancer may promote cancer development
and progression through both Gai213-Rho dependent and independent mechanisms (95,103).

In OSCC (oral squamous cell carcinoma), Gai2 has been shown to be over-
expressed and is correlated with increased invasive phenotype and poorer patient prognosis (105).
It is proposed that Ga2 regulates OSCC invasive phenotype through transcriptional regulation of
proinflammatory cytokines, I1L-6 and IL-8 (interleukin), both of which have been found to be
elevated in serum, tumor, and saliva of OSCC patients ((106-108) and reviewed in (109)). IL-6
and IL-8, along with other proinflammtory cytokines, have beenimplicated in OSCC development.
However, we currently do not know which Gaix13 coupled receptors or the signaling pathways
operated by Gaz. are involved in up-regulation of IL-6 and IL-8 expression. Non-the-less, based
on these reports, it is clear that Gaix1z are involved not only in cancer progression through
increased cell migration and invasion, but aso may play a role in tumor development by
transcriptional regulation of diverse set of genes that contribute to tumorigenesis. Thus, it is
imperative to identify these pathways for possible discovery of novel therapeutic targets.

d. Somatic Mutations of Gaizizin Cancer

Mutations in Goiz13 subunits have not yet been reported to occur at high
frequency in solid tumors. In-contrast, ~15% of lymphomas have been reported to carry
predominantly inactivating mutations in the Gais gene, GNA13 (110). Specifically, mutationsin
GNA13 occur with frequency of (~20%) in DLBCL (diffuse large B-cell lymphoma), and

occurring at a greater frequency in amolecular subtype of DLBCL, GCB (germinal center B-cell)
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lymphoma subtype, in which 33% of samples were reported to have GNA13 mutations (111).
Although, still required to be confirmed in alarger study, this report aso finds GNAI2, gene for
Gai2 subunit, and S1IPR2 (S1P-) genes to be mutated with higher frequency in the GCB subtype.
Thisisan interesting observation, as S1P is known to signal through Ga; and Gaiz/13 in B-cellsto
regulate Rho-mediated B-cell homing, which is required for proper GC (germinal center)
formation with-in the lymphoid follicle (reviewed in (112)). Furthermore, S1P, signaling through
Gaz-Rho axis, is aso implicated in inhibition of PISBK/AKT signaling to regulate B-cell
proliferation. It is proposed that S1P>-Ga1s-Rho signaling acts to dampen pro-survival signaling
inputs received by B-cellsin GC from B-cell receptors and chemokine receptors that are coupled
to Gai to regulate B-cell proliferation ((113) and reviewed in (112)). Thus, the inactivating
mutations in GNA13 or acquisition of gain of function mutation in GNAI2 in DLBCL and
particularly in GCB subtype, would result in overal increased AKT signaling and promoting
increased B-cell survival and proliferation (111).

E. Somatic Mutations of Gaga1 and Gas Subunitsin Cancer

It is now becoming evident that Ga subunits are often mutated in various solid
malignancies. Unlike Gaiz13 subunits, Gasand Goga1 are often mutated in colon cancer, pituitary
tumors, thyroid adenomas, pancreatic tumors, ocular melanomas, and subset of cutaneous
melanomas. Mutations in GNAS (gene for Gas) occur most frequently in pituitary tumors, thyroid
adenomas, subset of pancreatic carcinomas, and hepatocellular carcinomas. Most common
mutation hotspots for GNAS occur at R201 and Q227, which results in decrease of the intrinsic
GTP hydrolysis leading to prolonged Gas signaling (reviewed in (40)).

Mutations in GNAQ (gene for Gag) and GNA11 (gene for Gaa1) occur most frequently in

ocular melanomas (~66%). It should be noted that Gaqand Gauz in these cancers have shown to
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regulate the same signaling pathways and these mutations are mutually exclusive. Mutations in
GNAQ and GNA11 have been classified as driver mutationsin uveal melanomas where up to 83%
of tested samples carried mutations in one of the two genes (114). In vivo mouse models reveaed
that these mutations increased the metastatic potential of these tumors resulting from constitutive
activation of pathways regulated by Gog11. The mutationsin GNAQ and GNA 11 most commonly
occurred at Q209 or R183, which resulted in impaired GTP hydrolysis (reviewed in (40)). For
more information regarding mutations in Ga subunits and GPCR signaling in cancer please review
((40,115)).
F. RhoGTPases

RhoGTPases belong to a large Ras superfamily of small monomeric GTPases. Within
RhoGTPase family there are three well characterized members with multiple isoforms; Rho
(RhoA, RhoB, and RhoC), Rac (Racl, Rac2, and Rac3), and cdc42 (Cdc42hs and G25K). These
small monomeric GTPases function as bi-molecular switches, which are activated when GTP
bound and inactivated in GDP bound form. All RhoGT Pase family members contain an N-terminal
domain, consisting of switch | and switch Il regions, an effector binding domain, and C-terminal
CAAX box which undergoes isoprenylation (reviewed in (116,117)). The activation of
RhoGTPases is catalyzed by Dbl family of GEFs that catalyze the exchange of GDP for GTP.
RhoGTPases are inactivated by RhoGAPSs, which accelerate the slow intrinsic GTPase activity.
Another form of negative regulation of RhoGTPases is the one afforded by family of proteins
known as RhoGDIs (Rho guanine nucleotide disassociation inhibitors). RhoGDIs interact with
Rho-GDP bound forms of RhoGT Pases to sequester them in an inactive state within the cytosol,

in-part by interacting with the isoprenylated C-terminal tail of RhoGTPases. The interaction with
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RhoGDls and RhoGT Pases al so have been shown to inhibit GDP disassociation and GEF mediated
nucleotide exchange ((118) and reviewed in (119,120)).

The N-terminal region on RhoGTPases is the site of GDP/GTP exchange. Significant
conformationa rearrangement occurs within the switch | and switch 1l regions of RhoGTPaes
during this process ((121,122) and reviewed in (119)). The nucleotide exchange occurs as the DH
domain of RhoGEFs interact with the switch regions of RhoGTPases, leading disruption of
interactions with GDP and Mg?*, resulting in a transient exposure of nucleotide binding site on
RhoGTPase. This solvent exposed surface is readily occupied by GTP-Mg?*, which is highly
abundant in the intracellular milieu, and followed by release of GTP bound RhoGTPase. The
activated RhoGTPase in-turn interacts with its downstream effectors to bring about a variety of
cellular responses such as, regulation of actin cytoskeleton, gene transcription, and cell cycle
progression. RhoA has been implicated in regulation of numerous downstream effectors such as
mDia (mammalian diaphanous homolog), ROCK (ROCK | and ROCK Il isoforms), PKN (protein
kinase N) and citron kinase (117).

One of the most well characterized downstream effector of RhoA is a serine/threonine
kinase, ROCK. It has been proposed that RhoA-GTP interacts with RBD (Rho binding domain)
of ROCK, resulting in disruption of autoinhibitory interactions within ROCK and leading to the
exposure of the kinase domain. Specifically, RhoA-GTP interacts with ROCK via switch | and
switch Il regions of RhoA. It is proposed that the RhoA amino acids 23-40 and 75-92 are critical
for RhoA interaction with and activation of ROCK ((123,124) and reviewed in (117)). It has been
demonstrated that mutations of the amino acids Phe®* and Glu® on RhoA leads to loss of
interaction with ROCK| (123,125). Whereas, the secondary interactions with amino acids Asp®’

and Asp®™ within the loop 6 of RhoA were found to be critical for both interaction and activation
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of ROCK (123). Once ROCK is activated, it initiate a signaling cascade, via phosphorylation of
variety of downstream effectors, that regulates cell migration and invasion, and gene transcription
((126,127) and reviewed in (17)).

G. RhoA and Colon Cancer

RhoGT Pases have been shown to have transforming potential as demonstrated in NIH 3T3
cells. RhoA is over-expressed in colon, breast, and lung cancers (18). Gain of function mutations
resulting in increased RhoA activity have not yet been identified to occur at high frequency in
solid tumors, with one exception being in diffuse type-gastric carcinoma (128). However, the
components of the signaling pathways that regulate RhoA activity downstream of GPCRs (such
as LPA1.,, S1IPR, ETa, GRPR) and RTKs (EGFR) have been reported to be over-expressed and
over-activated in many if not all of these malignancies. Thus, it may not be necessary for cancer
cellsto acquire activating mutationsin RhoA, as over-activation of pathways regulating its activity
may suffice for cancer progression. Activation of RhoA functions as a focal event, from which
signaling through its downstream effectors, leadsto various cellular responsesimportant for cancer
progression such as increased cancer cell migration, invasion, proliferation, and angiogenesis
(reviewed in (17,129,130)). It is important to note that RhoA acts in coordination with other
RhoGTPases to regulate these complex cellular processes, such as cell migration, as indicated by
recent studies (131,132).

H. RH-RhoGEFs

As previously stated, Gai. and Gawz have been shown to regulate actin polymerization,
stressfiber and focal adhesion formation (133-135). However, the compl ete signaling mechanisms
by which Gai2/13-Rho signaling axis was able to regulate the actin cytoskel eton was unknown for

some time. Identification of p115 provided the missing link between G12 family and regulation of
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actin cytoskeleton through RhoA activation (10-12). These early studies showed that G12 family
can bind to p115 viaits RH-domain. It was reported that even though in vitro both Gaiz and Gais
can bind to p115’s RH domain, only Gais has thus far been shown to positively regulate p115
activity in vitro (11). However, p115 can act as a negative regulator for both Gai. and Gaais by
accelerating the intrinsic hydrolysis of GTP to GDP, and thus terminating Ga1213 signaling (12).
Shortly after identification of p115, two other RH-RhoGEFs were identified; PRG and LARG.
These three RhoGEFs make up the small subfamily of RH-RhoGEFs that belong to a larger Dbl
family of RhoGEFs. This large Dbl family of proteins, which has 70 members, share a common
DH (Dbl homology) domain and an adjacent PH (Pleckstrin homology) domain that catalyze the
exchange of GDP for GTP on small monomeric RhoGTPases (reviewed in (119)). All three RH-
RhoGEF family members have been shown to be specific GEFs for the three isoforms of Rho
(RhoA, RhoB, and RhoC) and have no reported activity for Racl or CDC42 (136). Indeed, in vitro
data demonstrates that PRG and LARG, and to lesser extent p115, are very efficient GEFs for
RhoC (136). However, it is at this time unclear if these RH-RhoGEFs activate these other Rho
isoforms, particularly RhoC, in physiological context ((136,137) and reviewed in (138)).
Although, it has been suggested that ErbB-2 over-expressing breast cancers and breast cancer cell
lines, which signals through plexin-B1, leads to RhoA and RhoC activation presumably via PRG
and/or LARG (139).

Both PRG and LARG have been shown to activate RhoA downstream of Ga12/13 coupled
receptorsin cell based assays (8,9,13,14). However, only LARG and p115 activity has been shown
to be regulated by Gaz in vitro. The RH domains of LARG and p115 have also been shown to be
specific GAPsfor both Gai2 and Gais (12,140). Furthermore, only LARG’s GEF activity has been

shown to be regulated by Gaiz invitro. In order for LARG to be receptive to Gai. mediated GEF
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activation, LARG must be phosphorylated by Tec kinase (140). The common domain structures
shared by RH-RhoGEFs are shown in (Figure 6).

|. PDZ-RhoGEF

1. ldentification of PRG

The first report characterizing PRG came from Fukuhara et a. PRG was identified as
a candidate RhoGEF after searching the DNA database for novel proteins that had high degree of
sequence similarity with DH domains of GEFs for Rho-GTPases. This search identified a novel
protein which contained a DH domain, that had a high degree of sequence homology with DH
domains of pl115 (53% identity and 74% similarity) and DRhoGEF2 (39% identity and 64%
similarity). This candidate protein also contained an RH domain like p115, and an N-terminal PDZ
domain that is also found in DRhoGEF2. Since p115 was previously shown to be a specific GEF
for Rho, the protein was termed PDZ-RhoGEF. PRG was found to be widely expressed in human
tissues, with highest expression occurring in the brain, testis, heart, placenta, and spleen with lower
level of expression observed in prostate, lung and colon tissues. Cell based and biochemical assays
revealed that PRG activates Rho signaling through DH-PH domains. It was also discovered that
much like p115, PRG can also interact with Gaiz and Gaus in cells via the RH domain. This
interaction was shown to positively regulate PRG activity and thus lead the authors to propose that
PRG, aong with other RH-RhoGEFs, may serve as a critical molecular link between activated

GPCRs coupled to Gaiz13to Rho signaling (13).
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Figure 6: Domain structures of RH-RhoGEFs. Depicted here are the domain structures of three
most well characterized mammalian RH-RhoGEFs (p115, PRG, and LARG). Also shown are the
domain structures of C. elegans homolog CeRhoGEF2, and D. melanogaster homolog
DRhoGEF2. All the proteins within this family contain the RH domain which is able to interact
with Ga1213-GTP bound subunits and the interactions has been shown to positively regulate the
RhoGEF activity viathe DH-PH domains. C1 (protein kinase C conserved region 1) domainsin
CeRhoGEF2 and DRhoGEF2 have been reported to interact with diacylglycerol and phorbol
esters. Seetext for details.
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2. Structure and Function of PRG

a. PDZ Domain

The N-terminal PDZ domain of PRG and LARG share ~75% sequence identity
(141). The PDZ domain of PRG and LARG is known to interact with the type-1-PDZ- binding
motifs (S/T-X-$-COOH where ¢ is any hydrophobic amino acid) on membrane bound proteins.
One of the most well characterized binding partner for the PDZ domain of PRG is plexin-B1.
Severa studies have provided evidence that PRG constitutively binds to the C-terminal tail of
plexin-B1, and that activation of plexin-B1 by Sema4D (Semaphorin 4D), leadsto RhoA activation
in neuronal cells, cancer cells, and ECs (142-144). PRG mediated RhoA activation downstream of
SemadD ligated plexin-B1 is implicated in neuronal growth cone collapse, increased cancer cell
migration, and to promote a proangiogenic response through regulation of EC cell migration and
tube formation (143,144). Current evidence indicates that activation of plexin-B1/ErbB-2 receptor
complex leads to tyrosine phosphorylation of plexin-B1, serving as a docking site for the SH2
domain of PLCy (phospholipase Cy). Once recruited into the plexin-B1 receptor complex, PLCy
viaits SH3 domain interacts with the C-terminal proline rich region of PRG, releasing inhibitory
intra- and/or intermolecular interactions culminating in PRG activation (142,143). Additional
membrane bound interacting partners for the PDZ domains of PRG and LARG have been
identified and are summarized in (Table 2) (145-147).

b. RH Domain

C-terminal to the PDZ domain on PRG and LARG is the RH domain. Crystd
structures of the RH domain of p115 and PRG in complex with Gai3-GDP-AIF4 and Gaz-GTPyS
have been solved (16,148). These structures reveal that Gaiz makes bivalent interactions with RH

domains of these two RH-RhoGEFs. The first of these interactions occurs outside the RGS box,
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involving the N-terminal acidic motif (EEDY in PRG and EDEDF in p115), which is responsible
for the GAP activity of p115 towards Gaas, and the preceding 11G3%® motif making direct contact
with Gays alpha helical domain. The second binding interface of PRG with Gaiz occurs with the
C-terminal extension of the RH domain with classical effector binding site on Gais. Structural
studies have shown that the RH domain of PRG is able to maintain Ga13-GDP in an active
conformation, which indicates that perhaps hydrolysis of Ga13-GTP to GDP may not be enough to
terminate Gays signaling and so possibly other factors, such as sequestration of Gaiz by Gy
subunits, may be required to terminate this signaling pathway. It is currently unknown exactly
how the interaction between Gaiz and the RH domain of PRG leads to its activation. It is possible
that Gaiz may also make additional contacts, outside the RH domain of these RH-RhoGEFs. A
recent study by Chen et al., suggests that Gaiz makes contacts with the RH domain of p115, and
also interacts with the DH domain opposite to the RhoA binding interface. It is proposed that the
interaction between Gaiz and RH domain of p115 facilitates the subsequent interaction of Gos
with DH domain, culminating in Goz mediated p115 activation (149). Our lab has also shown that
Gaiz makes multiple contacts with LARG through its RH, DH-PH domains and C-terminus.
Thermodynamic studies show that LARG undergoes significant conformational rearrangement as
the RH domain interacts with Gazs, leading to activation of the RhoGEF (81). Thus, it is most
likely that activation of PRG by Gaiz may involve multiple interactions between Gois-PRG
(facilitated by the RH domain), PRG with plasma membrane, and PRG with other currently un-

identified binding partners, culminating in the loss of inhibition and RhoGEF activation.
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Interacting
Partners

M echanism of
I nteraction

Functional I mpact

Reference

Plexin-B1

PDZ domain interaction with
C-terminus of Plexin-B1 (T-D-
L-COOH). This meets the
requirements of Type-| PDZ
domain binding motif with
consensus sequence (S/T-X-¢-
COOCH).

Plexin-B1 is found to be stably interacting
with receptor tyrosine kinase ErbB-2 in over-
expressed system with HEK293 cells,
primary hippocampa neurons, and breast
cancer cell line MCF-7. SemadD bhinding to
plexin-B1 activates tyrosine kinase activity of
ErbB-2 leading to phosphorylation of both
plexin-B1 and ErbB-2. Tyrosine
phosphorylation of plexin-B1 at pY 1708 and
pY1732 is required for PLCy binding to
plexin-B1 viaits SH2 domain. PLCy interacts
with PRG potentially via its SH3 domain,
leading PRG activation. Evidence of this
mechanism comes from studies conducted in
MCF-7 cells, HEK293 cells, and primary
hippocampal  neurons.  Plexin-B1/PRG
mediated RhoA activation is reported to be
critical for axonal growth cone collapse,
MCF-7 cell migration, and has proangiogenic
effect by promoting endothelial cell migration
and tubulogenisis.

142-144

IGF-1
Receptor

PDZ domain interacts with C-
terminus of IGF-1 receptor (S
T-C-COOH).

IGF-1R through its interactions with LARG
and PRG regulates IGF-1 mediated RhoA
signaling in MDCKII cells. The mechanism
by which IGF ligation activates RhoGEF is
unknown.

145

ABCAl

PDZ domain interacts with C-
terminus of ABCAl (S-Y-V-
COOH).

ABCA1-PRG interaction mediates ApoA-I|
stimulated RhoA activation leading to
stabilization of ABCAL at plasma membrane
and in regulation of cholesterol efflux. Thus,
ABCA1-PRG complex may play an
important role in reverse cholesterol
transport. The mechanism by which ApoA-I
binding to ABCAl dtimulates RhoGEF
activation is unkown.

146

LPA1-2
Receptor

PDZ domain interacts with C-
terminus of LPA; (SV-V-
COOH), and C-terminus of
LPA; (ST-L-COOCH).

This study utilizing an over-expressed system
in HEK293 cells suggests that LPA1»
interaction with PRG and LARG seem to be
required for maximal RhoA activation in
response to LPA stimulation.

147
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Table 2: Interacting partners of PDZ domain of PRG. List of membrane bound proteins that
interact via their type-1-PDZ binding motif with the PDZ domain of PRG. Summarized here are
the proposed functional and physiological impact of thisinteraction.



c. DH-PH Domains of PRG

The crystal structure of the DH-PH domains of PRG (referred as DH-PHPRC) in
complex with nucleotide free RhoA has been solved, and subsequent biochemical experiments
have identified the regions critical for effector interaction, enzymatic activity, and residues
important for RhoA selectivity. The DH-PH™C are similar to the DH-PH domains of the other
solved structures for Dbl family members such as Dbs, TIAM1, and Intersectin. The DH domain
of PRG is an elongated a-helical bundle, whereas the PH domain isin an anti-parallel B-sandwich
with a short C-terminal a-helix (121). The interaction between RhoA and DH-PHPRC |eads to
conformational changes within the two functionally important switch regions of RhoA. RH-
RhoGEFs are known to be selective GEFs for Rho. The structural basis for the selectivity of PRG
for RhoA was revealed by multiple structural and biochemical experiments. The crystal structure
reveals multiple interactions that are unique to RhoA and may serve as selectivity determinant of
PRG for RhoA. Indeed follow-up biochemical studies have shown that a cluster of solvent
accessible amino acids on the face of RhoA- Arg®, Asp®™, Glu®*, and Asp’®, intimately interact with
several charged residues within the DH domain just C-termina to CR3 (conserved region 3) -
Arg®®’, Arg8%®, Arg®”?, and Asp®”3. These residues have been shown through mutagenesis studies
to be critical selectivity determinants for RhoA by PRG (137).

i. Mechanism of DH-PHPRC Catalyzed Nucleotide Exchange on RhoA

DH-PHPR® catalyze nucleotide exchange by participating in highly specific
interactions with RhoA. In a study utilizing NMR spectroscopy to measure GEF mediated
nucl eotide exchange, it was revealed that Arg®® near the CR3 of DH domain, which is one of the
RhoA selectivity determinant residues, is also required for efficient GEF activity. Along with

Arg®®, Glu™ found within the CR1 of DH domain also plays a critical role in GEF catalysis, as
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the mutant E741A of DH-PH™C® had nearly complete loss of GEF activity (121,137,150). These
biochemical studies revealed three very interesting observations regarding PRG mediated guanine
nucleotide exchange. First observation is that PRG’s PH domain is involved in not only interaction
with RhoA, via RhoA-Glu®” with Ser'%° and Asn'®® of PH domain, but also this relatively minor
interaction isimportant for efficient nucleotide exchange. Asthe RhoA E97A mutant was observed
to have 10 fold decrease in RhoA activation by DH-PH™®, in comparison to WT RhoA. This
observation is made more interesting as the structure for DH-PH RS in complex with RhoA aso
reveals this interaction to be conserved with LARG-Ser!!8 residue interacting with RhoA-Glu®’
(151). However, the E97A mutation on RhoA did not substantially affect DH-PHARC ahility to
activate the mutant RhoA. Thisis consistent with other observations that the PH domain of LARG
does not make great contributions to RhoA activation at least in in vitro studies (150,151). Second
interesting observation is that PRG PH domain can aso interact with activated RhoA bound to
GTPyS. Structural and biochemical studies provide evidence that the hydrophobic patch on the PH
domain interacts with switch regions on RhoA-GTPyS. The physiological significance of this
interaction is not yet clear. Current evidence suggests that RhoA-GTP interaction with PH domain
of PRG acts as a positive feedback mechanism, but not by regulating the intrinsic catalytic GEF
activity. But rather, it is proposed that RhoA-GTP interaction with PH domain of PRG, helps
localize PRG to the plasmamembrane, allowing for efficient interaction with substrates and further
enhancing sensitivity to other stimuli (i.e., activated Ga1x13 subunits). This may contribute to a
robust and localized activation of RhoA that is required for well-coordinated cellular functions
likecell migration. Itisinteresting to note that the other RH-RhoGEF family members PH domains

have aso been demonstrated to interact with RhoA-GTP (152,153). The third interesting
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observation is that PRG acts as a positive regulator that drives the equilibrium towards activation
of RhoA by preferentially catalyzing exchange from GDP to GTP (150).

d. C-terminal Region

PRG C-terminal region spans from amino acids 1080 to 1522. Although, the C-
terminal region has no predicted secondary structure, current evidence indicates that it still is an
important region by which PRG activity may beregulated. More specifically the C-terminal region
of PRG, encompassing amino acids 1181-1522, has been found to be both necessary and sufficient
to promote homo- and hetero-oligomeric interactions with its self and LARG in vivo. LARG has
also been shown to mediate homo- and hetero-oligomeric interactions with PRG viaits C-termina
region. In contrast to PRG and LARG, p115 has been reported to only form homo-oligomeric
interactions via its C-terminal region (154). It isinteresting to note that only p115 and its murine
ortholog Lsc have a predicted coiled-coiled domain located within its C-terminal region that is
responsible for the homo-oligomeric interactions (155). Number of biochemical and cell based
studies were carried out to examine if the oligomerization of these GEFs, via their C-terminal
region, has a functional impact on their GEF activity. These studies revealed that the C-terminal
truncation of PRG had no effect on its GEF activity in vitro. However, these mutants of PRG,
LARG, and p115 when expressed in cells resulted in an increased RhoA activation as measured
by SRE (serum response element) transcriptiona activity and elevated accumulation of
endogenous RhoA-GTP, as measured by GST-RBD-RhoA pulldown assay (154,156).
Furthermore, over-expression of these C-termini truncated mutants had increased focus forming
activity in NIH 3T3 cells when compared to over-expression of WT GEFs (154). These data
suggest that C-termini mediated oligomerization may be inhibitory in nature. However, the

mechanism by which the oligomerization has an inhibitory impact in vivo is not yet clear. It is
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possible that there are other yet to be identified inhibitory molecul es, whose interaction with these
GEFs is mediated by oligomerization, resulting in restriction or dampening of the basal RhoGEF
activity until a specific signal activates it. The physiological significance of homo- or hetero-
oligomerization of PRG with LARG is not yet completely clear. A recent study, utilizing in vitro
organ cultured blood vessels showed that stimulation with agonists, TXA > (thromboxane A>) and
ET-1 (endothelin-1), resulted in co-recruitment of LARG and PRG to the plasma membrane. The
co-recruitment and co-activation of these two GEFs was essentia for full activation of Ca?*
sensitized force that mediates smooth muscle cell contraction leading to vascular constriction
(157). This study along with previous studies indicates that perhaps oligomerization functions to
inhibit basal GEF activity by retaining them in the cytosol, and that upon a sufficient signal, these
GEFs are trandocated to the plasma membrane where possibly through interactions with other
regulatory molecules, relieves the autoinhibitory interactions of the C-terminus. However, it is not
yet clear if PRG oligomerization occurs and plays a physiological role in other tissue types.

3. PRG in Physiology

a. Embryonic Development

Thefirst evidencefor developmental rolefor PRG came from studies conducted
in Drosophila melanogaster model system. These studies identified a RhoGEF in Drosophila,
DRhoGEF2, which contained al the conserved domains and shared high sequence similarity
within these domain structures with both human ARHGEF11 and zebra fish ortholog arhgefl11.
These early studies found that DRhoGEF2 is involved in regulation of cell shape changes during
gastrulation by regulating actinomyosin contraction in epithelia of developing embryos
(82,158,159). Similarly, loss of function studies carried out by Panizzi et a., aso revealed an

important role for this RhoGEF in zebra fish embryonic development. It was observed that
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inhibiting arhgef11 expression and function lead to complex defects in embryonic development
such asventral body curvature, enlargement of brain ventricles, devel opment of pericardial edema,
and distention of pronephros at various time points after fertilization which ultimately lead to
embryonic lethality around 4 days post fertilization (160). Some of these complex developmental
defects were attributed to the loss of arhgefll in ciliated epithelia leading to the defect in
establishment of |eft-to-right asymmetry, and development of cysts in pronephric ducts. It is an
interesting observation that the use of dominant negative form of arhgefll lead to defect in
establishment of left-to-right asymmetry and resulted in cardia bifida. This is interesting because
embryos with loss of arhgef11 expression also had defect in |eft-to-right asymmetry, but they did
not develop cardia bifida. However, other reports looking downstream of arhgef11, utilizing loss
of function studies with Rho and ROCK in zebra fish, also reported to cause cardia bifida
(161,162). Furthermore, a recent report that implicates S1P»>-Gaiz signaling through an un-
identified RH-RhoGEF, possibly combinations of RH-RhoGEF(s), is required for proper cardiac
development (163). Overall, these studies indicate that Gal3-RH-RhoGEF-Rho signaling
downstream of GPCRs plays a critical role in embryonic development in these model systems.

In contrast to the embryonic lethality observed with loss of arhgef11 expression
in zebra fish, the ablation of PRG gene in mice did not result in any overt phenotypes. Similarly
LARG KO (knockout) mice aso do not have any overt phenotypes even though they are less
viable, as small percentage of them make it to full term. The reasons asto why not all LARG KO
mice make it to full term are not completely understood. However, mice with combined PRG and
LARG KO have complex developmental defects resulting in early embryonic lethality around
E10.5 (9). The double KO embryos are smaller, less developed, with enlarged pericardial sac.

Early embryonic lethality was attributed to defective vascul ature devel opment as PECAM-1 whole
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mount staining revealed partial branching failure in cranial vessels, and less developed vascular
plexus within the yolk sac. Furthermore, vascular staining for CD34, clearly revealed decreased
vessals in the labyrinth within the double KO placenta, indicating that the defect in formation of
vascular network may not meet the nutrient demands of the developing embryo. It isinteresting to
note that the double KO mice die at E10.5, one day later than Ga1z KO mice (at E9.5), which also
die due to defective angiogenesis (86). Taken together, these studies demonstrate that the Ga1z-
RH-RhoGEF-Rho axisis critical for early embryonic development in variety of organisms.

b. Regulation of PRG Activity by Phosphorylation

PRG was the first RH-RhoGEF reported to be regulated by tyrosine
phosphorylation. Both PRG and LARG are tyrosine phosphorylated by FAK upon PAR1
activation in HEK293T cells. The report provides evidence that the tyrosine phosphorylation
occurs in the C-terminus of PRG, and that this phosphorylation positively regulates GEF activity
(164). Furthermore, existing data demonstrate that PRG and LARG tyrosine phosphorylation is
sufficient for positive regulation of its GEF activity independently of Ga12 or Gais (164). Current
evidence suggests that C-terminal domains of LARG and PRG mediate their homo- and hetero-
dimerization leading to inhibition of GEF activity (157,165). Thus, it is possible that
phosphorylation of the C-terminal portion of LARG and PRG disruptsinhibitory dimerization, and
leadsto their activation (157,165). Importantly, p115 does not have the similar sequence homol ogy
in its C-terminal fragment suggesting that this mode of regulation is unique for PRG and LARG.
In the initial study, the impact of GEF phosphorylation on cell migration was not assessed.
However, study by Iwanicki and colleagues showed that indeed the interaction between FAK and
PRG at focal adhesionsiis critical for trailing-edge retraction in fibroblasts upon LPA stimulation

(166). PRG phosphorylation has also been implicated in cancer cell migration. In prostate cancer
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cells, circumstantial evidence implicated FAK mediated phosphorylation of PRG downstream of
GRP-R receptor in regulating prostate cancer cell migration (72). Thus, collective evidence
suggests that FAK-mediated regulation of PRG and potentially LARG could represent an
alternative mechanism for regulation of cell migration via RH-RhoGEFs downstream of GPCR
activation.

Several other tyrosine kinases have been shown to phosphorylate PRG and LARG.
Pyk2 phosphorylates PRG providing positive regulation of its GEF activity (167,168).
Furthermore, Pyk2-mediated tyrosine phosphorylation of PRG downstream of AT1 (Angiotensin-
Il receptor) regulates Rho-ROCK cascade in VSMCs (vascular smooth muscle cells) leading to
increased migration (168). Given the homology between Pyk2 and FAK, it is possible that Pyk2
regulates PRG viathe same mechanism as FAK. However, the site(s) of phosphorylation on PRG
by Pyk2 have not been mapped.

c. Roleof PRG in Physiology and Pathophysiology

i. Roleof PRG and RH-RhoGEFsin Vascular Physiology

Primary determinant of arterial blood pressure is vascular tone, which is
regulated by variety of distinct mechanisms that control the contraction and relaxation of VSMCs.
Many of the humoral mediators that regulate V SMCs contraction, such as Ang-11 (angiotensin-11),
ET-1, epinephrine, TXA>, and vasopressin regulate vascular tone through signaling via their
cognate receptors expressed on these VSMCs. Many of these mediators, such as Ang-Il and ET-
1, are potent vasoconstrictors and their role in development of vascular disease such as
hypertension and pulmonary hypertension have been well established. Both Ang-Il and ET-1
signal through their receptors AT1a-s and ET a-s respectively, that to couple to Gag and Goi2/13, to

activate RhoA-ROCK signaling. The vasoconstrictor response is achieved by dual regulation of
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myosin light chain (MLC) phosphorylation. Gog regulated Ca?* dependent activation of MLC-
kinase (MLCK) leads to phosphorylation of MLC. Furthermore, Gai213 mediated activation of
RhoA-ROCK signaling leads inhibition of myosin phosphatase thus maintaining the increased
phosphorylation level of MLC. The phosphorylated MLC interacts with actin to bring about a
contractile response (169).

Current evidence has implicated all three RH-RhoGEF family members to
regulate vascular tone. Initial studies utilizing rat animal model and rat VSMCs had identified PRG
as the molecular link downstream of AT: to activate RhoA-ROCK signaling axis leading to
vascular contraction and VSMC migration (167,168,170). However, these studies did not directly
address the role of Gaiz mediated activation of PRG, but instead implicated Pyk2 in
phosphorylation of PRG, and provided circumstantial evidence supporting the hypothesis that
PRG phosphorylation is sufficient to activate its GEF function (167,168). At the same time,
another study utilizing a mouse model provided evidence for p115’s role in regulation of vascular
tone downstream of AT1. This study utilizing mice with SMC-specific-KO of p115, demonstrates
that p115 is responsible for the constrictor response upon Ang-11 stimulation (171). Furthermore,
a recent report utilizing portal vein and cerebra arteries from PRG KO mice, which then were
subjected to LARG knockdown, reveaed that indeed both PRG and LARG are required for
efficient constrictor response upon TXA2 and ET-1 stimulation (157). Thus, it is clear that distinct
RH-RhoGEFs are utilized downstream of different GPCRs coupled to Gag and Gaizis, and
potentially may involve combinations of RH-RhoGEFs that contribute to maximal vascular

constrictor response and development of vascular disease.
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i. Contribution of ARHGEF11 Genetic Variation to Type 2 Diabetes

(T2D) Risk in Humans

The increase in the prevalence of T2D is a magjor worldwide health issue.
The increase in T2D will not only impose great burden on hedth care systems, but more
importantly the complications associated with T2D will result in significant morbidity and
mortality worldwide. Etiology of T2D is multifactorial, with both genetic and environmental
factors most likely contributing to development and progression of disease. The search for genetic
linkage to T2D has revealed the chromosomal region 1g21-g25 to possibly be associated to
development of the disease in various ethnic backgrounds (reviewed in (172)).

ARHGEF11is found within this genomic region and indeed several studies
in multiple ethnic groups have found SNPs (single nucleotide polymorphisms) variants that are
statistically more associated with development either IGT (impaired glucose tolerance) or T2D
and IGT (173-176). Study conducted by Fu et d., in old order Amish patients looking at
ARHGEF11 variants found two SNPs, (rs6427340) in intron 2 and (rs12136088) in intron 8, to be
significantly associated with IGT and T2D (173). However, it is not clear how these variationsin
the intronic region impacts ARHGEF11 expression or function in a manner that may increase
susceptibility for T2D development. Other studies conducted in Pima Indians, Korean, Chinese,
and German populations have however identified ARHGEF11 variant, PRG R1467H, that
nominally affects metabolic parameters associated with T2D development and progression (173-
176). However, under stringent statistical conditions the R1467H variant alone in linkage with
T2D is not significant. This suggests that R1467H may not be a functional variant, but instead it
probably is in linkage disequilibrium with other SNPs not only in ARHGEF11 but also in

neighboring genes constituting a haplotype block (173,174,176). This is in line with current
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thought that there are most likely multiple T2D susceptibility genes within this rich gene cluster
on 1g21-g25.

In order to truly addresstherole of PRGin T2D, it will be important to utilize
animal models. Thereis some evidence that PRG may signal downstream of IR (Insulin Receptor)
and IGF-1R (145,177). In-fact, there is provocative evidence for the role of PRG in regulation of
mammalian white adipose tissue development that is currently not published, except in thesis
format. Work conducted by Jang et. al., in PRG -/- mice showed that these mice are viable and
have no observable phenotypic defect. However, they did notice that PRG -/- mice as they aged
were smaller in sizein comparison to their WT littermates. Upon further analysisit was discovered
that PRG -/- mice were smaller in size due to reduced adipose tissue mass, and not due decreased
skeletal muscle mass. Looking at specific metabolic parameters in male mice subjected to HFD
(high fat diet) such as, glucose clearance, FPG (fasting plasma glucose), triglycerides, and fasting
plasma insulin levels, clearly revealed that PRG -/- mice were protected against HFD induced
derangementsin these metabolic parameters. With PRG -/- mice having lower FPG, higher glucose
clearance, lower triglycerides, higher adiponectin, and lower fasting plasma insulin levels in
comparison to WT mice on HFD. Furthermore, data from these studies also indicates that PRG -/-
mice were protected from hepatic steatosis due to HFD. The authors speculate that these effects
are due to PRG’s role in regulation of adipogenesis. The data shows that PRG signaling
downstream of IR and IGF-1R isrequired for maximal proliferation of MEFsin vitro and adipose
tissue expansion in vivo. It was found that PRG -/- adipose tissue, but not skeletal muscles or
hepatic tissues, have reduced response to insulin signaling as indicated by AKT phosphorylation
at 473 and IRS (insulin receptor substrate) phosphorylation at S632/635. It is proposed that WT

mice fed HFD, have maximal insulin signaling, for which PRG expression seems to be required,
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which when chronically active results in an increase in adipose tissue mass. Whereas, in PRG -/-
mice fed HFD, the diminished insulin signaling within the adipose tissue may contribute to the
limited adipose tissue hypertrophy observed in these mice. The mechanism by which PRG -/- mice
fed HFD, have limited adipose tissue hypertrophy and conversely have adipose tissue expansion,
primarily having smaller sized adipocytes, that seemed to protect PRG -/- mice from diet induced
insulin resistance and T2D is not clear from these studies (177). Non-the-less the phenotypic data
from PRG -/- mice fed HFD, providesinitial evidence for the role of PRG in pathogenesis of T2D
and encourages further studies utilizing these PRG -/- mice for mechanistic explanation for the
role of PRG in adipose tissue biology.

4. PRG and RH-RhoGEFsin Cancer

a. Overview of RhoGTPasesin Cancer

Current evidence has established the role of small RhoGTPases, RhoA, Rac,
and Cdc42, to contribute to cancer development and progression (reviewed in (17)). Initia studies
provided evidence that over-expression of GTPase deficient mutant of RhoA (RhoAQG63L), WT
RhoA, WT RH-RhoGEFs, and C-termini truncated form of RH-RhoGEFs leads to NIH 3T3 cell
transformation as measured by focus forming assay (89,154,178). Later-on, over-expression of
these small GTPases, including RhoA, have been identified in human tumors and correlated with
cancer progression ((18-20) and reviewed in (130,179)). The activation of RhoA regulated
pathways can be achieved by the increased GPCR or RTK signaling that is observed in many of
these solid tumors. Thus, it is imperative to identify the positive regulators (RhoGEFs) of this
critical signaling molecule, RhoA, which is imbedded in various cell-signaling circuits that are

essential for cancer development and progression.
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b. Roleof p115and L ARG in Cancer

In recent years, this question has been the focus of investigations for many
laboratories as the role of RH-RhoGEFs in cancer biology of many solid tumors is currently not
defined. Only afew studies have directly addressed the role of p115 in cancer biology. One study
has identified that both p115 and Gai» are over-expressed in more tumorigenic and invasive
prostate cancer cells and prostate tumor. The data presented implicates activation of a GPCR, CaR
(Ca?* sensing receptor), signaling through Goi2-p115-Rho axis to stimulate activation of ChoK
(Choline kinase), which was shown to contribute to prostate cancer cell proliferations (180). The
same group also implicates CaR signaling through Ga12-Rho to regulate ChoK activity in breast
cancer cells, regulating cell proliferation (180).

The role of LARG in solid tumor biology is also not well studied. A single
report has implicated LARG in regulation of HNSCC (head and neck squamous cell carcinoma)
cell proliferation and invasion. This study proposes that LARG interacts with CD44, possibly via
its PDZ domain, and that binding of hyaluronan (HA) to CD44 leads to LARG mediated RhoA
activation and al so recruitment of EGFR into CD44-L ARG complex. ThisHA mediated formation
of CD44-LARG-EGFR complex resultsin co-activation of RhoA and Ras signaling pathways that
contributes to HNSCC cell proliferation and invasion (181). However, the generalizability of this
observed signaling pathway to mgjority of HNSCC tumorsislimited primarily by the fact that this
study was conducted in only one HNSCC céll line. In-contrast to the previous study implicating a
possible role for LARG in regulation of HNSCC tumor cell proliferation and migration, a
comprehensive study by Ong et a., provides evidence which makes a compelling case for LARG
as a candidate TSG. Previous studies have indicated that loss of chromosomal region 11g23-g24

occurs frequently in variety of tumorsincluding in breast and colorectal cancers (182-184). Thus,
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the authors set out to identify a candidate TSG within this region utilizing breast and colon cancer
cell lines, along with the use of breast and colon cancer tumor samples. Their analysis with these
samples reveaed that expression of LARG is often significantly decreased or silenced in primary
breast and colorectal tumors and in their cell lines. Furthermore, the authors demonstrated that
forced expression of LARG in breast cancer cell line (MCF7) and colon cancer cell line (SW620),
both of which were shown to have minimal endogenous LARG expression, results in decreased
cell migration and colony formation (185). Thus, supporting their hypothesis that LARG is a
candidate TSG in breast and colorectal cancers. It is interesting that the authors observed that the
under-expression of LARG was significantly associated with genomic loss. As other independent
data, accessible on COSMIC database, also report high percentage (47%) from the total 852
samples of human breast cancer tissues tested, reported to have loss of LARG gene copy number.
These data provide a strong case for LARG as a candidate TSG in breast cancer. Further studies
utilizing animal models designed to validate if LARG does function asa TSG in breast cancer are
warranted. It would also be useful to seeif lossof LARG expression in breast and colorectal cancer
is associated with clinical parameters (i.e., advanced cancer staging, increased regional
invasiveness and distant metastasis, and treatment response).

c. PRG’s Role in Solid Tumor Biology

Much like p115 and LARG, PRG’s role in solid tumor biology is just now being
studied. One of the earliest reports looking at the role of RH-RhoGEFs downstream of ETa-g and
BB: receptors in PC-3 prostate cancer cells provides circumstantial evidence for PRG’s role in
regulating PC-3 cell migration (72). Other studies in breast cancer established the significance of
other GPCRs, PAR1 and CXCR4, signaling through Ga113-Rho axisto contribute to breast cancer

cell migration and invasion (23,25). Recent report by Struckhoff et al., identified PRG as the
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missing molecular link in CXCR4-Ga13-RhoA signaling axis to regulate breast cancer cell
migration and invasion (23,97). The importance of PRG in regulation of breast cancer cell
migration and invasion was further supported by the findings in primary breast tumors, which
revealed that PRG expression is increased at the invasive fronts of primary tumors and in tumor
cells that have undergone lymphatic invasion in comparison to PRG expression in-situ. Thus,
providing evidence that PRG activity and expression contributes to the invasive phenotype in
breast cancer (97). The observation that increased PRG expression and activity contributes to an
invasive cancer phenotype, was also observed in PC-3 cells grown in 3D organotypic culture. The
dataindicatesthat PRG expressionisincreased in theinvasive PC-3 cellsgrown in 3D organotypic
culture in comparison to non-invasive cells grown in organotypic cultures and cells grown as a
monolayer (186).

However, increased cancer cell motility and invasive phenotype may not be the
only advantage afforded by increased PRG expression to these solid tumors. Indeed, ARHGEF11
has also been implicated to be a candidate cell survival gene in glioblastoma multiforme (GBM)
tumors, which are highly aggressive tumors arising from glia cells (187). In a study set out to
identify GBM cell surviva genes utilizing un-biased high-throughput large-scale SRNA screen,
found ARHGEF11 to be one of 55 survival genes whose loss-of-expression lead to significant
decrease in cdl viability of T98G glioma cell line. Indeed, ARHGEF11 knockdown resulted in
only ~24% cell viability (187). Furthermore, a recent study utilizing cancer genomic data from
The Cancer Genome Atlas (TCGA) project, also found that ARHGEF11 isover-expressed in GBM
tumors. The study found significant correlation between somatic mutation status of certain genes,
such as IDH1, MAPK9, SYNE1l, FBXW7, FURIN, and TRPM3, with over-expression of

ARHGEF11 (188). Another report utilizing DNA microarray to identify differential expression of
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genes in gallbladder cancer samples in comparison to norma control tissues, found that
ARHGEF11 was significantly over-expressed in these human gallbladder cancer samples. The
over-expression of ARHGEF11 in gallbladder cancer samples was confirmed with RT-PCR (189).
However, the mgjor limitation of this study was the small sample size of only 12 human cancer
tissues. Furthermore, the study did not address how the increased ARHGEF11 expression may
contribute to the disease process of this highly invasive and metastatic cancer.

None-the-less, these studies provide important evidence that PRG, through
participating in signaling circuitry that is currently not well understood, contributes to regulation
of cancer cell motility, invasion, and cell survival pathways in different tumors. However, therole

of PRG in two of the most common solid cancers, colon and lung cancer, have not been studied.

Portions of thetext in this chapter and the following chapters were reprinted with permission from
Molecular Pharmacology. Patel M, et al. (2014) Gal3/PDZ-RhoGEF/RhoA Signaling Is Essential
for Gastrin-Releasing Peptide Receptor-Mediated Colon Cancer Cell Migration. Molecular
Pharmacology 86(3):252-262. Appendix A.

AND from Patel M & Karginov AV (2014) Phosphorylation-mediated regulation of GEFs for
RhoA. Cell Adhesion & Migration 8(1):11-18. Appendix B.



I11. Experimental Procedures

A. Materials

Gastrin Releasing Peptide-human was purchased from Sigma Aldrich (St. Louis, MO),
Celecoxib and Y-27632 were purchased from Tocris (Bristol, UK), Primary Human
Colonic Epithelial Cells (HCoEpiC) lysate was purchased from ScienCell (Carlsbad, CA).
Normal human distal colon mucosal sample (male sample) was kind gift from Pradeep
Dudgja, University of Illinois at Chicago.

B. Cdl Cultureand Transfection

Caco-2 and HT-29 cells (gift from Richard Benya, Loyola Medicine Chicago, IL.) were
maintained in base medium consisting of Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose, glutamine, and sodium pyruvate, along with Ham’s F12 medium with
glutamine. Caco-2 cellswere cultured in base medium supplemented with 20% fetal bovine
serum (FBS), and HT-29 supplemented with 10% FBS. HEK293T cells were cultured in
DMEM supplemented with 10% FBS. All cell culture reagents were purchased from
Invitrogen (Carlsbad, CA). Caco-2 cells were transfected with Silencer select PRG ssRNA
(s19005) with the sequence 5’-GAGAUGAAACGGUCUCGAALt-3’, Silencer select PRG
SiRNA (519006) with sequence 5’-GCGAAACCCUAUCCUCAALt-3’, and Silencer select
Negative control #1 ssRNA (AM4611) purchased from Invitrogen. Gaiz knockdown was
achieved by SsGENOME human GNA13 siRNA -—smart pool (M-009948-00-0005)
consisting of (4)GNA13 specific SiRNA sequences 5’-GAGAUAAGAUGAUGUCGUU-
3", 5’-CCAAGGAGAUCGACAAAUG-3’, 5’-GAGAGAAGCUUCAUAUUCC-3’, 5'-
GAAGAUCGACUGACCAAUC-3" purchased from GE Headthcare-Dharmacon
(Pittsburg, PA). siRNA transfection was done with Lipofectamine RNAIMAX per

manufacturer’s protocol from Invitrogen. All experiments
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utilizing cells with SIRNA knockdown were conducted 48 hours after SRNA transfection,
and post serum starvation for 16 hours. All cells were between 50% to 70% confluent when
experiments were carried out.

C. Western Blotting

Cells were lysed in 20 mM HEPES (pH 7.6), 1% Triton-X-100, 150 mM NaCl, 5 mM
MgCl2, 2 mM NazVOs, 1 mM B-Glycerophosphate, aprotinin (16 pg/mL), and leupeptin
(3.2 pg/mL). Cell lysates were then clarified by centrifugation at 14,500 RPM for 10
minutes at 4°C. Protein concentration of the lysate was then verified by BradfordDC
purchased from Bio-Rad (Hercules, CA). SDS-PAGE sample buffer was then added to the
lysate and the samples were boiled for 3 minutes and resolved by SDS-PAGE. Protein was
then transferred to nitrocel lulose membrane (GE Healthcare) and blocked with 5% milk in
(T-BST) for one hour at room temperature. Membranes were then incubated with one of
thefollowing antibody at 4°C: anti-RhoA monoclonal, anti-PDZ-RhoGEF polyclonal, anti-
LARG polyclonal (Kind gift from Takao Hamakubo University of Tokyo, 1:1000), anti-
p115RhoGEF polyclonal, anti-GAPDH monoclonal, anti-GFP polyclonal, anti-Cox-2
polyclona from Cel Signaling (Danvers, MA), anti-Gal3 polyclonal, anti-Gal3
polyclonal B860 (1:1000) (190), anti-Gag11 polyclonal, anti-Gal2 polyclonal, and anti-
beta-actin monoclonal from Sigma Aldrich. All other antibodies were purchased from
Santa Cruz Biotechnologies (Santa Cruz, CA). Membranes were then probed with
horseradish peroxidase conjugated secondary antibodies from Amersham GE (Piscataway,
NJ). Western blots were developed with SuperSignal West Pico Chemiluminescent
Substrate from Thermo Scientific (Rockford, IL). Densitometry was performed with

Image] software.
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D. RhoA GTPase Pull-down Assay

Rho activity in cultured cellswas assessed utilizing manufacturers (Cytoskel eton) protocol.
Briefly, colon cancer cells were serum starved for 16 hours. After stimulation, the cells
were lysed at 4°C in buffer containing 50 mM Tris-HCI pH (7.5), 300 mM NaCl, 10 mM
MgCl2, 1% Triton X-100, 2mM NagV Oy, aprotinin (16 pg/mL), and leupeptin (3.2 pg/mL).
The lysates were then incubated with glutathione Stransferase (GST)-rhotekin-Rho
binding domain bound to glutathione Sepharose beads purchased from Cytoskeleton
(Denver, CO). The samples were washed 3 times with wash buffer (per manufacturer’s
instructions), and then resuspended in SDS-PAGE sample buffer. Samples were then
analyzed by Western blot with monoclonal RhoA antibody.

E. Purification of GST-RhoA®1"A Recombinant Protein

Plasmid construct for the prokaryotic expression of GST-RhoAC™ was kindly provided
by K. Burridge (University of North Carolina). Purification of GST-RhoA®"A was carried
out as previously described (191). Briefly, expression of GST-RhoA®Y in BL21-
CodonPlus (DE3)-RP purchased from Stratagene (Santa Clara, CA) was induced with 200
UM isopropyl-B-D-thiogalactoside (IPTG) for 16 hours at 18°C. Bacterial cells were then
lysed with 20 mM HEPES (pH 7.6), 1% Triton-X-100, 150 mM NaCl, 5 mM MgCl>, 1
mM dithiothreitol (DTT), aprotinin (16 pg/mL), and leupeptin (3.2 pg/mL). Protein was
purified by incubating glutathione-Sepharose 4B beads, purchased from GE Healthcare, at
4°C for 45 minutes. Sepharose beads were then washed with lysis buffer twice and twice
with 20 mM HEPES (pH 7.6), 150 mMNaCl, 5 mM MgCl,, and 1 mM dithiothreitol

(DTT). Protein concentration was estimated with Coomassie Plus protein reagent (Thermo
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Scientific). The beads were then aliquoted and snap frozen with liquid nitrogen and stored
at -80°C.

F. GST-RhoASYA pull-down Assay

Activation of RH-RhoGEFs was monitored with GST-RhoA®}™ pull-down assay as
previously described (191). Briefly, Caco-2 cells were stimulated with GRP 100 nM for
indicated time(s). After which, cells were then lysed with 20 mM HEPES (pH 7.6), 1%
Triton-X-100, 150 mM NaCl, 5 mM MgClz, 2mM NaVOs , aprotinin (16 pg/mL), and
leupeptin (3.2 pg/mL) at 4°C. Protein concentration of lysates was verified with Bradford
DC (BioRad), and equal protein and volume of |ysate wasincubated with 30 pg of purified
GST-RhoAC™ pound glutathi one-sepharose beads for 45 minutes at 4°C. Samples were
then washed 3 times with lysis buffer without 1% Triton-X-100, and the beads were
resuspended in SDS-PAGE sample buffer. Samples were then analyzed by Western blot
with RH-RhoGEF specific antibodies.

G. Generation of L entivirus

The cDNAs encoding GFP, GFP-RH-GRK?2 (1-178aa of bovine GRK?2), and GFP-RH-
RGS3 (378-519aa of human RGS3) were subcloned under EF-1a promoter of lentivirus
transfer vector pLVTH (Cambridge, MA). Lentivirus was generated as previously
described (192). In short, pLV TH (transfer vector) encoding GFP, GFP-RH-RGS3 or GFP-
RH-GRK?2 were transfected into HEK293T cells together with pMD2.G (envelope) and
pCMVDRS8.74 (packaging vector) by the calcium phosphate precipitation method.
Lentivirus produced (packaged) by HEK293T cells were harvested from cell medium 48

hours later.
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H. Co-immunopr ecipitation Assay

HEK293T cells were infected with lentivirus for GFP, GFP conjugated RH-RGS3 or RH-
GRK?2. After 48 hours the cells were harvested on ice and the lysates were utilized for
pulldown assay with anti-Gag11 antibody (SantaCruz) as previously described (193).

. Intracellular Calcium M easurement

Agonist induced intracellular calcium mobilization was performed in serum free condition
with GFP, RH-RGS3, and RH-GRK2 expressing Caco-2 cells with GFP certified
FluoForte calcium assay kit for microplates per manufacturers’ protocol (Enzo Life
Sciences Farmingdale, NY). Intracellular calcium mobilization was monitored by
Molecular Devices (Sunnyvae, CA) FlexStation System. Fluorescence was monitored at
Ex=530 nm/Em=570 nm. Data obtained as ratio of fold increase after stimulation over
basal.

J. PGE2 Enzyme L inked | mmunosor bent Assay

Cdll culture mediawas collected at 4°C after incubating with GRP (100 nM) for indicated
time(s). Cell culture media was then centrifuged at 8,000 RPM, to clear cellular debris.
Culture media was then either assayed or stored at -80°C for no longer than 7 days.
Concentration of PGE> in the culture media was obtained using PGE> express EIA kit
following manufacturers’ protocol (Cayman Chemical, Ann Arbor, Michigan).

K. Cell Migration Assays

Cells were serum starved for 16 hours prior to the assay. Caco-2 and HT-29 cells were
plated on the upper chamber of 6-well 8.0um pore polycarbonate membrane insert
(Corning, Tewksbury, MA) at adensity of 5X10° cells/well. Theinserts were placed in 1%

FBS containing media with or without GRP (100 nM) added to the lower chamber. The
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plate was then placed in the incubator at 37°C supplemented with 5% CO». Cells were
allowed to migrate for 8 hours. After which, the cells on the top of the chamber were
mechanically removed and the inserts were washed with PBS. The cells were fixed with
4% para-formaldehyde for 10 minutes (Electron Microscopy Sciences, Hatfield, PA) and
stained with 2% crystal violet (Sigma Aldrich) for 5 minutes. Migrated cells on the lower

chamber were visualized with microscope and counted.

L. Data Analysisand Statistics

Statistical and graphical analysis was conducted with GraphPad Prism 5 (La Jolla, CA).
Data are represented as mean + S.E.M of at least n=3 independent experiments. Statistical
anaysis was performed with One-way ANOVA followed by Bonferroni’s multiple

comparison test.



V. Results

A. GRP Stimulation I ncreases RhoA Activation in Colon Cancer Cells

GRPR expression is absent in normal colonic epithelia cells (4). However, its ectopic
expression on colon cancer cells contributes to tumorigenesis by stimulating cell proliferation and
migration (1,3). Previous studies indicate that GRPR can promote tumorigenicity through
activation of the small GTPase RhoA in prostate cancer (72). However, therole of RhoA signaling
downstream of GRPR in colon cancer has not been well studied. Thus, wefirst sought to determine
whether activation of GRPR leads to activation of RhoA in colon cancer cells. Asamodel we used
Caco-2 and HT-29 colon cancer cell lines, which express functional GRP receptor and form
moderately well-differentiated adenocarcinoma in nude mice (194). To determine RhoA
activation, we conducted a time-course experiment, stimulating Caco-2 and HT-29 cellsin serum
free conditions with concentration of GRP (100 nM) which has been utilized for previous colon
cancer studies (5,195).The level of RhoA activation was assessed using RhoA pulldown assay
(196) (Fig 7 A-B). Stimulating colon cancer cells with GRP increased the fraction of RhoA in the
active GTP-bound state. The activation of RhoA reaches maximum at about 10 minutes and
decreases over time out to 60 minutes after GRP addition in both Caco-2 and HT-29 cells. These
data indicate that GRPR activation on colon cancer cells initiates signaling pathway(s) that leads

to RhoA activation.
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Figure 7: GRP stimulation increases RhoA activation in colon cancer cell lines. Time
course of RhoA activation in colon cancer cell linesin response to GRP stimulation. Caco-
2 (A) and HT-29 cells (B) serum starved overnight and then incubated with GRP for
indicated time(s). Cell lysates were utilized for GST-RBD pulldown (see methods). The
precipitate and lysates samples were then used for Western blot to detect RhoA and
GAPDH. GAPDH is used as loading control. Shown are representative images from 3
independent experiments.
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B. Gamisthe Principal Mediator of RhoA Activation Downstream of GRPR

GRPR signaling is in-part conducted through activation of the apha subunits of Gq and
G12/13 heterotrimeric G-proteins in colon cancers (1). However, the contribution of each G-
protein to GRPR-mediated activation of RhoA in colon cancer cells has not been established. To
address this question, we utilized sIRNA to downregul ate endogenous Gaziz expression in Caco-2
cells. Gaiz SIRNA efficiently and specifically decreased Gais expression in Caco-2 cells (Fig 8A),
without affecting expression of its close structural homologue Gas2 (Fig 8B). Downregulation of
Gaiz expression led to asignificant decrease in GRP-stimulated RhoA activation indicating that in

Caco-2 cells RhoA activation predominantly occurs through Gazs (Fig. 8C-D).
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Figure 8. Gaas is the principal mediator of RhoA activation downstream of GRPR. A-B.
Caco-2 cells transfected with Scrambled or Gaiz smartpool sSsIRNA for 48 hours to obtain Gas
specific knockdown without affecting Goiz expression. (+) Gaiziz lanes contain purified
recombinant full-length Goi2 or Gois subunits used as positive control C. Caco-2 cellswere serum
starved over-night and then stimulated with GRP for 10 minutes and subsequently utilized for
GST-RBD pulldown (see methods). Precipitate and lysate samples were then immunoblotted to
detect RhoA, Gazs, and GAPDH. GAPDH used as loading control. D. Statistical densitometric
anaysis of n=4. Shown are mean values + SEM; (***, p<0.001).
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C. Gag Makes Small Contribution to Total RhoA Activation Downstream of GRPR

Gag can also activate RhoA through direct interaction with RhoGEFs such as p63RhoGEF,
Trio, and Kalirin (197). To determine the role of Gag in mediating RhoA activation in Caco-2 cells,
we transduced Caco-2 cells with lentivirus expressing GFP fused to the RH domain of RGS3 or
GRK2. Both of these proteins specifically bind to activated Gog and inhibit Gog-mediated
signaling (198,199). As shown in Fig 9A, both RH-RGS3 and RH-GRK 2 co-immunoprecipitated
with AlF4 activated endogenous Gog. Caco-2 cells expressing RH-RGS3 and RH-GRK 2 also had
a defect in GRP-stimulated rise in intracellular Ca?*, a known indicator of GRPR mediated Gag
signaling, in comparison to GFP expressing cells (Fig 9B-C). These cells were then stimulated
with GRP and lysates were utilized for RhoA pulldown. Expression of RH-RGS3 or RH-GRK?2
led to a small reduction in RhoA activation in response to GRP stimulation (Fig 9D-E). This
indicates that Gog makes aminor contribution to total RhoA activation downstream of GRPR, and

that Goisisthe predominant mediator of RhoA signaling.
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Figure 9: Gag makes small contribution to total RhoA activation downstream of GRPR.
A. HEK293T cells were infected with lentivirus for GFP, GFP conjugated RH-RGS3 or RH-
GRK2. After 48 hours, cellswere harvested and lysed in the buffer containing either GDP or GDP-
AlF4 . Lysates were subjected to Western blotting in order to confirm protein expression of Gog11
(lower panel, lanes 7-12) and GFP, RH-RGS3, or RH-GRK2 (upper pandl, lanes 7-12). Immuno-
precipitation was carried out using anti-Gog antibody (lanes 1-6). RH-GRK?2 (lane 4, upper) and
RH-RGS3 (lane 6, upper) were co-precipitated with endogenous Gaq activated by GDP-AlF4 . B-
C. Caco-2 cells stably expressing GFP, RH-RGS3, and RH-GRK 2 were utilized to monitor GRP
induced calcium mobilization (see methods). Shown are representative traces of at least 3
independent experiments, from which areaunder the curve (AUC) was quantitated and plotted (**,
p<0.01). D. Caco-2 cells stably expressing GFP, RH-RGS3, and RH-GRK2 were serum starved
over-night and then stimulated with GRP for 10 minutes. Cell lysates were then utilized for GST-
RBD pulldown (see methods). Precipitate and lysate samples were then immunoblotted to detect
RhoA, GFP, and p115. Expression of GFP, RH-RGS3, and RH-GRK 2 in the | ysate was confirmed
with anti-GFP antibody. p115 was used as loading control. E. Statistical densitometric analysis of
n=5. Shown are mean values + SEM; (*, p<0.05, ***, p<0.001).
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D. PRG isthe Primary RH-RhoGEF Activated Downstream of GRPR

GPCRs coupled to G12/13 family of heterotrimeric G-proteins can initiate RhoA signaling
by physically interacting with and activating RH-RhoGEFs. Previous studies have suggested that
GPCRs coupled to Gai13 utilize distinct RH-RhoGEFs to activate RhoA signaling (8). In Caco-2
cells al three RH-RhoGEF family members (p115, PRG, and LARG) are expressed (Fig 10A-C).
Thus, in order to identify which RH-RhoGEF(s) are activated in response to GRP stimulation, we
utilized GST-RhoA S fusion protein as an affinity reagent to isolate activated GEFs for RhoA.
The glycine to aanine mutation in the recombinant RhoA protein mimics the nucleotide free state
of RhoA which binds with high affinity to activated GEFs (191). Employing this biochemical
approach, we isolated activated GEFs from Caco-2 cells treated with GRP in a time course
experiment. Our datarevea that GRP stimulation resulted in strong activation of PRG asindicated
by increased PRG pulldown throughout our time-course (Fig. 10A). The maximum activity was
detected at 10 min after addition of GRP, consistent with the peak of RhoA activity that we
observed. In contrast, GRP treatment of Caco-2 cells did not affect activation of LARG and p115
(Fig 10B-D). Thus, our data demonstrates that GRPR stimulation predominantly activates PRG in

colon cancer cells.
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Figure 10: PRG isthe primary RH-RhoGEF activated downstream of GRPR. A-C. Caco-2
cells were serum starved over-night and then stimulated with GRP for indicated time(s). The
lysates were subsequently utilized for RhoA S pulldown, where GST-RhoAC™ protein is used
to pulldown activated RhoGEFs from total cell lysate (see methods). Precipitates and the lysate
samples were then immunoblotted for PRG, LARG, and p115RhoGEF. Shown are representative
images of 3 independent experiments. D. Densitometric analysis of activation states of three RH-
RhoGEFs normalized to endogenous RH-RhoGEF levels and expressed as fold activation over O
minute time point. Shown are mean values + SEM.
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E. PRG isthe Primary Activator of RhoA Downstream of GRPR

Our RhoA®Apulldown data reveals that GRP stimulation predominantly activates PRG.
This suggests that PRG should be the predominant activator of RhoA downstream of GRPR in
colon cancer cells. To confirm this hypothesis, we downregulated expression of PRG using two
different SSIRNA reagents (Fig 11A). Importantly, treatment with these ssSRNAs did not affect
expression of the two related RH-RhoGEFs, LARG and p115 (Fig 11A). We then performed a
RhoA pulldown with siIRNA-transfected cells to determine the role of PRG in RhoA activation in
response to GRP stimulation. As shown in figures 11B-C and 12A-B, PRG knockdown
significantly decreased GRP-stimulated RhoA activation in Caco-2 and HT-29 cells. Similar
decrease in RhoA activation was aso observed with the PRG siRNA-2 reagent. Importantly, the
decrease in RhoA activation was similar to the effect achieved by downregulation of Gaois
expression (Fig. 8C). Thus, these data suggest that GRP-mediated RhoA activation in colon cancer

cells occurs primarily through the Gai3-PRG signaling axis.
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Figure1l. PRG knockdown decreases RhoA activation upon GRP stimulation in Caco-2 cells.
A. PRG knockdown was confirmed by utilizing two different ssRNA. Specific knockdown of PRG
was verified by immunoblotting for p115 and LARG. B. Caco-2 cells were transfected with
Scrambled or PRG siRNA for 48 hours. Cells were serum starved over-night and the following
day were stimulated with GRP for 10 minutes. Cell lysates were then utilized for GST-RBD
pulldown (see methods) and samples were then subjected to Western blotting. C. Statistical

densitometric analysis of at least three independent experiments. Shown are mean values + SEM
(***, p<0.001).
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Figure12. PRG knockdown decreases RhoA activation upon GRP stimulation in HT-29 cells.
A. HT-29 cells were transfected with Scrambled or PRG siRNA for 48 hours. Cells were serum
starved over-night and the following day were stimulated with GRP for 10 minutes. Cell lysates
were then utilized for GST-RBD pulldown (see methods) and samples were then subjected to
Western blotting. B. Statistical densitometric analysis of at least three independent experiments.
Shown are mean values + SEM (**, p<0.01, ***, p<0.001).
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F. The PRG-RhoA-ROCK Axis Mediates GRP-stimulated Colon Cancer Cell Migration

Cancer cell motility is an essential process of cancer progression and invasion. RhoA is
known to play acritical rolein regulation of focal adhesions and stress fiber formation leading to
cell migration (23,200,201). RhoA has been shown to be overexpressed in colon cancers (18). Here
we have shown that PRG is the predominant activator of RhoA downstream of GRPR in colon
cancer cells. This evidence suggests that PRG should regulate colon cancer cell migration
downstream of GRPR. To test this hypothesis we conducted atranswell cell migration assay using
Caco-2 and HT-29 cells transfected with scrambled SSRNA or PRG siRNA. As shown in figures
13A-B, PRG knockdown resulted in a dramatic reduction in GRP-stimulated colon cancer cell
migration almost to a level equivalent to unstimulated scrambled siRNA treated cells. This
demonstrates that PRG is acritical mediator of colon cancer cell migration downstream of GRPR.

ROCK is one of the key downstream effectors of RhoA and is known to contribute to
RhoA-mediated regulation of cancer cell migration and invasion (23,126). Therefore, to determine
the role of ROCK in GRP-stimulated colon cancer cell migration, we conducted the transwell
assay with Caco-2 cells treated with or without ROCK inhibitor Y-27632 (20 uM) in presence or
absence of GRP. As shown in figure 13C, ROCK inhibition arrested GRP-stimulated Caco-2 cell
migration. In agreement with previous reports, unstimulated Caco-2 cells treated with Y-27632
did have a dight increase in basal cell migration in comparison to cells with no treatment
(201,202). None-the-less, our results indicate that ROCK is required for efficient GRP-stimulated
colon cancer cell migration. Overall, our data demonstrate that in colon cancer cells, GRP-

stimulated migration is regulated via the PRG-RhoA-ROCK pathway.
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Figure 13. PRG-RhoA-ROCK axis mediates GRP stimulated colon cancer cell migration. A-
B. Caco-2 (A) or HT-29 (B) cells transfected with Scrambled or PRG siRNA for 48 hours. The
transfected cells were serum starved over-night and plated on the top chamber of transwell insert
at 5X10° cellswell. The inserts were placed in 1% FBS containing mediawith or without 100 nM
GRP (see methods). Representative images of PRG knockdown in Caco-2 and HT-29 cells.
Statistical analysisof cell migration of n=3 repeated in duplicates. Shown are mean values + SEM;
(*, p<0.05, **, p<0.01, ***, p<0.001). C. Caco-2 cells were plated on the top of the transwell
inserts at 5X10° cells'well in media with or without GRP along with Y-27632 (20 uM) (see
methods). Statistical analysis of cell migration of n=3 repeated in duplicates. Shown are mean
values + SEM; (**, p<0.01, ***, p<0.001).
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G. GRP Stimulation Increases Cox-2 Expression in Colon Cancer Cells

Cox-2 plays a critical role in colon cancer development and progression. Studies have
shown that 85% of colon cancers have increased Cox-2 expression (203). GRPR signaling has
been implicated in regulation of Cox-2 expression in variety of tissues via different mechanisms
(35,36). However, the role of Gais-mediated signaling pathways in regulation of Cox-2 expression
in colon cancer cells has not been elucidated. First, we tested if GRP stimulation increases Cox-2
expression in Caco-2 and HT-29 cells. As shown in figure 14A-B, Cox-2 expression is increased
upon GRP stimulation in both Caco-2 and HT-29 cells. Cox-2 expression is increased in these

cancer cells at four and eight hours after GRP addition.
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Figure 14: GRP stimulation increases Cox-2 expression in colon cancer cells: Time course of
Cox-2 expression. Caco-2 (A) or HT-29 (B) cells were stimulated with GRP for the indicated
time(s). Cox-2 expression was determined by Western blot utilizing Cox-2 specific antibody. Beta-
actin and GAPDH used as loading control.
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H. PRG Contributesto Cox-2 Expression in Colon Cancer Cells

Next we sought to determineif Ga1z signaling downstream of GRPR, specifically the PRG-
RhoA-ROCK axis, playsarolein regulation of Cox-2 expression in colon cancer cells. To test this
hypothesis, we first downregulated PRG expression in Caco-2 and HT-29 cellsto observe if PRG
isrequired for GRP stimulated Cox-2 expression in these colon cancer cell lines. Downregulation
of PRG expression using SsIRNA reduced Cox-2 expression after 8 hours of treatment with GRP
(Fig 15A-D). It iswell known that Cox-2 expression drives colon cancer progression through the
production of PGE> (203,204). In fact, PGE> is the predominant prostaglandin found in colon
cancer (205). So next we examined if the decreasein Cox-2 expression in PRG siRNA-transfected
cellsisassociated with a decrease in PGE> production. We utilized enzyme-linked immunosorbent
assay (ELISA) to quantitate PGE> concentration in the media of scrambled or PRG siIRNA-
transfected cells stimulated with GRP. As shown in figures 15E-F, PRG knockdown inhibited
GRP-induced production of PGE2in comparison to scrambled siRNA treated cells stimulated with
GRP. These data show that GRPR-Ga13 signaling through PRG regulates Cox-2 expression and

PGE: production.
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Figure 15. PRG contributes to Cox-2 expresson downstream of GRPR. A-B. Cox-2
expression in Caco-2 (A) or HT-29 (B) cellstransfected with Scrambled or PRG siRNA. The cells
were incubated with GRP for 8 hours. Cox-2 expression and PRG knock down was verified by
Western Blot. C-D. Statistical densitometric analysis of Cox-2 expression in Caco-2 (C) and HT-
29 (D) cdlls from n=3. Shown are mean values + SEM; (*** p<0.001). E-F. PGE; production in
Caco-2 cellstransfected with Scrambled or PRG siRNA. E. PRG knock down was confirmed with
Western blot. F. Caco2 cells serum starved over-night and stimulated with GRP for 24 hours. Cell
media for each condition was harvested and analyzed for PGE> concentration by ELISA (see
methods). Statistical analysis of n=4. Shown are mean values + SEM; (** p<0.01).
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I. Rho-ROCK Mediated Regulation of Cox-2-PGE2 Production Contributes to Overall

GRP Stimulated Cancer Cell Migration

Having identified that PRG-RhoA signaling plays a role in GRP stimulated Cox-2
expression, we questioned if thisregulation is mediated though ROCK. ROCK has previously been
implicated in regulation of Cox-2 expression in different tissues (127,206). Here we utilized Y-
27632 (20uM) to inhibit ROCK and assess its effect on Cox-2 expression in response to GRP.
ROCK inhibition abrogates GRP-mediated stimulation of Cox-2 expression in Caco-2 and HT-29
cells (Fig 16A-D). We also observed that treatment with Y-27632 impedes GRP-stimulated PGE>
production (Fig 16E). These datareveal that the PRG-RhoA-ROCK signaling axis downstream of

GRPR activation contributes to Cox-2 expression and PGE; production in colon cancer cells.

Evidencefrom invitro and in vivo studies have shown that Cox-2-PGE> signaling increases
colon cancer cell migration and invasion (207-209). Therefore, we wanted to identify the
contribution of Cox-2-PGE> signaling to overall GRP-stimul ated colon cancer cell migration. Here
we conducted a transwell cell migration assay with Caco-2 cells stimulated with GRP incubated
with or without celecoxib, a Cox-2 specific inhibitor. It has been reported that celecoxib at 20 uM
does not result in colon cancer cell apoptosis (210). Caco-2 cells incubated with celecoxib without
GRP had no defect in basal cell migration in comparison to DM SO treated Caco-2 cells (Fig 16F).
However, celecoxib treatment did result in a modest reduction (~35%) in GRP-stimulated
migration of Caco-2 cells as compared to Caco-2 cells treated with both GRP and DM SO (Fig
16F). Thus, our data indicates that Cox-2 expression and activity contributes to overall GRP-

stimulated colon cancer cell migration.
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Figure 16: Rho-ROCK mediated regulation of Cox-2-PGE2production contributesto overall
GRP stimulated cancer cell migration- A-D. Cox-2 expression in Caco-2 (A) and HT-29 (B)
cellstreated with or without Y-27632 (20 uM) along with GRP for 8 hours. Cox-2 expression was
verified by Western Blot. C-D. Statistical densitometric analysis of Cox-2 expression in Caco-2
(C) and HT-29 (D) cells from n=3. Shown are mean values +SEM; (** p<0.01, *** p<0.001). E.
Caco-2 cells serum starved over-night and stimulated with GRP with or without Y-27632 for 8
hours. Cell mediafor each condition was harvested and anal yzed for PGE, concentration by ELISA
(see methods). Statistical analysis of n=3. Shown are mean values + SEM; (** p<0.01). F. Caco-
2 cedls serum starved overnight and plated on the upper chamber of transwell insert at
5X 10°cells/well. Transwell inserts were contained in media supplemented with 1%FBS and with
or without GRP aong with celecoxib (20 uM) (see Methods). Statistical analysis of cell migration
n=3 repeated in duplicates. Shown are mean values + SEM; (**, p<0.01, ***, p<0.001).
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J. PRG Expression is Uprequlated in Colon Cancer Cells.

Our data show that PRG iscritical in regulation of cell migration stimulated though GRPR.
Enhanced propagation of GRPR- signaling in colon cancer cells might be achieved by elevated
expression of PRG. Evaluation of PRG protein levels demonstrated higher PRG expression in
Caco-2 and HT-29 colon cancer cells when compared to primary HCoEpiC and samples from
norma human distal colonic mucosa (DCM) (Fig 17A). Furthermore, analysis of copy number
variation for RH-RhoGEFs in Catalogue of Somatic Mutations in Cancer database (COSMIC)
revealed that 17.1% of the 486 tested human colon cancers have gains in PRG gene copy number
(COSMIC v68) (Fig 17B). These results indicate that PRG expression may be elevated in colon

cancers, playing acritical role in regulation of colon cancer cell migration and invasion.
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Figure 17: PRG expression isupregulated in colon cancer cells. A. Protein expression of PRG
in Caco-2, HT-29, primary human colonic epithelial cells, and two different samples of human
distal colonic mucosa. B. Copy number variation (CNV) of three RH-RhoGEF family membersin
four common types of solid tumors obtained from COSMIC v68. Depicting RH-RhoGEF gene
gain or loss within these solid tumors.



V. Discussion

GPCRs coupled to Gaiz13 have been implicated in cancer progression viaincreased cancer
cell migration and invasion in SCLC, breast cancer, prostate cancer and colon cancer (38). In our
current work, we have identified the molecular mechanism by which GRPR-activated Gais
signaling contributes to colon cancer cell migration. We have found that Gaiz is the predominant
mediator of RhoA activation downstream of GRPR, whereas Gogq makes small contributions to
total RhoA activation. This observation, along with previous studies demonstrating that CXCR4
and LPA receptors mediate RhoA activation through Gais (23,95), suggests that Goiz possibly is

the predominant regulator of RhoA activity downstream of multiple GPCRsthat couple to Gaio/1s.

Our studiesidentify PRG as the predominant RH-RhoGEF activated downstream of GRPR
in colon cancer cells, whereas the other two RH-RhoGEFs, p115 and LARG, have little or no
change in activity as indicated by our RhoA®"” pulldown data. Interestingly, downregulation of
PRG expression leads to a similar decrease in RhoA activation as inhibition of Gaas, indicating
that Gaas regul ates RhoA through PRG. The remaining Gog-mediated contribution to activation of
RhoA may possibly be regulated through Trio, Kalirin, LARG, or p63RhoGEF. Previous report
has demonstrated that LARG may be a downstream effector of Gog (211), however our RhoA®A
pulldown data does not support this possibility as GRP stimulation brings about no further increase
in LARG activation in colon cancer cells. It has been shown that p63RhoGEF, RhoA specific GEF,
is activated through the direct interaction of AlFs-activated Gog subunit with the C-terminal
extension of p63RhoGEF’s PH domain (212,213). Indeed, we have observed that p63RhoGEF is
activated upon GRP stimulation in Caco-2 cells and thus presumably contributes to Gogq mediated

RhoA activation
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(Patel and Kozasa, unpublished observations). However, this novel pathway requires further

characterization.

GPCR-mediated RhoA-ROCK activation playsacritTica rolein cell migration. Here, we
report for the first time that GRP-stimulated colon cancer cell migration is regulated by the PRG-
RhoA-ROCK signaling axis. Our findings are in line with previous studies, which have reported
that PRG-RhoA-ROCK signaling regulates fibroblast cell migration and breast cancer cell
migration. These studies have identified that PRG-RhoA-ROCK signaling regulates cell migration
through induction of adhesion complexes and spatial regulation of actinomyosin contractile
machinery (97,166). Prior work has also demonstrated that growth factor receptor tyrosine kinases
also utilize Rho-ROCK signaling to promote tumor cell migration and invasion (214,215). Hence,
it isclear that ROCK may be an ideal molecular target for prevention of tumor cell migration and

metastas's.

GPCR-mediated regulation of Cox-2 expression contributes to colon cancer progression
by regulating proliferation, migration and invasion (203). Here we show that GRP stimulation of
Caco-2 and HT-29 cells leads to Cox-2 expression. Our datafor the first time supports the role of
PRG in regulation of Cox-2 expression and Cox-2-mediated PGE> production. Furthermore, we
identified that ROCK, acting downstream of PRG-RhoA, contributes to Cox-2 expression in
response to GRP stimulation. Our findings are in line with other studies that have also reported the
role of ROCK in regulating Cox-2 expression downstream of another GPCR, Proteinase-activated
receptor-2 (PAR-2)(206). Current evidence indicates that Cox-2-PGE> signaling stimulates colon
cancer cell migration through activation of its cognate receptor EP4 or through transactivation of
EGF-R (207,208). Overall our data suggests that the modest defect in cancer cell motility observed

with celecoxib treatment, indicates that Cox-2-PGE; signaling is not the main regulator of GRP-
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stimulated colon cancer cell migration, and most likely it is predominantly controlled by PRG-

RhoA-ROCK pathway directly regulating actomyosin contractile machinery.

The role of RH-RhoGEFs in tumorigenesis has just recently gained recognition. Existing
evidence suggests that the role of these RH-RhoGEFs is varied in tumor development and
metastasis and their functions are tumor specific. It has been reported that pll5 expression is
upregulated in prostate cancer cells and invasive prostate tumors (216). However, therole of p115
in the context of its involvement in signaling downstream of GPCRs and its effect on cancer
progression is not known. In contrast to elevated expression of pl15 in prostate cancer, LARG
expression in breast and colon cancers is reported to be decreased. In these cancers, LARG has
been reported to act as a tumor suppressor (185). Loss of LARG expression in breast and colon
cancer is aso supported by data that shows that there is loss of gene copy number of LARG in
these solid tumors. Here, we show that PRG isthe mgor mediator of GRP-stimulated colon cancer
cell migration. Data form the COSM I C database shows that PRG gene copy number is increased
in asignificant number of colon cancer samples. Furthermore, our results demonstrate that PRG
isoverexpressed in colon cancer cell lines. These results suggest that PRG may play akey rolein
regulation of tumorigenesis mediated by GRPR and other GPCRs. Indeed, a recent report by
Struckhoff et al., concludesthat PRG is essential for CX CR4-mediated breast cancer cell migration
and invasion and found that PRG expression is increased at the leading edge of primary tumors
and tumor cells that have undergone lymphatic invasion (97). Another study looking at PC-3
prostate cancer cells grown in 3-D organotypic culture reported increased PRG expression in the
invasive cultures (186). Furthermore, PRG has been implicated as a pro-surviva gene in human
gliobastomas, where knockdown of PRG resulted in decreased cell viability (187,188). It should

be noted that p115 nor LARG were identified as one of the 55 candidate cell survival genesinthis
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study (187). Further supporting the role of PRG in gliobastoma comes from a recent published
abstract which reports that PRG plays a critical role in regulation of gliobastoma cell migration,
invasion, and also mediates cancer cell proliferation and survival. The authors report that PRG,
through largely activation of RhoC, regulates these various pathological processes. It should be
noted that these data are not yet available for review as the authors have yet to publish these
findings (217). Similarly, another published abstract also reports that PRG is over-expressed in
ovarian cancer cells and human epithelial ovarian cancer samples. The authors report that PRG
acts downstream of ETa in ovarian cancer cells to activate RhoA/ROCK signaling axis. The
abstract states that in ovarian cancer cells, ETa activation leads to p-arrestinl/PRG interaction,
which resultsin activation of RnoA/ROCK signaling axis. Thisnovel pathway downstream of ET a
is implicated in promoting metastatic spread of ovarian cancer. However, data supporting these
conclusions are also not yet published (218). Non-the-less it is interesting that in these common
solid tumors there is reported to be increased gene-copy-number of PRG, whereas LARG gene-
copy-number is lost in a manner that seems to be almost reciprocal with PRG. It is likely that
perhaps in cancer PRG and LARG may have differing functions, as LARG has been suggested to
be a candidate TSG, thus loss of its expression contributes to cancer progression (185). Whereas,
current evidence supports the notion that gain in PRG gene-copy-number resulting in increased
PRG expression and activity may contribute to cancer progression not only in colon cancer but

also in other solid tumors by regulating pro-survival pathways, cancer cell migration and invasion.

Characterization of GRPR-mediated signaling pathway in colon cancer cells has revealed
new potential therapeutic targets. Identification of therole of PRG in GRPR-mediated colon cancer
cell migration and Cox-2 expression opens additional opportunities for developing novel

therapeutic agents. Application of arecently devel oped inhibitor specific for RH-RhoGEFs (Y 16)
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together with existing inhibitors for Cox-2 may prove to have therapeutic effects on colon cancer
models (26). Astheroles of the RH-RhoGEFs in tumorigenesis and metastasis become more well-
defined, development of novel inhibitors specific for p115, LARG, or PRG would expand our

choices for selection of therapeutic strategy.



V1. Futuredirections

One clear future direction that is illuminated based on the data and the conclusions
made from this study would be addressing the role of thissignaling pathway in regulation of tumor
cell invasion and metastasis in an animal model. Our data suggests that perturbation of the Ga13
arm of GRPR in colon cancer, specifically either by silencing PRG expression or through small
molecule inhibition of PRG activity, would result in defective cancer cell invasion and metastatic
spread. We proposeto test this hypothesis by xenografting stable PRG KD HT-29 cellsin the colon
of SCID (severe combined immuno-deficiency) mice and observe if PRG KD has an impact on
tumor cell invasion and metastatic spread. In these mice we would also preform secondary analysis
of the primary tumor to see if there is aso an impact on tumor growth and tumor vascularization.
Similar study would be conducted in parallel with WT HT-29 cells xenografted into the colon of
these SCID mice that are treated with Y 16 compound that has been shown to be specific for RH-
RhoGEFs (26). Although, this compound is not specific for PRG, it would still be of interest to
see what effect, if any, does RH-RhoGEF inhibition have on colon cancer proliferation, invasion,
and metastatic spread? It would be of interest to perform a comparative analysis of tumor growth,
invasion, and metastatic spread, of mice with HT-29 PRG KD xenografts with mice that have WT
HT-29 xenografts that were treated with Y 16 compound asthismay reveal similar outcome, which
would then provide the evidence for further development of a compound that is specific for PRG.

GRPR signaling through RhoGTPases can activate signaling pathways that regulate
cancer cell migration, invasion, and proliferation (Figure 18). Specifically, GRPR mediated RhoA
signaling has not only been demonstrated to be important for cancer cell migration and invasion,
but also to activate proliferation and pro-survival pathways such as Cox-2/PGE;, and Shh regulated
signaling pathways (102,127). Thus, targeting the upstream activators of RhoA may prove to also

impede these pro-survival signaling pathways. Furthermore, it would also be
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interesting to seeif targeting PRG along with utilization of standard chemotherapy agents utilized
for specific malignancies would result in synergistic inhibition of cancer growth and metastatic
spread. It isof the author’s contention that the best therapeutic target within this signaling pathway
is PRG. As targeting GRPR has proved unsuccessful, primarily due to the inability to achieve
target therapeutic concentrations in vivo, as aresult of the intrinsic pharmacokinetic properties of
the GRPR antagonists that have been developed. Even with formulation of small molecule
antagonists for GRPR with better pharmacokinetic properties, we may observe un-intended and
unforeseen adverse effects due to inhibition of GRPR, as it has wide expression profile, and its
role in regulation of critical physiological functions. Also, it is clear that GRPR is only one of
many GPCRsthat are involved in colon cancer progression as summarized in (Table 2). Targeting
GRPR aone most likely will not bring about the desired therapeutic effect as signaling
downstream of other GPCRs that contribute to cancer progression is still active. However, by
targeting a downstream molecule that is shared by many of these GPCRs, such as PRG, may result

in therapeutically relevant inhibition of cancer progression.
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Figure 18: Schematic of GPRR signaling in solid malignancies. GRPR is known to couple to
Gogand Gayznz, Current evidence indicates that GRPR activation leads to both Gaiz13 and Gog
mediated RhoA activation. We have provided evidence that PRG is the predominant RH-RhoGEF
downstream of Gais (as denoted by b arrow), and that PRG-RhoA-ROCK axis in-turn regul ates
colon cancer cell migration. A recent study also demonstrates that GRPR signaling through
Gag1213-Rho signaling, transcriptionally regulates Shh production via activation of NFkB.
Production of Shh and PGE> |eads to an autocrine/paracrine growth factor signaling loop (It should
be noted that the specific Rho isoforms, RhoA or RhoC, that areinvolved in this signaling pathway
were not identified). Depicted here is PGE> activating its receptor, EP1.4, to initiate signaling
cascades that contribute to cancer cell proliferation, survival, and invasion. It should also be noted
that GRPR signaing has aso been implicated in transactivation of EGFR (by unknown
mechanisms), which further promotes cancer cell proliferation. Not depicted here is the Shh
signaling, via activation of Ptch (patched) and Smo (Smoothened) receptors, which activates Gli
transcription factorsthat ultimately promotes cancer cell proliferation and survival. Thus, itisclear
that GRPR activation in variety of solid malignancies may be a central event that initiates other
prosurvival signaling pathways to contribute to cancer development and progression. It should be
noted that not all of these signaling pathways have been verified in different types of solid tumors,
and more work needs to be carried out to verify if these signaling pathways are more general and
operational in different cancers.
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