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Renal Cell Carcinoma (RCC) is one of the most lethal urological cancers
worldwide, with incidence and mortality rates increasing in the past two decades. The
disease does not present early clinical symptoms and is commonly diagnosed at the
metastatic stage, leaving the 5-year survival rate at ~10-20%. For a wide array of
neoplasms, many key molecular determinants involved in mediating the process of tumor
cell growth, invasion, and colonization at a secondary site (i.e. metastasis) have been
reported. However, few molecular predictors have been identified for RCC, rendering the
mechanism(s) underlying RCC metastases poorly understood. This results in the lack of
effective treatment for patients with advanced RCC.

G protein-coupled receptors (GPCRSs) and their effectors, such as the BArrestin
proteins, have been implicated in tumor growth, metastasis, and angiogenesis. BArrestin
are well known for their function in the desensitization and trafficking of GPCRs, but have
also been implicated in unique signaling pathways to regulate fundamental cellular
functions, including cell cycle progression, cell migration, and survival. Furthermore,

BArrestin involvement has been identified in a number of breast, colorectal, lung, and
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hematological malignancies. However, the role of BArrestin proteins in RCC is yet to be
determined.

Our data show that BArrestin 2 protein levels correlate with growth and metastatic
potential in several RCC cell lines, including ACHN and SN12C. We hypothesize that
BArrestin 2 regulates RCC tumor progression, specifically through involvement in
proliferation, invasion, and metastatic processes.

We used genetic-based loss of function approaches such as interfering RNA and
CRISPR/Cas9. BArrestin 2 (Arrb2 gene) knockdown results indicated a role in RCC
malignancy as it significantly reduces the migration and invasion of RCC cell lines in vitro.
Arrb2 knockout (KO) induced morphological changes in vitro and impaired SN12C tumor
growth in vivo compared to control cells. We identify BArrestin 2 a crucial mediator for
tumor cell cycle progression and focal adhesion formation in RCC.

Our data implicates BArrestin 2 in RCC malignancy and present a diagnostic
biomarker and a possible target in development of therapies for patients with advanced

RCC.
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CHAPTER 1
BARRESTINS: AN OVERVIEW ON THEIR ROLE IN CANCER

Introduction: Summary on BArrestin Function and Structure
Classical and Non-Classical BArrestin Functions

Originally, BArrestin proteins were the molecular determinants of the fate of
activated G protein-coupled receptors (GPCRS). Upon ligand stimulation, GPCRs, the
largest family of transmembrane receptors also called the 7-transmembrane receptors
(7TMRs) superfamily with over 800 identified receptors; undergo a conformational
change to elicit a signaling cascade (1, 2). GPCR signaling commences activating the
alpha subunit of the heterotrimeric guanine-binding (G) proteins (Ga and Gp/y), through
the exchange of a GDP to a GTP (3-5). Ga subunit activation then causes the
generation of second messenger signaling molecules such as cyclic adenosine
monophosphate (CAMP), inositol-1,4,5-trisphosphate (IP3), and diacylglycerol for further
signal transduction (6). These second messengers then induce the activity of various
effectors, including ion channels, serine/threonine kinases (PKA and PKC),
Ca?*/calmodulin-dependent kinases, and RhoGTPase exchange factors (RhoGEFs) (7).
As such, the 7TMRs control an intricate web of intracellular cascades involved in the
cellular response to outside cues, including cell survival, cell cycle control, metabolism,
and cytoskeletal rearrangement (8). BArrestins exert an inhibitory function on GPCR
signaling through two separate mechanisms; one, by creating a steric hindrance
blocking further downstream activation of G protein signaling, or second, by facilitating
the endocytosis of the activated GPCR. Once GPCRs are activated by binding agonists,
G protein-coupled receptor kinases (GRKs) phosphorylate the ligand bound receptor on

its C-terminal domain or “tail” and other intracellular serine/threonine sites (9-12). The
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phosphorylation results in the recruitment of cytosolic BArrestins to the receptor, thereby
blocking the access of Ga subunit to the guanine nucleotide exchange active site within
specific transmembrane loops of the receptor (8, 12, 13). It has been shown that
BArrestins can act as multifunctional adaptors or scaffolds capable of forming diverse
complexes with over a hundred different proteins causing an induction of various
cellular processes (Figure 1-2) (14). For example, BArrestins can recruit clathrin and
adaptor protein AP-2 to assemble a clathrin coated pit around the stimulated GPCR
causing its internalization for endosomal degradation or recycling (15). BArrestins also
contain a domain that recruits E3 ligases, such as mouse double minute 2 homolog
(Mdm2), that ubiquitinates BArrestins, resulting in the internalization of the GPCR (16-
18). Therefore, BArrestins have been identified for their dual functions as the
desensitizers and regulators of the intracellular trafficking of GPCRs.

The classical GPCR signaling entails an agonist binding the receptor leading it to
a stable structural conformation, which triggers downstream G protein-dependent
signaling (8, 19, 20). However, there has been a paradigm shift appreciating the notion
that GPCRs can adapt a spectrum of conformations varying in stability and thus efficacy
of downstream signaling (21-23). This occurs with regards to the type of ligand binding
the receptor. Certain agonists may lead to an active receptor state favoring the G
protein-dependent signaling cascade, where some may stabilize the receptor in a state
allowing for non-G protein interactions with the GRKs and BArrestins (24, 25).
Therefore, this non-classical GPCR signaling paradigm is often referred to as “biased
agonism” (26-28). Receptor-BArrestin interactions, as a consequence, result in what is

called the BArrestin-dependent signaling (24, 29, 30).BArrestin-dependent signalosome
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involves major pathways such as the transforming growth factor 3 receptors (TGFBRS),
epidermal growth factor receptor (EGFR), mitogen-activated protein kinases (MAPKS),
and RhoGTPase signaling (31, 32). Through interactions with these diverse signaling
proteins, BArrestins further integrate extracellular cues into a web of intracellular
outcomes.

BArrestins Family and Structure

The arrestin protein family consists of four isoforms with closely related
structures and molecular weights: arrestins are subdivided into visual (arrestins 1 and 4)
and nonvisual arrestins (BArrestins 1 and 2). Arrestin 1, a 48kDa protein was originally
described by Hermann Khun and discovered for its role in desensitizing the photo-
rhodopsin receptors in the cone and rod cells (33, 34). Later, the other visual arrestin
isoform; X-arrestin (or arrestin 4), which is more specific to the cone cells in the retina,
was discovered by George Inana group (35, 36). BArrestins 1 and 2 constitute the
nonvisual arrestins, which were identified and cloned through the works of the pioneers
in the GPCR signaling field, such as Jeff Benovic and others in Robert Lefkowits
laboratory (37, 38). Unlike arrestin 1 and 4, BArrestins 1 and 2 are shown to be
ubiquitously expressed in all non-retinal tissues (39). Although expressed in different
cell types, all arrestins share structural similarities; BArrestins 1 and 2 share up to 78%
amino acids identity and 88% structural homology (40-43). The X-ray crystal structures
of each BArrestin isoform show that they share an overall biconcave-like structure
consisting of antiparallel -sheets, an a-helix and a C-terminal tail (Figure 1-1). The
overall structure can be divided into two main domains: N-domain, and C-domain that

flank a polar core (41-44). The core domain can be described as a “phosphosensor”
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domain that has high affinity to phosphorylated intracellular residues of the 7TMRs (45).
The rapid recruitment of an arrestin molecule to the phosphorylated receptor is a
necessary initial step in order for the arrestin to undergo a global conformational change
necessary for its scaffolding or desensitizing functions (46). When the arrestin molecule
comes in contact with the phosphorylated receptor, a finger loop within the N-domain of
arrestins appears as a result of the sequential shift in the domain (46-48). The finger
loop is observed to then get inserted in the transmembrane core of the activated
receptor, hence hindering the Ga subunit access to the active site within the
transmembrane, attenuating G protein-signaling through the steric interference (48).
Moreover, the conformational change within the nonvisual BArrestins results in the
exposure of a C-terminal tail which is usually tucked in by the N-domain 3-sheets and
polar core during the basal state of the BArrestin (49, 50). The tail and the C-domain are
then capable of interacting with downstream proteins, for either promoting the
internalization of the ligand-receptor-BArrestin complex and/or eliciting BArrestin-
dependent signaling cascades (50).

The “phosphosensor” core allows BArrestin to not only be recruited to traditional
GPCRs, but also to nontraditional 7TMRs including Frizzled and Smoothened, and to
non-7TMRs like receptor tyrosine kinases (RTKs) (31, 32, 51, 52). Moreover, specific
motifs in the N- and C-terminal domains have been identified as direct interaction points
for BArrestin with cSrc, a non-receptor tyrosine kinase, and with the family of MAPKs
(53). This supports the notion that BArrestins are involved in signaling pathways

independent of G protein-signaling.
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Despite the fact that BArrestins 1 and 2 are ubiquitously expressed throughout
various tissues, when BArrestin 2 was first cloned from rat tissue in 1992, its mMRNA
level was found to be more concentrated in the central nervous system and the spleen
(38). However, the general BArrestin mRNA tissue distribution shows over ten times the
levels of BArrestin 1 to BArrestin 2 expression (40, 54, 55). As depicted from X-ray
crystal structures and amino acid sequence alignments of arrestins, the nonvisual
BArrestins in particular, share a great deal of structural similarities thus conserved in the
way they bind phosphorylated receptors for desensitization and further trafficking.
However, certain differences that lay within their sequences give rise to motifs that
diversify some of their protein-protein interactions (56-58). The C-terminal domains of
BArrestins 1 and 2 constitute less conserved regions between the two homologs (38). In
fact, BArrestin 2 contains a leucine rich segment; a nuclear export signal, in its C-
terminal that is absent from BArrestin 1 which constantly eliminates it from the nucleus
(59). While BArrestin 2-interacting partners are confined to the cytoplasm, BArrestin 1
can interact with molecules in both the cytoplasm and nucleus (59, 60). Moreover, after
the BArrestin 2 crystal structure resolution, which is the last structure resolved of the
four arrestins, a striking difference in one of the C-domain beta sheets was observed
between BArrestins 1 and 2 (13). A six to nine residues difference results in a looser
BArrestin 2 interface with the receptor. This allows BArrestin 2 to obtain an increased
selectivity with higher affinity towards phosphorylated and/or nonphosphorylated
receptors over BArrestin 1 (13). Arrestins are potentially considered to be redundant in
function, yet have been demonstrated to have distinct molecular interactions and

subcellular localizations (61). Therefore, they could each regulate signal transduction in
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physiological processes including disease progression such as with cancer in similar or
unique means.

BArrestins in Cancer

Knockout mouse models have proven BArrestins to be crucial molecular
regulators for various developmental and physiological processes such as cardiac
output and central nervous system functions (61-63). In addition, BArrestins have been
identified as important regulators of pathophysiological pathways leading to tumor
initiation and progression (64).

BArrestins play an integral part in cell division and morphological changes
through their direct interaction with cSrc upon GPCR activation. This ultimately activates
the MEK-ERK1/2 cascade leading to the changes in cell division and morphology (31,
65, 66). Furthermore, BArrestins, BArrestin 2 in particular, can interact with c-Jun N-
terminal kinase 3 (JNK3), modulating its spatial distribution and function as a pro-
apoptosis kinase (59). BArrestins can also modulate apoptosis by binding and
sequestering IkBa in the cytoplasm thereby changing gene expression. Sequestration of
IkBa does not only deregulate apoptosis, but also influences the inflammatory and
proliferative signals (67, 68). Additionally, BArrestins can mediate the internalization of
phosphorylated RTKs independently of GPCR signaling such as with the TGFBRIII
leading to increased epithelial cell migration (69, 70).

These studies are only a few examples demonstrating the versatile role for
BArrestins signaling in various cellular functions all of which are implicated in disease
progression. Current research is focused on better understanding the BArrestin-

dependent mechanisms involved in tumors with the hope of developing more efficacious
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cancer treatments. This chapter will focus on summarizing the findings on the role of
BArrestin signaling in various hallmarks of cancers.

Sustained Proliferation and Replicative Immortality

One of the defining characteristics of cancer is uncontrolled cell division and
proliferation and capacity for a replicative immortality (71). The first role of BArrestins
described in cell proliferation was their involvement in regulating the MAPKs and PI3K-
Akt pathways (72, 73). Later studies proved BArrestins to be involved in more cascades
controlling cell cycle and replication. BArrestins were discovered to be recruited by
phosphorylated tyrosine kinases like insulin-like growth factor 1 (IGF-1) receptor and
trigger downstream Akt activation and anti-apoptotic signals (74). This was a BArrestin-
dependent activation of Akt through linking IGF-1 to PI3K (74).

A key colorectal cancer study, gave important insight of BArrestin 1 role in the
disease progression (75). In that study, BArrestins mediated the intracellular
transactivation of EGFR by forming a scaffold with cSrc, leading to the downstream
activation of Akt, inducing metastatic and proliferative signaling. Colorectal carcinoma
cell lines were stimulated with prostaglandin E2 (PGE2), agonists to EP4. Upon ligand
stimulation, the cytosolic BArrestins were recruited to the receptor, and with time,
interactions with cSrc at the plasma membrane increased. PGE2-stimulated S412D-
BArrestin 1 cells showed significantly less immunoprecipitation with cSrc and decreased
Akt phosphorylation compared to wild type BArrestin 1 cells, hindering in vitro cell
migration and proliferation as well as in vivo metastasis (75). Interestingly, a different
system studying obestatin stimulation of a 7TMR called GPR39 in gastric cancer,
revealed a BArrestin 1 mediated transactivation of EGFR-Akt through cSrc (76).

Immunoprecipitation assay confirmed cSrc-BArrestin 1 complexes forming upon
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obestatin stimulation. Small interfering RNA (siRNA) targeting BArrestin 1 significantly
reduced Akt phosphorylation on both active sites, T308 and S473, in gastric cancer cell
line KATO Il compared to negative control scrambled siRNA transfected cells (76).
These studies further confirmed the importance of BArrestin 1 mediated activation of
kinases, such as Akt, which are involved in cellular activities such as cell cycle
regulation, metabolism, and a number of downstream regulations of gene transcription.

In non-small cell lung cancer (NSCLC) cells, upon nicotine binding to the nicotine
acetylcholine receptor, BArrestin 1 is recruited to the receptor and acts as a platform to
recruit cSrc, which leads to the activation of the Raf1-MEK-ERK pathway (77). Rafl
then binds retinoblastoma protein (Rb) to dissociate it from E2F transcription factors on
proliferative gene promoters. E2F regulates gene expression of important cell
proliferation genes such as the cdc6 and thymidylate synthetase and cdc25A (77). A
later study further demonstrated that with stable knockdown of the BArrestin 1 gene in
NSCLC cell line, nicotine-induced cell proliferation was significantly lower than control
cells (78). They also reported that BArrestin 1 not only facilitates the activation of E2F
indirectly through the Raf1-MAPK pathway previously mentioned, but also by localizing
and binding the E2F transcription factors within the nucleus (78). Thus, in smokers or
nicotine consumers, BArrestin 1 is crucial in mediating the deregulated cell cycle and
enhancement of proliferative and pro-survival promoters.

A study involving bladder cancer provided evidence that BArrestin 2, but not
BArrestin 1, mediated malignant transformation and increased proliferation, migration
and invasion of non-transformed urothelial cells (SV-HUC) and other transformed

bladder cancer cell lines. Thromboxane synthase is described to be overexpressed in
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bladder cancer patients’ samples and correlates with poor prognosis (79). Results
indicated that upon transfection of SV-HUC with plasmids expressing thromboxane
receptor TPB (a GPCR), cells grew faster than empty vector controls (79, 80).
Additionally, SV-HUC stably overexpressing TP, subcutaneously injected in
immunodeficient mice, were able to differentiate to a malignant phenotype versus
control cells. Since BArrestins are downstream effectors of TP, RNAI targeting
BArrestin 2, resulted in impairing the receptor signaling after agonist stimulation and
negatively impacting the metastatic response (80, 81).

The roles of BArrestins in hematological malignancies were further shown in a
study of chronic myeloid leukemia (CML) by Fereshteh et al. (82). This study
investigated the proliferative capacities of T and B lymphocytes and induction of CML
from wild type mice, BArrestin 1, or BArrestin 2 knockout bone marrow tissues. The
results suggested that BArrestin 2 is crucial for the ex-vivo growth of hematopoietic stem
cells (HSCs) from the bone marrow after determining their colony formation capacity.
They further investigated the growth and differentiation of HSCs to induce the CML
phenotype in vivo. This revealed that after infecting HSCs with the BCR-ABL fused
gene followed by transplantation into BArrestin 2 knockout marrows, there was a
significant reduction in CML development compared to wild type marrow. As suggested
in the study, BArrestin 2 regulated Bcatenin stability hence increased downstream pro-
proliferation gene expression. The mechanism by which BArrestin 2 aids Bcatenin
stability in this system has not been delineated yet, but, the finding that BArrestins
scaffold Dishevelled and Axin into a complex, thus protecting Bcatenin from destruction

is a possibility (83). This mechanism could implicate BArrestin 2 in CML sustained
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growth and progression in vivo, or in vitro (82). A more recent study also supported this
observation regarding BArrestin 2 involvement in CML tumorigenicity by applying the
targeted RNA aptamer technology to specifically inhibit BArrestin 2 functions in
lymphocytes. RNA aptamers apply a novel approach to selectively bind molecular
structures or proteins such as BArrestins and intercept their future protein-protein
interactions (84). The results suggest a potential therapeutic approach for cancer to
target BArrestins in a tissue specific manner. Additionally, sequestering pArrestin 2
activity using RNA aptamers in CML, blocks the aberrant Hedgehog-Smoothened
induced gene transcription of anti-apoptotic and angiogenic genes (85). These studies
demonstrate a clear role for BArrestins in tumor cell proliferation in multiple cancer types
through various pathways, possibly in a tissue specific manner. Hence, targeting
BArrestins could provide a promising avenue for cancer therapeutics.

Evading Apoptosis and Growth Suppression

Characterization of BArrestins manipulation of the MAPK signaling cascade
paved the way for a better understanding of the role of BArrestins in controlling
apoptotic signaling in tumor cells. This led to the current understanding that BArrestins
impose both a positive and a negative regulation on their associated kinases. Of these
kinases, MAPK p38, ERK1/2 and JNK3 all interact with BArrestins but have opposing
effects on cell survival with ERK1/2 promoting anti-apoptotic signaling, where as p38
and JNK3 activation can lead to apoptosis (32, 86-89). As such, BArrestin-dependent
suppression of ERK1/2 apoptotic signaling is observed in Kirsten sarcoma virus-
transformed rat kidney epithelial cells, and endothelial cells through the induction of
neurokinin-1 receptor (NK1R) by neuropeptide substance P (SP). A study developed by

DeFea et al., showed that the SP-NK1R-BArrestin complex includes cSrc, which then
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causes the subcellular localization and phosphorylation of ERK1/2. Activated ERK1/2
shuttles to the nucleus to further activate pro-survival and proliferative gene expression
signature. To emphasize the role of BArrestin 1 in this particular signaling pathway, this
complex formation was suppressed in cells expressing dominant negative BArrestin
mutated at C-terminal residues 319-418, or a truncated NK1R that does not recruit
BArrestin (65). In support to this observation, a study with mouse embryonic fibroblast
(MEF) BArrestin 1 and/or 2 knockout cells, suggested BArrestin-dependent ERK1/2
activation upon lysophosphatidic acid (LPA) receptor stimulation. Gesty-Palmer et al.,
concluded that there is an existence of a novel mechanism for BArrestins-ERK1/2
transcriptional regulation, different from the EGFR-dependent transactivation of
downstream ERK1/2 transcription profile (90). The mechanism comprises of an agonist
bound LPA receptor, BArrestin, and endogenous phosphorylated ERK1/2, all in a
complex to induce downstream gene transcription.

BArrestins role in regulating apoptotic signals is not constrained to the MAPK
pathway (72, 91). It has been demonstrated that there is a BArrestin-dependent
convergent role between GPCR signaling and the apoptotic machinery. In one study,
upon stimulation of the B2AR, NF-kB activity relied on BArrestin 2 stabilization of the
inhibitory protein IkBa and its protection from degradation by IkBa kinase, thus allowing
IkBa to bind NF-kB in the cytoplasm and restricting its transcriptional activity away from
the nucleus (68). However, immunoprecipitation assays suggest that both BArrestin 1
and 2 interact with IkBa. Although the overexpression of either BArrestin in tumor
necrosis factor-a (TNF-a)-induced Hela cells greatly reduced NF-kB activity, BArrestin

1 showed a much larger effect than BArrestin 2 in this case (67). In a different study, UV
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radiation of MEF cells elicited a new mechanism for the regulation of UV-induced NF-kB
activity to be under the control of casein kinase 2 (CK2), which phosphorylates BArrestin
2. Phosphorylated BArrestin 2 then dissociates from the inhibitory IkBa, ultimately
leading to the upregulation of antiapoptotic signals, while dephosphorylated BArrestin 2,
facilitated by ligand stimulation of the B2AR promotes apoptosis in this system (92). This
provides evidence that depending on the extrinsic apoptotic stimulus and the upstream
receptor involved BArrestin 1 or 2 might regulate the stability and activity of NF-kB.
BArrestins have also shown the ability to rescue a cell from apoptosis by
desensitizing and internalizing stimulated GPCRs that regulate apoptosis (51). A classic
example is in the stimulation of the angiotensin Il type Al receptor (AT1aR), where in
double knockout of the BArrestin genes, Arrb1l and Arrb2, mouse embryonic fibroblasts,
apoptosis proceeded upon AT1aR activation. However, once either BArrestin 1 or 2 were
rescued in the knockout cells, the apoptotic signal was hindered (72, 93). Later, it was
shown that an intricate GPCR-mediated and BArrestin-dependent regulation of the
serine/threonine phosphatase PP2A is crucial for a balanced activation of the Akt-
glycogen synthase kinase 3 (GSK3p) signaling axis (72, 91). GSK3[ plays an
important role in the stability of the Bcatenin molecule, and therefore impacting the
Bcatenin-dependent downstream transcriptional outcomes (94). In addition, it was
discovered that BArrestin 2 is responsible for mitigating the resveratrol-induced
apoptosis effect in endometrial cancer. It was elucidated through RNAi knockdown of
BArrestin 2 in human endometrial cancer cell line (HEC1B) for example, that caspase-3
activity increased as well as apoptotic cells numbers in BArrestin 2 knockdown with

resveratrol treatment compared to control HEC1B cells. Akt and GSK3[3
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phosphorylation was reduced significantly in the knock down cells after resveratrol
treatment (95). This finding suggests a possible anti-apoptotic role of BArrestin 2 in
endometrial cancer. Additionally, colon cancer studies found that BArrestin 1 scaffolds a
complex consisting of Akt phosphatase PHLPP2 and the agonist-induced platelet-
derived growth factor (PDGF) receptor, which dephosphorylates Akt at serine 473, thus
in turn, induces the intrinsic apoptotic pathway (96, 97). A PHLPP1 orthologue on the
other hand, has been identified as a prostate cancer suppressor as it triggers p53
activation in prostate tumor tissue of phosphatase and tensin homolog (PTEN) mutant
mouse models; but whether it is also under the tight regulation of BArrestin scaffolding,
is still unclear (98).

DNA damage through irradiation or chemotherapy can trigger the apoptotic
activity of the tumor suppressor p53. The really interesting new gene (RING)-type
ubiquitin E3 ligase Mdmz2 is required for a balanced negative regulation of p53.
However, there is a negative feedback loop as p53 also induces Mdm2 gene expression
(99, 100). BArrestin 2 contains a motif specific for Mdm2 binding for its ubiquitination to
facilitate downstream receptor modification and trafficking (16, 17). Therefore, it is not
surprising that BArrestin 2 has been identified as a scaffold for the Mdm2-p53 complex
in the cytoplasm, sequestering p53 away from the nucleus and dampening the
expression of cell death genes such as NOXA, BAX, PUMA, and others (101, 102).
Moreover, Mdm2 has been shown to also bind BArrestin 1 in the cytoplasm and in the
nucleus, where in the nuclear localization case, the BArrestin-Mdm2-p53 complex
formed could potentially promote p53 ubiquitination and degradation (103). Although,

our understanding of the relationship between Mdm2, p53 and BArrestins is increasing,
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there is still a lack of information regarding this relationship in cancer. More studies are
needed to provide an insight to whether BArrestins up regulation in certain tumors is
affecting therapy by blocking p53 activity.

Metastasis and Invasion

Tumor metastasis is defined as the migration of a cancer cell from the primary
tumor site and invading and colonizing a secondary site (71). A number of events need
to occur in order for the cancerous cells to successfully escape the primary tumor and
establish metastasis (104-106). Although many of these migratory events are poorly
understood in the tumor context, the importance of BArrestins involvement and
regulation of these events is becoming clearer. In general, cell migration is triggered by
migration-promoting agents such as chemokines. In BArrestin knockout mouse model
studies, it was suggested that BArrestin 2 had a positive role in regulating cell migration
(107). BArrestin 2 knockout T and B lymphocytes had decreased migration compared to
wild type cells (108). Lymphocytes were treated with stromal-derived factor 1 (SDF-1)
chemoattractant that acts on the GPCR chemokine receptor 4 (CXCR4). Although at the
time it was considered counter intuitive for BArrestin knockout to attenuate CXCR4-
mediated cell migration, later studies showed that BArrestins are indeed important for
cell motility via the activity of p38 MAPK, ERK1/2 and other factors (109, 110). RNAI
suppression of BArrestin 1 expression in HEK293 and Hela cells significantly reduced
SDF-1 induced chemotaxis (110). This observation is due to BArrestin 2 interaction with
ASK1, a MAP3K upstream of p38 MAPK.

Cell morphology is a key indicator in predicting the capability for cell motility.
Invasive and highly motile tumor cells tend to adapt polarized cell morphologies that

enable them to invade and migrate through adjacent tissue and extracellular matrix
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material (71). Rho subfamily proteins Rho, Rac, and Cdc42 of the small GTPases
superfamily are recognized for their regulation of cytoskeletal rearrangements and cell
polarity. The decreased TGFBRIII expression that is observed in a number of epithelial
cancers has been associated with RhoGTPase Cdc42 activation, and is mediated by
BArrestin 2 (69). In a non-tumorigenic context, the presence of TGFBRIII receptor can
lead to the constitutive activation of Cdc42, promoting the formation of many small
protrusions on the cell surface, rendering it to be non-polarized. However, when
TGFBRIII receptor activity is depleted by BArrestin 2 sequestration, Cdc42 activity is
attenuated to a level where protrusions are present on a part of the cell giving it a
directional polarity (69). Reduced TGFBRIII along with the up regulation of the epithelial
to mesenchymal transition (EMT) markers such as vimentin and N-cadherin, suggest an
important role for BArrestin in EMT that is worth further investigation.

BArrestins have been shown to directly bind molecules that regulate the activity
of RhoGTPases such as the RhoGEFs and the RhoGTPase activating proteins
(RhoGAPs) (14, 66, 111). This scaffolding-mediated activation of RhoGTPases certainly
has an impact on stress fibers formation and actin polymerization. Ma et al., observed
that with carvedilol stimulation of the B2AR in MEFs, cells adapted a more polarized
conformation (112). Stress fibers and focal adhesions formation increased at the
plasma membrane after receptor stimulation due to the activation of RhoA. BArrestin 2
and p115RhoGEF were also found to form a complex at the plasma membrane,
potentially mediating the activation of RhoA. Distinctly, when Ma et al., knocked down
BArrestin 1 in MEFs in a different study, they observed a substantial increase in

protrusion structures around the cell membrane, reducing cell polarity (113). It was
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elucidated that BArrestin 1 has a gene repression regulation at the RasGRF2 promoter
site. RasGRF2 is a known activator of small GTPase Rac1l, which activates cofilin, an
actin binding protein, by regulating its dephosphorylation. Aberrantly low expression
levels of RasGRF2 have been reported in a number of adenomas and carcinomas,
therefore BArrestin 1 can potentially impact cell migration and invasion through a
RasGRF2-mediated mechanism in certain tumors. Detailed summary on BArrestins
regulation of small GTPases and actin assembly have been summarized elsewhere
(107, 114).

Interestingly, under hypoxic conditions in breast cancer tissue, BArrestin 1
colocalizes with hypoxia induced factor 1a (HIF1a) and stabilizes it within the nucleus
(115). HIF1a transcriptional activity enhances metastatic growth via increased VEGF
expression, promoting pro-survival and angiogenic signals (115, 116). Using invasive
breast cancer MDA-MB-231 cells for tail vein metastasis assays, BArrestin 1 knockdown
was associated with reduced colonization in the lungs. Likewise, BArrestin 1 knockdown
MDA-MB-231 cells failed to survive under induced hypoxic conditions. Since cancerous
cells undergo metabolic and genetic adaptations under hypoxic conditions, it was
observed that BArrestin 1-HIF1a complex functions to drive the aerobic glycolysis
metabolic shift in prostate cancer (117, 118).

Higher tumor progression could be correlated to elevated matrix
metalloproteinase 9 (MMP9) levels (119, 120). MMP9 activity increases the release of
angiogenic factors such as VEGF in the tumor microenvironment (119, 121). This was
observed in a classical study using transgenic mice overexpressing HA-tagged

BArrestin 1 where tumor xenografts grew faster and larger than those of HA-BArrestin 2
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or wild type mice (122). Although, further analysis indicated a BArrestin-PI3K-MMP9
activation axis in this study, another possibility of enhanced MMP9 activity could be
through the BArrestin/cSrc transactivation of the EGFR and MMP9 (75). Furthermore,
when the effects of a recently FDA approved 2AR agonist, indacaterol, were examined
on fibrosarcoma cells metastasis and invasion, it was shown that NF-kB activity was
inhibited in an BArrestin 2-dependent manner (123). Pretreatment of cells with
indacaterol prevented TNF-a mediated activation of NF-kB and its nuclear translocation.
Compared to untreated control cells, the stimulation of BArrestin 2 internalization of
B2AR after drug treatment significantly reduced the phosphorylation on IKK and IkBa
ultimately attenuating MMP9 gene expression. This hindered tumor cell invasion and
migration.

In breast cancer, elevated LPA expression is associated with increased
metastasis in advanced stages of the disease via its activation of GPCRs receptors
LPA1-3 (124). BArrestins bind LPA receptors and facilitate the interaction with
RalGTPase, which leads to cytoskeletal rearrangement and migration (125, 126).
Expression of mutant RalGDS (a GDP dissociation stimulator) lacking BArrestin binding
domain, significantly hindered 3D invasion of tumor cells in vitro. Early observations of
BArrestin 1 and 2 recruitment to the protease-activated receptor 2 (PAR2) in aggressive
MDA-MB-231 cells, indicated the importance of BArrestin-regulated actin remodeling in
invasive breast cancer (127, 128). The scaffolding of BArrestins to endothelin-A receptor
(ETAR) after stimulation by endothelin-1 (ET-1) ligand causes an EMT effect on ovarian
cancer cells (129). In one way, downstream EGFR transactivation via the BArrestin-cSrc

interaction stimulates Akt activation, increasing cell invasiveness independent of MMP9
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activity in an ET-1 dose-dependent manner. In another cascade, tyrosine
phosphorylation of Bcatenin and increased nuclear interaction with TCF-4 potentiates
pro-metastasis gene expression. BArrestin 1 further provided a catenin protective role
by directly binding the intracellular molecule Axin, after ETaR stimulation. BArrestin-
mediated stabilization of Bcatenin is critical for increased transcriptional activity of genes
promoting EMT and increase cell invasiveness and metastasis (83, 130).

Collectively, it has become obvious that BArrestins control tumor cell migration
and invasion in a cell, receptor, or interacting molecule-dependent manner. There are
numerous studies nowadays that are focused on understanding the role of BArrestins in
the different components of cytoskeletal and actin remodeling. Results thus far have
clearly demonstrated the potential for novel therapies targeting migration-promoting
BArrestin complexes. However, careful understanding of the spatial and temporal
regulation of BArrestins to each of the steps that ultimately aid tumors to migrate and
invade a secondary site will lead to more efficacious therapies.

Conclusion

Since both BArrestin 1 and 2 are engaged in multiple signaling circuits, it is no
surprise that their function is prevalent in cancer initiation and progression. BArrestins
share a high level of homology; yet have fundamental differences that allow them to
manifest unique roles in cell signaling. For example, BArrestin 1 localizes to the nucleus
and further stabilizes molecules like Bcatenin and impact gene transcription (131).
Purayil et al., identified a regulatory role for BArrestin 1 on the androgen receptor (AR)
activity and transcription in both castration and noncastration-resistant prostate cancer
cells (132). As certain GPCRs stimulation leads to BArrestin 1 nuclear translocation, NF-

kB-regulated transcription of apoptotic genes can be dependent on BArrestin activity in

33



certain tumor tissue (67). However, we have shown in this review, supporting evidence
that under the control of either transmembrane receptors or intracellular kinases,
BArrestin 1 nuclear function can directly or indirectly influence gene expression of pro-
survival and metastasis genes.

BArrestin 2, unlike BArrestin 1, possesses a nuclear export signal in its C-
terminus, thus confining its function to the cytoplasm and plasma membrane.
Interestingly, while the consensus implies that BArrestin 1 is a pro-cancer protein,
BArrestin 2 can have opposing effects in a context-dependent fashion. In prostate
cancer, for instance, it has been shown that BArrestin 2 sequesters AR and targets it for
ubiquitination through Mdm2 (133). BArrestin 2-mediated degradation of AR negatively
regulates the expression of prostate specific antigen, which may lead to a tumor
suppression effect. Meanwhile, cSrc/BArrestin 2 complex at the plasma membrane
modulates EGFR activity or certain RhoGTPases leading to enhanced migratory and
invasive phenotypes.

As scaffolds, BArrestins act as a platform to bring together protein molecular
complexes and guide them spatially in and out of the nucleus or around the cytoplasm.
This capacity to bind a repertoire of molecules is essential in regulating signaling
networks resulting in a certain nuclear transcriptional or cytoskeletal structural outcome.
BArrestins appear to be needed for the progression of many different cancers, as they
act as signaling shuttles in what seems to be a tissue specific manner (summary Table
1-1). To better comprehend why and how the roles of BArrestins in tumor pathologies

are context specific, we ought to map out the web of interactions that are deregulated
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through the actions of BArrestins in tumors. Only then, we could potentially clarify which

pathways are more suitable to be targeted for therapy.
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Table 1-1. General summary of BArrestins role in cancer

Cancer Type BArrestin Reported Outcome Reference
interactions/mechanisms
BArrestin 1 ¢ HIF1a/VEGF expression Survival, (115)
Angiogenesis
Breast BArrestin 2 e Akt-ERK1/2 Survival (134)
« RalGTPase activation Migration, Invasion (124)

BArrestin 1/2

BArrestin 1
Colorectal and
Gastric
BArrestin 2
Ovarian BArrestin 1/2
Endometrial BArrestin 2
BArrestin 1
Lung
BArrestin 2
BArrestin 1
Prostate
BArrestin 2
BArrestin 2
Leukemia
BArrestin 1/2
Bladder BArrestin 2

e ERK1/2 activation

e EP4-cSrc-EGFR
transactivation

e EP4-Akt phosphorylation

e PDGF-PHLPP2-Akt
dephosphorylation

o TGFBRIII/Ccd42

o ETAR-cSrc-EGFR-Akt
activation

¢ ETAR-cSrc-EGFR-Bcatenin-
Tyr-phosphorylation

o Akt-GSK3[ phosphorylation

¢ Nicotine acetylcholine
receptor-cSrc-Raf1l-MEK-ERK

e E2F-p300 induced gene

expression
e CXCR4

e HIF1a
¢ AR
¢ AR

o Wnt-Frizzled-Bcatenin
e Hedgehog-Smoothened

e CXCR4

« TPB

Migration

Migration

Proliferation
Apoptosis

Migration
Invasion

EMT induction,
Metastasis and
Invasion

Apoptosis

Survival,
Proliferation

Survival,
Proliferation
Angiogenesis

Metabolic shift
Gene expression

Tumor suppression

Tumor initiation,
Proliferation
Survival
Migration

Migration, Invasion,
Proliferation

(127), (128)
(76)
(75)
(96)
(69)
(129)

(129), (130)

(95)

(77), (135)

(78)
(136)

(117)
(132)

(133)

(82)
(85)

(108), (109)

(80), (81)
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Figure 1-1. Schematic for the structure of BArrestin 1 and 2. A) Overlay of BArrestin 1 in
magenta; PDB 2WTR crystal structure and BArrestin 2 in pale cyan; PDB
3P2D (13). Rmsd =1.305 angstroms. Figure was made using PyMol. B)
BArrestin 1 crystal structure PDB 2WTR: highlighted are conserved functional
elements. PDB 1ZSH: blue spheres; 3-element interaction domain: L100,
L104, L108, K10, and K11. Yellow spheres; polar core and phosphosensor
elements: D26, D29, R169, K170, D290, D297, and R393. Red spheres;
finger loop region based on visual arrestin 1 crystal structure: residues 67-79.
Predicted specific residues in BArrestin 1 finger loop are V70, L71, and L73
(137). Figure was generated using PyMol and PDB IDs 2WTR and 1ZSH
(138). C) “Top view” of BArrestin 1 highlighting residues of the C-tail (Orange
spheres: residues R393-R395) and dotted circle region (L376, 1377, E378,
L379, D380) responsible for clathrin and AP-2 interactions.
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Figure 1-2. Schematic diagram summarizing some of the major interacting partners of
BArrestins. Figure adapted from Luttrell et al. (139).
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CHAPTER 2
BARRESTIN 2 MEDIATES RENAL CELL CARCINOMA PROGRESSION

Introduction

Kidney cancer is one of the top-ten leading cancers in the United States with low
therapeutic rate and high lethal consequences. Kidney cancer incidence and mortality
rate are on the rise. A decade ago, 31,900 cases of kidney cancer were diagnosed and
11,900 patients died from the disease (140). This year, the estimated new cases have
doubled to 63,990 with around 14,400 estimated deaths (141). Hence, the identification
of molecular culprits responsible for disease initiation and progression is urgently
needed to address the ever-growing number of kidney cancer cases.

Majority (80-90%) of kidney cancer cases are histologically classified as renal
cell carcinoma (RCC) that is subdivided into the clear cell RCC (ccRCC) and non-clear
cell RCC (nccRCC) subtypes (142). The standard of care for patients diagnosed with
organ-confined RCC is surgical resection of the tumor mass or whole kidney. However,
this treatment may not be an option for patients with poor overall health or advanced
stage of the disease, which decreases the overall 5-year life expectancy to around 10%
(143). Also, about one third of all RCC cases are diagnosed at the metastatic stage
where mortality rates are the highest among any adult urological cancers (144, 145).
RCCs exhibit a spectrum of genetic mutations and often the available therapies which
target receptor tyrosine kinases such as vascular endothelial growth factor receptor
(VEGFR), and intracellular signaling hubs like mammalian target of rapamycin (nNTOR)
fail within a year of treatment (146).

GPCRs are the most widely expressed type of membrane receptors in

mammalian cells (147). GPCRs are stimulated by a variety of extracellular molecules
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and they transduce mitogenic signals through multiple effectors including heterotrimeric
G proteins, GRKSs, and BArrestins (148). The targeting of heterotrimeric G proteins and
GRKs with drugs has proven difficult due, in part, to the expression of structurally-
related and functionally-redundant isoforms (149). Moreover, despite the increased
appreciation of the relationship between GPCRs and these downstream effectors in
oncogenesis and tumor progression, only few drugs target GPCRs for cancer therapy
(150-153). Emerging evidence shows that BArrestin proteins can serve as specific drug
targets for the treatment of cancer (85).

There are two BArrestin proteins, namely BArrestin1 and BArrestin2 that are
ubiquitously expressed. The BArrestins were originally identified and characterized
based on their function to desensitize GPCRs with respect to G protein signaling and to
mediate GPCR endocytosis (154). Work over the past decade has shown that
BArrestins also function as scaffolds and transducers of mitogenic signals implicated in
cell growth and survival (25, 27, 113). BArrestin 1 is expressed in the nucleus and
cytosol whereas BArrestin2 is found strictly in the cytosol (155). Indeed, BArrestin1 has
been shown to regulate androgen receptor and HIF1a transcription activity in prostate
and breast cancer, respectively (115, 117, 156, 157).

BArrestin 2 is also reported to regulate mitogenic signals. For example, it forms
complex with cSrc leading to cSrc activation and EGFR transactivation that, in turn, are
well documented to regulate cell proliferation and migration (31). For example, in late-
stage ovarian cancer, BArrestin 2 forms a complex with cSrc that transactivates EGFR
to induce tumor cell invasion and metastasis (129). Also, invasive breast cancer cell

lines express high levels of BArrestin 2, which was demonstrated to regulate cancer cell
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proliferation, migration and invasion through Ral GTPase signaling (124). Here, we
examined role of BArrestin 2 in RCC tumor growth and metastasis. Our results show
that BArrestin 2 is indeed an important regulator of RCC tumor cell invasive cytoskeletal
structure and increased proliferation. Therefore, BArrestin 2 presents as a potential
prognostic biomarker and a possible target for the development of therapies for patients
with advanced RCC.

Materials and Methods
Reagents

Antibodies: rabbit anti BArr1/2 (D24H9), rabbit anti-human LDHA (3582), rabbit
anti-GAPDH (2118S), rabbit anti-Sin1 (D7G1A), rabbit anti-p-FOXO1 (9461), rabbit-anti
active non-phospo-Bcatenin (D13A1), rabbit anti-total Bcatenin (9562S), rabbit anti-p-
Akt T308 (9275S), rabbit anti-p-Akt S472 (9271L), rabbit anti-pGSK3a S21 (D1G2),
rabbit anti-pGSK3B S9 (9336), and SignalStainBoost IHC detection reagent from Cell
Signaling; rabbit anti-human Ki67 (92742), and mouse anti-actin (ab3280) from Abcam;
mouse anti-HSP90 (610419) from Fischer; rabbit anti-Rictor (A300-458A) from Bethyl
Laboratories; and HRP-coupled anti-rabbit or anti-mouse from Jackson
ImmunoResearch Laboratories. Chemicals were obtained as follows: protease inhibitor
cocktail, and puromycin from Sigma-Aldrich; polybrene from Millipore; collagen from
Roche; matrigel from BD; SuperSignal West Pico chemiluminescent substrate from
Thermo Scientific; and Target Retrieval Solution, Protein Block, AEC substrate and
Faramount aqueous mounting medium from Dako. High pure RNA isolation kit was from
Roche, and iScript™ reverse transcription supermix for RT-gPCR and iQ SYBR green

supermix were from Bio-Rad. Control and targeted siRNAs were from Dharmacon.
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Mission shRNA Bacterial Glycerol Stock clone ID: NM_004313.3-309s21c1 targeting
Arrb2 was from Sigma.

Mammalian Cell Culture

Human kidney cell lines were obtained as follows: HK2 (immortalized proximal
tubule epithelial cells from normal adult kidney), CAKI-1 (metastatic clear cell RCC),
7860 (primary clear cell RCC), and ACHN (pleural effusion metastatic RCC) from the
American Type Culture Collection; and SN12C (primary unclassified RCC) from the
National Cancer Institute. All cells were maintained in RPMI 1640 medium (Corning)
supplemented with 10% FBS (Sigma), 100 units/ml penicillin and 100 mg/ml
streptomycin. The SN12C Control (infected with lentiviral CRISPR/Cas9 vector
containing no sgRNAS), Arrb2ex3-14, and Arrb2ex4-12.19 (infected with CRISPR/Cas9
lentiviral vector with sgRNA targeting exon 3 or exon 4 of Arrb2 gene respectively) were
engineered and maintained with 1 yg/ml puromycin.

CRISPR Reagents and sgRNA Design

LentiCRISPR-Cas9v2 plasmid was obtained from Addgene (Feng Zhang Lab;
#52961). The sgRNA were designed using CrisprDirect online tool to specifically target
Arrb2 gene on either exon 3 or exon 4. Exons sequence were obtained from the USCS
Genome Browser (https://genome.ucsc.edu). The sgRNAs were cloned in the CRISPR-
Cas9 plasmid using NEBuilder HiFi DNA Assembly Master Mix (NEB #B7002).
Lentivirus was packaged and produced in HEK293FT cells. Infected SN12C cells were
selected with puromycin. Knockout of Arrb2 was determined by Western blot. Arrb2
SgRNA exon 3 sequence: (+) strand: 5’- GCG GGA CTT CGT AGA TCA CC -3-TGG
(PAM). Arrb2 sgRNA exon 4 sequence: (+) strand: 5-GAC TAC CTG AAG GAC CGC

AA-3-AGG (PAM).
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RNA Extraction and Expression

Total RNA was extracted with High Pure RNA isolation kit, and 1 ug in a final
volume of 20 pl was reverse-transcribed with iScript™ Reverse Transcription Supermix
according to the manufacturer’s instructions. Quantitative PCR reactions containing 400
ng of cDNA and 5 pl of iQ SYBR Green Supermix (Bio-Rad) in a total volume of 10 pl
were performed in triplicate using Bio-Rad CFX detection system. Target gene
expression was normalized to 18S RNA (QT00199367) and primers to human Arrb1
(QT00071197), Arrb2 (QT00058051), and Twistl (QT00011956) were obtained from
Qiagen. Fibronectin primers (H_FN1_1) were from sigma. Other EMT genes primers
are as follows: N-cadherin (Cdh2): 5-GTG CAT GAA GGA CAG CCT CT-3’, 3’-CCA
CCT TAA AAT CTG CAG GC-5’, E-cadherin: 5-TCA GAA TGA CAA CAA GCC C-3, 3-
ACA GAG GTT CCT GGA AGA G-5', Vimentin (Vim): 5-CTT CAG AGA GAG GAA
GCC GA-3’, 3-ATT CCACTT TGC GTT CAA GG-5', Zebl: 5’-GAT GAT GAATGC
GAG TCA GAT GC-3', 3-CTG GTC CTC TTC AGG TGC C-5, Snail: 5-CCT TCT CTA
GGC CCT GGC T-3', 3-AGG TTG GAG CGG TCA GC-5, and Twist2: 5-AGG CTC
TCA GAA GAG GAC CC-3’, 3-AAG GAA AAG AAT AGC GGC GT-5'.

Immunoblotting

Cells were lysed with RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 2 mM
EDTA, 1% NP-40, and 0.1% SDS) and fresh protease inhibitor cocktail. Total cell
lysates (25 pg/lane) were separated on 8% SDS-PAGE and electrophoretically
transferred to nitrocellulose membranes. The membranes were blocked in 4% BSA in
PBS at room temperature for 1 hr, incubated with primary antibodies (1:1000) at 4°C for
16 hr, followed by washing and incubation with HRP-coupled secondary antibodies

(1:30,000) for 1 hr. Specific bands were visualized with SuperSignal West Pico
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Chemiluminescent Substrate, and blots were imaged with Kinoca Minilia SRX-101A
processor. Band intensity was measured using imageJ software.

Immunofluorescence Imaging

Cell were seeded on fibronectin coated glass coverslips and incubated in
complete medium (10% FBS RPMI) over night. Cell were then fixed with 4%
formaldehyde. Rhodamine-conjugated phalloidin was used to visualize cells cytoskeletal
structure. DAPI was sued to visual the nucleus. Primary antibodies were used at 1:200
concentration. Antibodies used were: rabbit anti-Paxillin Y113 (abcam; ab32084), rabbit-
anti-active non-phospo-Bcatenin (Cell Signaling; D13A1), and rabbit anti-p-FAK Y397
(Cell Signaling; 3283S). Slides were imaged with Nikon Eclipse Ti-E Inverted Confocal
Microscopy System using 40x magnifying lens. Images were analyzed using NIS
Elements confocal software version 4.50.

Migration and Invasion Assays

Cell migration assays were done using 8 um pore transwell chambers (Fischer;
07-200-150). Cells were serum starved for 16 hr, detached, washed with PBS and
resuspended in starvation medium, and added to the transwell chambers (2.5 x 104
cells/well for ACHN, and 3 x 104 cells/well for SN12C). Starvation medium containing
1% FBS was added to the lower chambers and cells were cultured at 37 °C for 8 hr for
ACHN and 24 hr for SN12C. Invasion assay was done similarly to the migration assay.
In this case, cells were seeded on pre-coated matrigel inserts (BD Biosciences; 08-774-
122). For the invasion assay, 1 x 10° cells/well used for ACHN, and 5 x 10# cells/well for
SN12C and incubated for 24 hours. Cells were fixed and stained with 0.1% crystal violet

in 20% ethanol. Cells that remained at the top of filter were removed with a cotton swab
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and migrated cells were counted through a 10x objective lens with an Axioskop
microscope (Zeiss).
Tumor Implantation and Measurement

All experiments involving mice were done according to a protocol reviewed and
approved by the Institutional Animal Care and Use Committee at the University of
Florida. Subrenal capsule implantation protocol is well established and detailed in
Zhang et al. (158). In summary, we used n=7 male hsd:athymic nude-Fox'"" mice
(Envigo), 6 weeks old, and grouped them according to body weight. Soft collagen
pellets containing 1 x 10° cells were placed under the capsules of the left kidneys.
Tumor growth was monitored by palpation and ultrasound imaging (GE Medical System
InSiteEXC), and, at the end of the experiment, the kidneys, draining lymph nodes (DLN),
spleen, liver, intestine, and lung were harvested, weighed, and fixed in 10% buffered
formalin phosphate.

Immunohistochemistry

Subrenal tumor grafts or mouse tissues were embedded in paraffin and
sectioned (5 ym), deparaffinized in xylene, rehydrated in graded alcohol, subjected to
heat-induced antigen retrieval with Target Retrieval Solution, and blocked with Protein
Block. Sections were probed with rabbit anti-human LDHA (1:200) or rabbit anti-human
Ki67 (1:100) antibody at 4°C overnight, washed, and then incubated with
SignalStainBoost. Samples were developed with AEC substrate, counterstained with
hematoxylin, and mounted with Faramount. Microscopic images were taken at 10 or 40x
using Nikon Eclipse 50i microscope equipped with a DS-Fil camera and NIS-Elements

BR3.1 software.

45



Cell Cycle Analysis

All cell cycle analysis was performed following the DAPI nucleic acid stain
protocol from Invitrogen. 0.5-1.0 x 10° cells were collected, pelleted, and resuspended
with 0.5-1 mL DAPI solution. Cells in solution were incubated for 10-20 minutes and
analyzed using the LSR Il flow cytometry machine. Data was analyzed using the FCS
Express 6 Flow Research software.

Statistics

Data are expressed as means = SEMs or SDs. Statistical analysis was
performed with either One-way ANOVA with Tukey’s post-test or by using two-tailed
paired Student’s t test, and a P < 0.05 was considered statistically significant. Graphs
were generated using GraphPad Prism 6 software and axis labels were generated using
Adobe lllustrator CS5.1.

Results
Arrb2 is a Clinically Relevant and Possible Therapeutic Target for Select RCC

To investigate whether gene expression levels of BArrestins are differentially
expressed in RCC patients tumor tissue compared to normal kidney tissue, we first
analyzed Arrb1 and Arrb2 gene expression levels from an available dataset of a cohort
of 606 ccRCC patients. We found that Arrb2, but not Arrb1, is highly expressed in tumor
samples relative to normal tissue (Figure 2-1 A). Arrb1l gene expression was not
significantly differentially expressed in tumors compared to normal tissue. These
observations were consistent with various samples of kidney cancer types from different
datasets, such as papillary RCC, chromophobe RCC and other nccRCC (Figure 2-1 D
and Figure 2-2 A-D). We also found that Arrb2 gene expression correlates with the

progressive stage of the disease in the ccRCC ATCG dataset (Figure 2-1 B). Patients
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with high Arrb2 gene expression had a significant reduction in patient survival outcomes
compared to patients with low expression levels (Figure 2-1 C). These data suggest that
Arrb2, but not Arrb1, is important for tumor progression and metastasis in RCC disease.
Therefore, we hypothesize that BArrestin 2 is involved in tumor growth, invasion, and
metastasis in this disease.

BArrestin 2 Expression is Upregulated in Metastatic RCC Cell Lines

To test our hypothesis, we first examined gene and protein expression levels of
both BArrestins in commonly used RCC cell lines such as 7860, CAKI-1, SN12C, and
ACHN compared to normal adult kidney epithelial cell line, HK2. SN12C and ACHN cell
lines showed increase in gene expression levels of Arrb2 relative to HK2 and CAKI-1
cells, and significant BArrestin 2 (referred to as BArr2 in figures) protein levels increase
of 6 to 8 folds respectively, compared to HK2, 7860, and CAKI-1 cells (Figure 2-3 A and
B). BArrestin 1 (referred to as BArrl in figures) protein and gene levels were not
significantly differentially expressed between these cell lines (Figure 2-3 A and B). Our
lab has characterized the growth and metastatic potential of these cell lines in vitro and
in vivo experiments (Figure 2-4 A-D) and ranked ACHN and SN12C to have higher
tumor growth, metastatic and invasive potentials than CAKI-1 and 7860 after taking into
consideration the incubation time, and size/ weight of the tumors at endpoint. Therefore,
we conclude that increased BArrestin 2 levels correlate with the increased metastatic
and proliferative capacities of RCC cell lines and with advanced stages of the disease.
Next, we wanted to examine the effect of BArrestin 2 on cell migration. We knocked
down gene expression using siRNA in ACHN cells and shRNA in SN12C cells (Figure
2-5 A and Figure 2-6 A) and allowed cells to migrate through a Boyden Chamber

membrane over time. We observed a substantial decrease in cell migration of around
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50% for both cell lines compared to their respective controls (Figure 2-5 B and 2-6 B). In
addition, we tested whether BArrestin 2 knockdown will affect ACHN cells invasion
through a matrigel coated membrane of the Boyden chamber. ACHN cells invasion was
hindered as well compared to control (Figure 2-5 C). Taken together these results
indicate that BArrestin 2 is involved in RCC cells migration and invasion in vitro.

BArrestin 2 Knockout Induces Cell Morphology Changes and Hinders
Proliferation

To further test the function of BArrestin 2 in RCC cell lines, we established a
stable Arrb2 knockout (KO) in SN12C cells using the CRISPR/Cas9 system. Cells were
infected using a single lentiviral CRISPR/Cas9 plasmid with a specific SgRNA cloned
into it, which targets either exon 3 or 4 of the Arrb2 gene (Figure 2-7 A and B). Since
initial CRISPR infection yielded a mixed population of cells with various KO degrees
(Figure 2-8 A), we used single cell clonal expansion to produce purer SN12C Arrb2 KO
clones (Figure 2-8 B). Control cells were also infected with the same CRISPR/Cas9
plasmid, however, it lacked any sgRNAs. The primary round of single cell clonal
expansion yielded clone Arrb2ex3-14 and the secondary round of clonal expansion
yielded clone Arrb2ex4-12.19 with no detectable BArrestin 2 protein band, while having
no effect on BArrestin 1 expression as observed in a western blot (Figure 2-9 A). Cell
morphology was observed for the KO clones and compared with control SN12C cells
under phase contract and confocal microscopy (Figure 2-9 B and C, respectively). It
was clear that KO cells resemble a more epithelial-like morphology with a less spindle-
like shape than control cells. Under confocal imaging, it was obvious that KO cells lack
cytoskeletal extensions that the control cells have (Figure 2-9 C). Because of such

morphological changes, we further tested the ability of Arrb2ex3-14 cells to form
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spheres in a 3D matrigel system in comparison to control cells (Figure 2-10 A). As
previously determined, SN12C cells can form large spheres from single cells in the 3D
matrigel assay (Figure 2-5 D). In this assay, images were captured at days 6, 9, 12, 15
and 20. Here, we are showing start (day 6), midpoint (day 12) and end point (day 20)
images, but spheres volumes were measured for the largest 15 spheres selected at day
6 and tracked throughout each of the time points. Control cells invaded through the
matrigel as observed from the day 12, day 12 (10x), and day 20 panels, and formed
numerous spheres by day 20 (Figure 2-10 A and B). On the other hand, Arrb2ex3-14
cells formed very few spheres that were significantly smaller in size and lacked any
cellular extensions or invasion in the surrounding matrigel. In fact, Arrb2ex3-14 spheres
resembled the shape of HK2 spheres that were grown previously (Figure 2-10 C). In
support to the hindered tumor cell sphere development and growth phenotype, a
prestoblue experiment confirmed that KO cells are capable of proliferating however at
much slower rates than control cells (Figure 2-10 D). Furthermore, it was striking to us,
that not only are the KO cells incapable of proliferating compared to control cells, they
are also unable to attach to the surface of the plastic culture plate as well as control
cells do (Figure 2-11 A and B). This was also the case when cells were seeded on
fibronectin coated plates (Figure 2-12). Taken together, these in vitro results give strong
indications that BArrestin 2 is required for tumor cell proliferation and invasion through
extracellular space.

BArrestin 2 Knockout Tumors Fail to Grow and Metastasize in Vivo

In order to further characterize whether Arrb2 KO is important for tumor growth in
vivo, we used the subrenal capsule implantation model to compare control and Arrb2

KO SN12C cells capacities to grow in hude mice. Control, Arrb2ex3-14, and Arrb2ex4-
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12.19 cells were implanted orthotopically in the subrenal capsule space. Tumors were
allowed to grow for 5 weeks before animals were sacrificed and then kidneys as well as
distant organs such as lymph nodes, lungs, spleen, liver, and intestine were collected
and analyzed. Tumor size was monitored every week by palpitation and ultrasound
imaging (Figure 2-13 A), and compared to the contralateral normal kidney where no
tumor was implanted. At the end point, we observed many visible metastatic lesions
throughout the control mice bodies, while no visible lesions were seen in KO mice
(Figure 2-13 B and C). Tumor weights were determined for each mouse (Figure 2-14 A)
and results show that SN12C Arrb2 KO tumors grew significantly smaller than control
SN12C tumors. Anti-human LDHA staining revealed that Arrb2 KO tumors were not
able to invade through the cortex (arrow heads) of the kidney in contrast to control
tumors where majority of the kidney cortex was infiltrated (arrows) with SN12C cells
(Figure 2-14 B). Lymph nodes are the primary sites for tumor cell dissemination to
distant organs, therefore, we collected adjacent renal lymph nodes (RLNs) of the tumor
sides (T) and normal sides (N) of all mice. As expected, mice with control tumors, have
significant metastasis as observed by weight and LDHA staining compared to RLNs
tumor side of Arrb2 KO mice (Figure 2-15 A and B). RLNs normal side from control mice
also had metastasis, while no metastasis was detected in Arrb2 KO mice. Interestingly,
we observed in all control animals that RLNs tumor side had an interesting tumor
invasion pattern where cells were invading around germinal centers (40x panel Figure
2-15 B) as they infiltrated throughout the lymph node. This could lead to a new tumor
invasion pattern understanding if investigated further in future studies. Urethral lymph

nodes (ULNs) showed no visible differences in size between groups, but LDHA staining
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revealed metastasis in tumor side nodes (Figure 2-16 A and B). Moreover, metastasis in
the lungs was detected in 6 out 7 control mice, but none in Arrb2 KO mice (Figure 2-16
C). Since Arrb2 KO cells proliferated at a much slower rate than control cells, we
stained the tumor tissue for anti-human Ki67, a proliferation marker that is only present
during active cell cycle progression. Arrb2 KO tumor sections showed less cells with
Ki67 staining compared to control tumors (Figure 2-17 A). Arrb2 KO tumors were
significantly smaller than control and we were unable to directly extract proteins from
the KO tumor tissue. Therefore, we used cell lysates to examine Ki67 expression, and
found that indeed, control cells express higher levels of Ki67 compared to KO cells
(Figure 2-17 B). This suggests that Arrb2 KO can lead to cell cycle arrest in the Go
phase. All together these data indicate that BArrestin 2 is necessary for tumor growth
and invasion in vivo, which ultimately leads to metastasis to distant organs.

We then performed a second subrenal implantation experiment to observe
whether KO tumors would eventually grow larger over an extended period of time and if
so, would they metastasize to nearby lymph nodes or certain organs such as lungs,
liver, and spleen as control tumors did. We decided to allow KO tumors to grow for 9
weeks which is almost twice as long as the initial experiment. Since control tumors
reached a large size at 5 weeks, it would not be feasible to grow them for 9 weeks,
therefore, were not included in this experiment. To our surprise, even with almost
doubling the incubation time, Arrb2 KO cells did not grow and tumor weights remained
very similar to 5 weeks tumors (Figure 2-18 A). Moreover, mice had no visible
metastasis (Figure 2-18 B and C). This data is remarkable and demonstrates that

BArrestin 2 is necessary mainly for RCC cells growth and proliferation.
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BArrestin 2 Regulates RCC Progression Through Multiple Mechanisms
Cell cycle progression and proliferation

Our results thus far indicate that Arrb2 KO caused a couple of major phenotypic
changes in SN12C cells. One major change is the reduced tumor cell proliferation.
Another important change is a mesenchymal to epithelial-like switch. To further
investigate the cell cycle status of the Arrb2 KO cells, we looked for cyclin D1 and cyclin
A protein expression (Figure 2-17 C and D). Cyclin A but not cyclin D levels were
reduced in the KO cells. This confirms a cell cycle arrest caused by Arrb2 KO. To
investigate further into our findings, we performed a cell cycle analysis on control vs.
Arrb2 KO cells 48 hours after seeding. Cells were stained with DAPI, which detects the
nucleic acid content, and cells were analyzed. 5 x 10% cells were counted and according
to the FSC measure were gated to count for live cells versus “other” which is potentially
cell debris (Figure 2-19 A and B). We noticed that majority of the Arrb2 KO cells were
outside the range of what was considered live for the control cells population (Figure 2-
19 C). Majority of the Arrb2 KO cells counted were likely apoptotic or fragmented. Of the
live cells, we then calculated the cells that were in G1, S, and G2 phase for each of the
populations (Figure 2-19 D). It was very clear that both Arrb2 KO cell lines had less cells
in the G2 phase. In fact, Arrb2ex3-14 cell line consistently had 0% cells in G2. This data
is consistent with the reduced expression of cyclin A.

As cells prepare for a mitotic division, cell size increases during the S phase until
the cell divides into two daughter cells. During cell culture, we observed under the
microscope that KO cells seem larger in size. From the cell cycle analysis, we
performed and FCS data, it became clearer that it is possible that since Arrb2 KO cells

are halted at the S phase and thus are not progressing efficiently into the G2 phase to
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ultimately divide as control cells do. The FSC medians and geometric means are
increased for KO cells especially Arrb2ex3-14 clone (Figure 2-20 A-C).

Cell morphology

The second main phenotypic alteration observed with Arrb2 KO cells is that they
have become rounder and less spindle-like in structure compared to control SN12C
cells (Figure 2-9 B and C). Control SN12C cells are elongated and have numerous long
cytoskeletal extensions. On the other hand, KO cells show a cobble stone shape with
few to no cytoskeletal extensions. Moreover, knocking down and knocking out BArrestin
2 caused a marked reduction in migration and invasion (Figures 2-5 and 2-6 and in vivo
results). To further understand cell morphology changes, we aimed to check for
differences in focal adhesion numbers and cytoskeletal remodeling for both control and
KO cells. Focal adhesions formation/ turnover and distribution are necessary for cell
polarity that lead to cell migration by forming a leading edge in migrating cells (159).
Key molecular determinants involved in the assembly of focal adhesions and the
lamellipodia structure are the focal adhesion kinase (FAK), Paxillin, Rho small GTPases
members, Src, integrins and many others (160-164). Total FAK protein and
phosphorylated Paxillin Y118 levels were down regulated in KO cells (Figure 2-21 A)
which indicate a reduced focal adhesion turnover, potentially reducing cell migration.
Src tyrosine kinase which takes part in phosphorylating Paxillin, can be generally
stimulated by the mechanical forces applied through the focal adhesion as they form
and promote cell growth and adhesion (161, 165, 166). Activated levels of p-Src Y416
were significantly reduced in the absence of BArrestin 2 (Figure 2-21 A). Furthermore,
confocal imaging show confirm that control cells have numerous distinct focal adhesion

structures (white arrow heads) as seen from the amount of Paxillin staining (green).
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Conversely, both KO clones have far fewer focal adhesions and less Paxillin staining
(Figure 2-21 B). This could also explain the increased cell detachment that was
observed earlier (Figures 2-11 and 2-12).

Other altered interactions

Aberrant Akt activation is often observed in cancers, as it an important regulator
of cell migration, growth and survival. Therefore, we aimed to examine Akt activity in
control versus Arrb2 KO cells. We first looked at Akt phosphorylation on S473 and T308
(Figure 2-22 A). Interestingly, p-Akt-S473 unlike p-Akt-T308 was significantly reduced in
Arrb2 KO cells compared to control. Then we evaluated the activation of downstream
targets of Akt; GSK3a/B and Bcatenin. Surprisingly, GSK3a and B phosphorylation were
not significantly altered, yet active non-phosphorylated-Bcatenin and total fcatenin
protein levels were significantly elevated (Figure 2-22 B and C). As mentioned above,
Arrb2 KO induced what seems to be a mesenchymal to epithelial (MET) morphology
switch in SN12C cells. Gene expression analysis of hallmark EMT genes revealed a
significant increase in E-cadherin (Cdh1l), and decrease in Zeb1, Twistl, and Twist2
genes, but no significant change with N-cadherin (Cdh2), Vimentin (Vim), Snail (Snail)
or Fibronectin (Fnl) gene expression (Figure 2-23 A). Since Bcatenin is known to
stabilize the E-cadherin complex (167, 168), we sought to determine the localization of
the active Bcatenin protein (Figure 2-23 B and C). Nuclear versus cytoplasmic
fractionation showed that Bcatenin was present in all the cell lines in the cytoplasm but
with much higher concentrations in the Arrb2 KO cells. Confocal imaging (Figure 2-23
B) show that there are many active-Bcatenin puncta localized in the nucleus of control
cells, but in KO clones, active-Bcatenin is now mostly present at the plasma membrane

(white arrow heads). Although this explains our predictions for increased E-cadherin
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levels or stability in the KO cells, it is still unclear how eliminating BArrestin 2 is
increasing the levels of active Bcatenin in SN12C. The data suggest that BArrestin 2 is
mediating Bcatenin upregulation independently from GSK3 regulation, indicating that
perhaps and according to p-Src downregulation results shown thus far, it is dependent
on a BArrestin 2-Src-Bcatenin/E-cadherin axis in SN12C cells.

MTORC?2 is an upstream regulator of Akt and it phosphorylates Akt on the S473
residue which is needed to prime Akt for full activation by further PDK1 phosphorylation
on T308 (169, 170). mTORC?2 is also involved in the activation of PKC which leads to
cell migration and cytoskeletal rearrangements, and of SGK which phosphorylates
FOXO1/3a which blocks apoptosis. Therefore, based on increasing literature evidence,
MTORC2 exerts a regulatory effect on cell growth, survival, and cytoskeletal dynamics.
Recent evidence also suggests that Sinl is an important regulator of mMTORC2 activity.
Through PIP3-PH domain binding to Sinl and pulling it away from the kinase domain of
MTOR, Akt is then phosphorylated on Ser473. Arrestins have been identified to have a
strong binding affinity towards phospoinositides (PIPs) especially PIP2 and PIP3 (171).
Based on this and FAK results shown above, we were curious to check if the mTORC2
complex integrity is altered by deleting BArrestin 2. We performed a co-
immunoprecipitation assay to determine whether Sinl is bound to the mTORC2
complex in the presence or absence of BArrestin 2. We immunoprecipitated using anti-
Rictor, a protein specific for mMTORCZ2, and blotted for Sinl in control and Arrb2 KO
cells. To our surprise, there was no hindering of Sinl binding Rictor in KO cells (Figure
2-24). Therefore, any attenuation in mMTORC2 activity is not through Sin1-mTORC2

interactions.
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In summary, our results indicated that ACHN and SN12C cells need BArrestin 2
activity for migration and invasion as well as induced cell proliferation. ACHN and
SN12C cells migration and invasion are greatly inhibited with reduced BArrestin 2 levels.
SN12C tumors are incapable of proliferating in vivo in the absence of BArrestin 2, thus
do not metastasize to other organs. Furthermore, cells have become more prone to
detachment from the extracellular matrix or fibronectin upon seeding. We observe two
main phenotypes in the context of cell cycle progression and proliferation, and a
mesenchymal to epithelial transition. Since BArrestin 2 is a scaffolding molecule, we
confirm here that multiple proteins and genes are altered with regards to expression
levels or spatial localization and phosphorylation thus, triggering multiple mechanisms

to be deregulated in RCC.
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Figure 2-1. Arrb2 is a clinically relevant and possible therapeutic target for select (RCC).
A) Left panel: heat map generated from The Cancer Genome Atlas (TCGA)
database showing relative mRNA expression of Arrb1l and Arrb2 gene in
normal and renal clear cell carcinoma patients. Right panel: box plots
showing gene expression data for Arrb2 in RCC patient compared to normal
patient data from TCGA. Log2-normalized read count [RNA-seq by
expectation-maximization (RSEM)] is shown. B) Box plots represent Arrb2
gene expression for tumor samples stratified according to histologic grade. C)
Kaplan—Meier plots represent overall survival of RCC patients in whole
datasets for RCC patients categorized according to Arrb2 gene expression
(high versus low). The P value was calculated using a log-rank test. Box plot
line (from top to bottom): maximum; Q3, third quartile; median; Q1, first
quartile; and minimum. D) Left panel: heat map generated from the TCGA
database showing relative mRNA expression of Arrb1 and Arrb2 gene in
normal and papillary carcinoma patients. Right panel: box plots showing gene
expression data for Arrb2 in RCC patient compared to normal patient data
from TCGA. Log2-normalized read count [RNA-seq by expectation-
maximization (RSEM)] is shown. P values were calculated by using two-tailed
paired Student’s t test. Data shown are mean + SEM, **P< 0.001,***P<
0.0001.
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Figure 2-2. Arrb2 is amplified and/or overexpressed in large number kidney cancer

patient datasets. Arrb2 transcript levels from four Gene Expression Omnibus
(GEO) datasets of A) Yusenko et al., B) Jones et al., C) Beroukhim et al., and
D) Gumz et al., were queried for association with disease status. P values
were calculated by using two-tailed Student’s t test. Box plot line (from top to
bottom): maximum; Q3, third quartile; median; Q1, first quartile; and
minimum.
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Figure 2-3. BArrestin 2 expression is upregulated in metastatic RCC cell lines. A)
Relative expressions of Arrb1l and Arrb2 mRNA in CAKI-1, SN12C, and
ACHN to HK2 cells were measured by real-time PCR. Gene expression is
represented as a fold change in mRNA levels relative to HK2 cells. B)
Relative protein expression levels for BArr1 and BArr2 in HK2, 7860, CAKI-1,
SN12C, and ACHN cells. BArrestin 2 protein levels were quantified as show in
right panel. Protein levels in the RCC cells are shown as a relative fold
change to HK2 cells. Data shown are mean + SD for three trials, *P < 0.05,
**P < 0.001, **P < 0.0001.
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Figure 2-4%. RCC cell lines tumor growth. A) Subcutaneous tumor growth. 1 x 107 cells
were inoculated in the flank of athymic nude mice. Tumor growth was
monitored by measuring the length and width of the tumors, and tumor
volume was calculated using the formula: V= 0.524 x length x width? (n=6
animals per cell line). B) Subrenal tumor growth. 1 x 10° cells were embedded
in collagen pellet and implanted under the renal capsule of athymic nude
mice. Tumors were harvested at 4 to 10 weeks after implantation (n=5
animals per cell line). Weight of tumors from experiment calculated by
subtracting weight of the contralateral normal kidney from the weight of
kidney bearing tumor. Tumor growth experiments were repeated twice with
similar results. C) Cell lines ranked for their tumor growth, metastatic, and
invasive capacities based on data in A and B, taking into consideration the
duration of tumor growth for each cell line. D) Average volume of the largest
10 spheres for each cell line at endpoint. 200 cells for each cell line were
seeded in 3D matrigel sandwich; matrigel mixed with plain mediaina 1:1
ratio, in 24-well inserts and allowed to grow for 22 days. Media containing
serum was added to the top of the matrigel and changed every three days.

1 Figure 2-4 subsections A and B data are the work of Dr. Yushan Zhang and is unpublished data.
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Figure 2-5. BArrestin 2 knockdown in ACHN cells. A) BArrestin 2 knockdown in ACHN
cells reduced cell migration. ACHN cells were transfected with 50nM siRNA
targeting BArrestin 2 which effectively reduced BArr2 protein levels to more
than 50%. Control cells were transfected with scramble negative control
siRNA (nc siRNA). B) Migration assay. ACHN control and siBArr2 cells were
starved overnight in 0.1%BSA containing RPMI media without serum. 2.5 x
10* cells were seeded into transwell migration inserts and stimulated with
1%FBS containing media added to the outside of the insert for 8 hours. Cells
in five 100x fields were counted and siBArr2 cells migration was plotted as a
ratio to control cells. Images shown are representative of three independent
trials. C) Invasion assay. Done similarly as the migration assay with the
differences of using matrigel coated inserts, 1.0 x 10° cells, and a 24 hours
incubation time. Data shown are mean + SD for three trials, *P < 0.05, **P <
0.001, ***P < 0.0001.
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Figure 2-6. BArrestin 2 knockdown in SN12C cells. A) shRNA targeting BArr2 in SN12C
knocked down expression by around 75%. Control cells were infected with
empty pLKO plasmid. B) Migration assay. shBArr2 and pLKO cells were
starved overnight in 0.1%BSA containing RPMI media without serum. 3 x 10*
cells were seeded into transwell migration inserts and stimulated with 1%FBS
containing media added to the outside of the insert for 24 hours. Cells in five
100x fields were counted and shArr2 cells migration was plotted as a ratio to
control cells. Images shown are representative of three independent trials.
Data shown are mean = SD for three trials, *P < 0.05, **P < 0.001, **P <
0.0001.
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position target sequence sequence information number of target sites @

start , + GC% of . Tmof . TTTTin, 20mer . 12mer 8mer

Tend” _¢ 20mert[PAM|(total 23mer) 0TS 00 CY somer | +PAM © +PAM ©  +PAM
3-25  + TCACCGIGTACTTGGGCAAG[CGG] [gRNA] 55.00 %  75.13 °C - 1 [detail] 16 [detail] 7748 [detail]
4-26 + CACCGIGTACTIGGGCAAGC[EGE] [RNA] 60.00 %  77.27 °C - 1 [derail] 12 [detail] 4654 [detail]
6-28 - [CCEJTCTACTIGGGCAAGCGGGAC [gRNA] 60.00 %  78.55 °C - 1 [detail] 18 [detail] 4035 [detail]
> 22944 + GCGGGACTTCGTAGATCACC[TGE] [gRNA] 60.00 %  75.89 °C - 1 [detail] 1 [detail] 5128 [detail]
31-53 + r:r;mmrcaccmcam:. [gRNA] 50.00 %  70.26 °C - 1 [derail] 28 [detail] 6672 [detail]
4an - /R - FETIGAACAAACTOSACCITATAS [nRNAT S55.00 %  74.30 oC - 1 lderaill’ 28 Tdarailll S337 [deraill

B Exon 4

5 ... ATGGCGTGGTGCTTGTGGACCCT BACTACCTCAACCACCEOAA AGG ...3'
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Figure 2-7. Designing sgRNAs for targeting Arrb2 gene on exons 3 and 4. A-B) Arrb2
exon 3 and exon 4 sequences that were targeted for Cas9 double strand
break. Oligo sgRNAs design for both exons was based on CrisprDirect design
tool algorithm. (http://crispr.dbcls.jp/). Screenshot images of the results tables
with best fit SJRNA sequences. Red arrows indicate the selected oligo

sequence, and the selected PAM region is highlighted in yellow for each of
the exons.
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Figure 2-8. Selecting SN12C Arrb2 KO clones. A) Protein expression levels for BArrl
and BArr2 proteins after initial infection with lentiviral plasmids containing the
specific SgRNA for each exon. Upper band is BArrl protein and lower band is
BArr2. B) Western blots analyzing BArr2 protein levels after first and second
rounds of single cell clonal expansion. Arrows indicate clones Arrb2ex3-14,
and Arrb2ex4-12.19 that were used for further experimenting.
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Figure 2-9. BArrestin 2 knockout induces cell morphology changes. A) Western blot
confirming Arrb2 KO in two SN12C clones; Arrb2ex3-14 and Arrb2ex4-12.19,
compared to control SN12C. Arrb2ex3-14 and Arrb2ex4-12.19 cell lines
denote SN12C infected with lentivirus CRISPR/Cas9 containing SgRNA
targeting exon 3 or exon 4 respectively. Control SN12C cells were infected
with lentivirus CRISPR/Cas9 that contains no sgRNAs. Upper band is BArrl
protein and lower band is BArr2. Actin was used as a loading control. B) 10x
phase contrast images of Arrb2 KO clones compared to control cells. C) 40x
confocal images of Arrb2ex3-14 and control cells stained with phalloidin (red)
and DAPI (blue).
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Figure 2-10. BArrestin 2 knockout hinders proliferation. A) 500 control or Arrb2ex3-14
single cells were seeded in a 3D matrigel sandwich; matrigel mixed with plain
media in a 1:1 ratio, in 24-well inserts and allowed to grow for 20 days. Media
containing serum was added to the top of the matrigel and changed every
three days. Initial largest 15 single cells spheres were chosen from each
group and traced till end point. Sphere sizes were collected every 3 days till
day 15 and at end point day 20. Lower panel; 10x image representation at
day 12 to show clear sphere structures from each group. B) Left panel:
average volume of the 15 spheres plotted for each time point. Right panel;
bird’s eye view of the wells at the end point. C) An HK2 sphere at 20x and an
Arrb2ex3-14 sphere at 10x magnification by day 12. D) Prestoblue
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proliferation assay for control and Arrb2ex3-14 cells over 5 days. Arrb2ex3-14
cells proliferation was measured relative to control cells. Data shown are
mean * SD for three trials, *P < 0.05, *P < 0.001, ***P < 0.0001.
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Figure 2-11. BArrestin 2 knockout reduces cell attachment. A) SN12C cells (control and
Arrb2 KO) were labeled with DilC12 and 2.5x10° cells were seeded in 6-well
plates. Cells were observed under RFP (red panels) or normal light (phase
contrast panels) at 1, 3, and 6 hours after seeding). B) Attached cell number
was counted for two random 10x fields per cell line at each time point (right
panel graph). ***P< 0.0001.
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°

Figure 2-12. BArrestin 2 knockout reduces cell attachment on Fibronectin. 2.5 x 10°
control and Arrb2ex3-14 cells were seeded on fibronectin coated 6-well
plates, and cell attachment was observed under a phase contrast
microscope. Images represent cells at 1, 3, and 6 hours after seeding. Cells
with white halos are semi attached or floating cells.
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Figure 2-13. Tracking tumor size and metastasis. A) Ultrasound imaging of mice
kidneys from week 2 till week 5 after tumor implantation. Tumor growth
images here are shown for the same mouse tracked over time, and are
representative of the rest of the mice for each group. Orange circles show
where the tumor is seen. Circle size indicate observed potential tumor area.
An image example of the normal contralateral kidney is also shown for the
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same mouse. B) A representation of the overall visible metastasis status at
experiment termination for control compared to Arrb2 KO mice. C) Visible
metastasis on spleen, liver, and intestine in control mice (one spleen and one
liver are a representation of 5 out of 7 mice with visible metastasis, and one
intestine part is a representation of 7 out of 7 mice with visible metastasis) vs.
Arrb2 KO.
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ure 2-14. BArrestin 2 knockout tumors fail to grow in vivo. A) Left panel: Subrenal
tumor growth. 1 x 10° control, Arrb2ex3-14, or Arrb2ex4-12.19 cells were
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embedded in collagen and implanted under the renal capsule of athymic nude
mice (n=7 per cell line) and allowed to grow for 5 weeks. (N), contralateral
normal kidney. (T), kidney with tumor. Right panel: tumor mass measured by
subtracting N kidney mass from T kidney mass. B) Representative anti-
human LDHA staining of kidney tissue. Tissues were sectioned at 7 um
thickness. Right panel: stitched image for one representative control tumor
sections at 20x magnification. Arrow heads point to the edge of the cortex
under the capsule. Arrows point to invading tumor cells into the cortex.
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Figure 2-15. BArrestin 2 knockout tumors fail to metastasize to renal lymph nodes. A)
Left panel: renal lymph nodes, tumor side (T) and contralateral normal side
(N) nodes imaged at experiment endpoint. Right panel: renal lymph nodes of
tumor side and normal side weighed (g) for each of the groups. **P< 0.001.B)
Representative anti-human LDHA staining of the RLNs.
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Figure 2-16. BArrestin 2 knockout tumors fail to metastasize to urethral lymph nodes
and lungs. A) Adjacent ULNs, tumor side (T) and contralateral normal side (N)
nodes imaged at experiment endpoint. B) 10x images representative of anti-
human LDHA staining of the ULNs were either from tumor side (T), or normal
contralateral side (N). C) Images representing lung tissue sections.
Metastasis detected with anti-human LDHA staining. Metastasis was found in
6 out of 7 control mice, and none was detected in the Arrb2 KO mice.
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Figure 2-17. Reduced proliferation capacities in knockout cells A) Images representing
proliferation marker anti-human Ki67 upper panel and consecutive anti-
human LDHA staining of the same tumor area as a reference. B) Protein
expression levels of Ki67 in Arrb2ex3-14, Arrb2ex4-12.19, and control. C)
Cyclin A and Cyclin D1 protein expression in the cell lines. D) Quantification
of Cyclin A and Cyclin D1 protein levels.
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Figure 2-18. Arrb2 knockout tumor growth over 9 weeks. A) Left panel: Subrenal tumor
growth. 1 x 108 Arrb2ex3-14, or Arrb2ex4-12.19 cells were embedded in
collagen and implanted under the renal capsule of athymic nude mice (n=6 or
n=5 respectively) and allowed to grow for 9 weeks. (N), contralateral normal
kidney. (T), kidney with tumor. Right panel: tumor mass measured by
subtracting N kidney mass from T kidney mass. Outlier negative values were
removed from the plot. B) A representation of the overall visible metastasis
status at experiment termination for Arrb2 KO mice. C) No visible metastasis
on spleen and liver in Arrb2 KO mice (two spleens and two livers are a
representation of the rest of the mice).
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Figure 2-19. Cell cycle analysis. 5 x 10 cells were counted in the LSRII flow machine
and analyzed for cell size and cell cycle status. A) FSC plot for each of the
cell lines. Blue bar represents gating for live cells. Percentage of cells
counted in the gate is indicated above the bar. B) FSC and SSC dot plots.
Blue area represents cells gated in A. C) Bar plot representation of the
distribution of live cells compared to other cells in A. D) Distribution of live
gated cells in G1, S, and G2.
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Figure 2-20. Cell size changes of Arrb2 KO cells compared to control. A) Data shows
histograms of FSC of 1 x 10* cells counted on the LSR Il flow machine before
gating for live cells. Histograms are representative of three trials. B and C)
Representation of the % shift or difference in the FSC Median or geometric
mean, respectively, relative to control cells. Error bars indicate standard
deviation.
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Figure 2-21. Reduced activity of focal adhesion regulatory proteins. A) Measurement of
protein levels for total FAK, Paxillin, and p-Src in the cell lines. B) Confocal
images (40x) staining for Paxillin (green), phalloidin (red), and DAPI (blue).
Arrow heads point on example focal adhesion structures.
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Figure 2-21. Continued
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Figure 2-22. Examining Akt activity and downstream effectors in Arrb2 KO cells. A) p-
Akt S473 and p-Akt T308 levels and quantification. B) p-GSK3 (a and B) and
total GSK3p protein levels and quantifications. C) Active non-phosphorylated
Bcatenin and total Bcatenin levels and quantifications. Data shown are mean
+ SD for at least three trials,*P < 0.05, **P < 0.001, ***P < 0.0001.
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Figure 2-23. Main EMT genes expression levels and Bcatenin localization. A) Relative
expressions of hallmark EMT genes mRNA in control and Arrb2 KO cells
were measured by real-time PCR. Gene expression is represented as a fold
change in mMRNA levels relative to control cells (black bar). Significant P
values are indicated above their respected bars. B) Cytosolic versus nuclear
fractions were isolated for each of the cell line and blotted for total and active
levels of Bcatenin. HSP9O0 is a marker for the cytosolic fraction, and PARP
represents nuclear fraction. C) Confocal imaging (40x) showing localization of
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active Bcatenin (green), phalloidin (red), and DAPI (blue). Arrows point to
example Bcatenin localizing at the plasma membrane.
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Figure 2-24. No increased Sinl binding to Rictor in the mTORC2 with Arrb2 KO. Cells
were lysed and immunoprecipitated with anti-Rictor or IgG control isotype.

Rictor or Sinl levels in the protein complex were detected by immunoblotting
blotting. An input lysate was immunoblotted as well as a loading control.
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CHAPTER 3
DISCUSSION

The mechanisms underlying RCC progression are poorly understood. Ever since
2001, when HIF2 was identified as a major driver for most ccRCC cases, Vhl mutations
were characterized and as a result, tyrosine receptor kinases targeted therapies such
as VEGFR and PDGFR, became popular forms of therapy along with other conventional
therapies (172, 173). However, RCC is extremely difficult to describe as a single
disease type. RCC is histologically divided between a clear cell RCC or a non-clear cell
RCC subtype. Clear cell RCC is majority subtype, comprising >75% of Kidney cancers.
On the other hand, non-clear cell RCC is further subdivided into papillary RCC (~15%),
chromophobe RCC (3-5%), collecting duct RCC, and some other rare subtypes make
up for the rest. Distinguishing the RCC subtype provides a basis for a more effective
treatment regimen for patients. However, genetic heterogeneity is very common in RCC
even within the same subtype. This makes it difficult to treat patients with advanced or
metastatic RCC (146, 173). Nonetheless, advances in biomarker discoveries and
personalized genomic sequencing for RCC patients have shown promise for developing
more efficacious treatment regimens.

BArrestins have been identified as important mediators of pathophysiological
pathways leading to tumor initiation and progression. In this study we note that BArrestin
2 protein is clinically relevant in RCC and is a potential prognostic biomarker. In a
number of large scale clinical datasets, such as the TCGA and others of various RCC
subtypes, we observed significant upregulation of Arrb2 but not Arrbl mRNA levels
compared to normal kidney tissue. Further, Arrb2 upregulation correlated significantly

with the increased stage of the disease in the ccRCC TCGA dataset, was observed to
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be associated with the increased metastatic potential in model cell lines used in this
study.

The ACHN cell line was recently characterized to better fit the papillary RCC
subtype as it was previously known as a possible metastatic ccRCC cell line (174).
SN12C is a primary RCC cell line but is of an uncharacterized subtype. Both ACHN and
SN12C cells are nccRCC and have a wildtype Vhl gene, yet they are shown to be more
proliferative, invasive and metastatic, compared to 7860 and CAKI-1 which are both
ccRCCs. 7860 but not CAKI-1 cells have Vhl mutations. This further confirms the
genomic and mechanistic differences in RCC progression, regardless of histological
characterization.

Recently, the importance of BArrestins involvement and regulation of the
metastatic cascade, which is defined as the invasive migration of a cancer cell from the
primary tumor site and colonizing to a secondary site, is becoming more evident. Here
we demonstrate that transient and stable knockdown, as well as knockout of BArrestin 2
activity, greatly hinders SN12C and ACHN cells migration, invasion and metastasis both
in vitro and in vivo. Through characterizing cell morphology, a key indicator in
determining the capability for cell motility, we observed the potential invasiveness and
highly motility of RCC tumor cells. Typically, highly invasive and motile cells tend to
adapt polarized cell morphologies that enable them to invade and migrate through
extracellular matrix material and adjacent tissue. Migratory and invasive cells create
lamellipodia and invadopodia at its leading edge as it moves along and through extra
cellular matrix (163, 175, 176). Many molecular complexes are involved in this multistep

and highly regulated cytoskeletal rearrangement process. Here, we observed a
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mesenchymal to epithelial morphological switch for the SN12C cell after Arrb2 KO. KO
cells lost their cytoplasmic extensions and focal adhesion formation, and were no longer
able to invade through the extracellular matrix, such as matrigel in vitro. KO cells also
closely resembled epithelial HK2 cell spheres though still larger in size. Key epithelial
marker, E-cadherin, significantly increased in gene expression, while mesenchymal
driver genes Twistl, Twist2, and Zebl decreased. Importantly, knockout cells were
unable to invade far or at all into the kidney cortex compared to control cells. We believe
that the reduced capacities of SN12C Arrb2 KO cells to invade through kidney tissue
had prevented potential metastasis to near or distant organs.

The molecular basis for BArrestins induced EMT and cell invasiveness is diverse
and has been observed in several cancer cell types. In ovarian cancer cells for
example, EMT results from the scaffolding of BArrestins to endothelin-A receptor (ETaAR)
after stimulation by endothelin-1 (ET-1) ligand (177, 178). In addition, downstream
EGFR transactivation via the BArrestin-cSrc interaction stimulates Akt activation, and
thus increases cell invasiveness independent of MMP9 activity in an ET-1 dose-
dependent manner. Alternatively, BArrestin-mediated stabilization of B-catenin is
observed to be critical for increased transcriptional activity of genes promoting EMT and
thus increase cell invasiveness and metastasis. Here, BArrestin 1 plays a protective role
for B-catenin by reducing its degradation through direct binding to intracellular Axin after
ETaR stimulation. This allows tyrosine phosphorylation of 3-catenin and increased
nuclear interaction with TCF-4 which potentiates prometastasis gene expression (177,

178). Our results suggests, an alternative role for BArrestin 2 where it can promote
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increased activity and stability of cytosolic $-catenin, which ultimately leads to the
stability of E-cadherin complex and contributes to reduced cell proliferation.

Interestingly, after Arrb2 KO, we observe a significant delay in cell proliferation
further indicating BArrestin 2’s role in cancer cell progression. This was attributed to
Arrb2 KO showing a ~2-fold decrease in the rate of proliferation compared to control
SN12C cells. In addition, we observe a significant reduction in subrenal Arrb2 KO tumor
size and growth rate even after an extended incubation time, thus further implicating its
role in disease progression. It was originally proposed that the role of BArrestins in cell
proliferation was through their involvement in regulating the MAPKs and PI13K-Akt
pathways. Later, it was shown that functional roles of BArrestins expanded to be
involved in pathways controlling cell cycle progression and replication.

In this study we showed Arrb2 KO had a negative impact on cell proliferation and
cell cycle progression. Through monitoring Ki67, a proliferation marker that strictly
stains cells only in the active cell cycle state. Cyclin A which is responsible for cell cycle
transition mainly during the G2/M checkpoints, the final stage before cell division, was
downregulated in the absence of BArrestin 2. In both IHC and western blot analysis,
Ki67 levels suggest that BArrestin 2 is a facilitator of tumor cell growth. In addition, we
observed no distinct changes in p-Akt-T308 levels, but p-Akt-S473 levels were
significantly reduced in KO cells. Therefore the data suggested that, cell proliferation
and cytoskeletal rearrangement could be, in part, under the regulation of mMTORC2, an
upstream complex that is responsible for Akt-S473 phosphorylation and an important

complex in Akt-regulated pathways.
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Unlike the mTORC1 complex, mTORC2 is insensitive to rapamycin. mMTORC2
also contains Sinl and Rictor subunits that are unique to the complex. Further, there
are several ACG family kinases are downstream of and are activated by mTORC2, such
as Akt (PKA), SGK, PKC, and PKG, indicating its role in modulating metabolism, cell
survival, cell growth, and other downstream oncogenic pathways (170, 179-182). While
numerous studies have unraveled the regulation of mMTORC1 activity and its
downstream effectors, only recently have advances been made to better understand
regulatory pathways and functions of mMTORC2 activation or inhibition. Recently, Lui et
al. proposed a PIP3-dependent activation directly upstream of mTORC2. PIPs, but not
PIP2, binds to the PH domain of Sinl protein which then releases Sinl blockade of
MTOR kinase domain (183, 184). In our study, we find that the Sin1-Rictor complex
formation was not hindered by Arrb2 KO, yet p-Akt S473 levels remain depleted. This
suggests that during Arrb2 KO, another molecule stimulating mTORC2 activity is
hindered or downregulated. As a result, our data indicate a potential direct or indirect
BArrestin 2 regulation of mMTORC2 activity. A planar cell polarity protein called Pricklel
has been recently shown by Daulat et al. to be a binding partner to Mnk1, and together
form a complex specifically with Rictor in the mTORC2 and are necessary for Akt
activation (185). The study presents similar cellular structure phenotypes with reduced
cell migration, when Pricklel and Mnk1 activity is depleted, as to our SN12C Arrb2 KO
cells. Sinl was also a binding partner to purified Pricklel. Previously, DeWire et al.
demonstrated a physically BArrestin 2-Mnk1 interaction that is important for the protein

translation process (186). This leads us to speculate that perhaps in SN12C Arrb2 KO
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cells, Pricklel and/ or Mnk1 activity is modulated. However, the details of this
mechanisms are unclear at this time and require further investigation.

Later discoveries in this study elucidated that the activity of p-Src was altered
after Arrb2 KO. p-Src levels were greatly reduced in KO cells compared to control cells.
A BArrestin-Src interaction has been identified previously and in a NSCLC study,
BArrestin 1 facilitates Rb dissociation from E2F and promotion cell cycle through Src
activity (77). A STRING (Search Tool for the Retrieval of Interacting Genes/Proteins)
database for protein-protein interactions predictions (Figure 3-1) offered us clues that
could explain the differential proteins activities and localizations profiles that are
implicated in both cell structure and proliferation in our study. The analysis suggests
that Arrb2, Src (vSrc and cSrc), FAK (Ptk2), E-cadherin, Cyclin A (Ccnal and Ccna2),
Twistl, Twist2, Zebl, and Bcatenin, which were all impacted by Arrb2 KO, are very
likely to be all linked together through a BArrestin-Src interaction. This analysis could
explain the reason behind two major phenotypic changes. In our system, cell
morphology goes hand in hand with cell proliferation. Here the most likely biological
process in effect according to STRING is the regulation of cell proliferation. As a control,
we also performed a STRING analysis only on the proteins regulating EMT and
cytoskeletal rearrangement studied here with Arrb2 and Src (Figure 3-2). Indeed, a very
likely biological process, yet not the most likely one, controlled by this group of proteins
is cell-cell adhesion, which correlates with our findings.

If we include some specific mMTORC2 molecules such as Rictor, Mnk1l (Mknk1)
and Pricklel to our list of proteins, we do not observe any close interactions between

Mnk1 or Pricklel with our cluster initially (Figure 3-3). There is still, a suggested Rictor-
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Paxillin interaction. However, if we add a secondary level of interactions (Figure 3-4),
we then see a possible, yet distant, Mnk1-Cyclin B interaction, but no Pricklel
connections. Cyclin B is another protein that is highly expressed during the G2 phase of
the cell cycle (187, 188).

Therefore, we propose that even though there is a hindered mTORC2 activity in
Arrb2 KO cells, the main mechanism implicated is likely through an upstream BArrestin
2 regulation of Src to downstream FAK, Bcatenin, and CDK/Cyclin A. mTORC2 can very
well be a mechanism involved in the progression of RCC tumor, yet not necessarily
through the same pathway as Src. The fact that we identified a modified mMTORC2
activity in the background of BArrestin 2 is very important to the field of understanding
the regulation of mMTORC2. Future studies will be necessary to further explore this
relationship.

It is currently unclear whether a specific stimulus or activation of a receptor is
inducing the upregulation of BArrestin2 activity in RCC types. One possibility is that
common chromosomal gains in RCC, such as chromosome 17 where Arrb2 gene is
located, is the reason for the increased Arrb2 mRNA expression in metastatic RCC.
Despite this, and through the work we have presented, it is apparent BArrestin 2 plays a
significant and important role in RCC tumorigenesis in a variety of subtypes.
Nevertheless, current attempts to therapeutically target fArrestins to slow cancer
progression has yet to show success due to the proteins ubiquitous expression patterns
and difficulty probing critical interaction/ligand binding regions (85, 189). In this study,
we show clear evidence that BArrestin 2 was only expressed in RCC and not in normal

kidney tissue or cells, and has proven to be a key factor in cancer progression. Arrb2
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KO induced a mesenchymal to epithelial transformation and greatly reduced tumor
growth, metastasis and invasion. Our results, provide evidence suggesting BArrestin 2
as a useful prognostic biomarker and potential therapeutic target in the future to combat

RCC.
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pathway ID

G0:0042127
G0:0007264
G0:0010243
G0:0071417
G0:0009719

Biological Process (GO)

pathway description count in gene set false discovery rate
regulation of cell proliferation 10 4.77e-06
small GTPase mediated signal transduction 8 5.49e-06
response to organonitrogen compound 8 1.25e-05
cellular response to organonitrogen compound 7 1.44e-05
response to endogenous stimulus 9 2.32e-05

Figure 3-1. STRING database predicted protein-protein interactions between BArrestin 2

and the other molecules examined here that have been shown or predicted to
be modulated by the Arrb2 KO. Proteins included are ones examined for both
cell morphology and proliferation changes. As shown in the table summary
(lower panel), the most likely biological processes these molecules are
regulating is the regulation of cell proliferation as it is the top hit. Arrb2 is
connected to this network through Src interactions. Line length reflect on the
strength or likelihood of the shared function and/ or binding of two linked
proteins. Line colors; light blue: known interactions from curated databases,
pink: known interactions experimentally determined, green: predicted
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interactions within the gene neighborhood, red: predicted interactions through
gene fusions, light green: prediction by textmining, black: prediction by co-
expression, and purple: prediction by protein homology.
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TWIST1

TWIST2
ZEB1

Biological Process (GO)

pathway ID  pathway description count in gene set  false discovery rate
G0:0071417 cellular response to organonitrogen compound 7 3.62e-06
G0:0071495 cellular response to endogenous stimulus 8 3.62e-06
G0:0071310 cellular response to organic substance 9 5.46e-06
G0:0022407 regulation of cell-cell adhesion 6 7.4e-06
GO0:0007172 signal complex assembly 3 1.08e-05
Figure 3-2. Visualizing protein-protein predicted interactions between BArrestin 2 and

molecules examined here that have been shown or predicted to be modulated
by the Arrb2 KO in the context of cell morphology and MET. Shown in the
table summary (lower panel), likely biological processes these molecules are
regulating are the regulation of cell-cell adhesion and signal complex
assembly. Arrb2 is connected to this network through Src (vSrc) interactions.
Line length reflect on the strength or likelihood of the shared function and/ or
binding of two linked proteins. Line colors; light blue: known interactions from
curated databases, pink: known interactions experimentally determined,
green: predicted interactions within the gene neighborhood, red: predicted
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interactions through gene fusions, light green: prediction by textmining, black:
prediction by co-expression, and purple: prediction by protein homology.
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RICTOR

C

ZEB1

TWIST2

PRICKLE1

&

MKNK1

Figure 3-3. Visualizing protein-protein predicted interactions between BArrestin 2 and
molecules examined here with the addition of mMTORC2 related proteins. Line
colors; light blue: known interactions from curated databases, pink: known
interactions experimentally determined, green: predicted interactions within
the gene neighborhood, red: predicted interactions through gene fusions, light
green: prediction by textmining, black: prediction by co-expression, and
purple: prediction by protein homology.
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Figure 3-4. STRING database predicted interactions between BArrestin 2 and molecules
examined here with the addition of mMTORC2 related proteins at an additional
depth of interactions. Line length reflect on the strength or likelihood of the
shared function and/ or binding of two linked proteins. Line colors; light blue:
known interactions from curated databases, pink: known interactions
experimentally determined, green: predicted interactions within the gene
neighborhood, red: predicted interactions through gene fusions, light green:
prediction by textmining, black: prediction by co-expression, and purple:
prediction by protein homology.
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