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CHAPTER |

INTRODUCTION

Renal cell carcinoma

Renal cell carcinoma (RCC) is one of the top ten leading causes of cartbsridéiSA.
The National Cancer Institute’s statistics reveal doubling of the risk @f iR@ast 50 years and
recent data indicates that RCC contributes to loss of 195,000 person-years of yatphecti
calendar year making it an important public health problem [1]. Hence, analyisessfecific
signaling pathways and networks in aggressive types of RCC and chaedicierof the
mechanisms of action of novel anti-cancer agents that selectivedy tlaegprocesses of
oncogenic transformation and tumor progression in kidney has gained momentum in the

translational research in renal oncology.

RCC was first described by Konig in the year 1826. The proximal renal tubuler afrig
many renal tumors was confirmed by Robin and Waldeyer in 1855 and 1867, respectively [2].
The major histological sub-types of renal epithelial tumors are cordmfsgear cell RCC
(75%), papillary type 1 RCC (5%), papillary type 2 RCC (10%), chromophobe RCC (5%) and
oncocytoma (5%) [3]. RCC occurs in both sporadic and hereditary forms. The deletlons a
loss of function mutations in the tumor suppressor von Hippel-Lindidu)(gene which is
located on chromosome 3p25.3 leading\bit. syndrome” (Online Mendelian Inheritance in
Man, OMIM, catalogue numbet93300) is a major genetic risk factor for the incidence of clear

cell RCC, a major sub-type of RCC [4-6]. TWidL syndrome was first described more than a



century ago by Treacher Collins and Eugene von Hippel following the observation lilfami
inheritance pattern of retinal angiomas [7,8]. Later, Arvind Lindau, a neuropgittol

described the incidence of cerebellar hemangioblastomas [9]VHIheyndrome is also
characterized by an increased predisposition to tumors of adrenal glands, ingeineaand
pancreatic cysts and hemangioblastomas [10-15]. Hereditary g8 déads to incidence of
multifocal, bilateral and highly vascular tumors in kidneys characterizea laggressive and
metastatic course of progression in younger years of life in contrast amgpBICC which
generally affects mainly elderly population [16]. TWidL mutations have also been detected in
many cases of sporadic RCC which in turn reveals the susceptibiliylofocus to acquired
mutations during life time [17]. The life-style and environmental risks fomitidence of

sporadic RCC include cigarette smoking, obesity and asbestos exposure [17-20].

The significance o¥HL in tumor formation and progression is due to its designated role in
oxygen-sensing machinery of the cell which in turn regulates a plethorbuddirceroliferative,
metabolic and transcriptional processes. The cellular levels of oxygen in drasphiéll as
mammals are sensed by a family of hypoxia inducible factors (HIF), prateanacterized by
the presence of basic-helix-loop-helix structure and a PAS (dimenzakbmain characteristic
of many transcription factors. The human HIFs include RIFEIF1B, HIF2-a, HIF2$, HIF3-

a and HIF3B which participate in oxygen dependent re-programming of cellular tranearipti
[21, 22]. The HIFe subunits have N-terminal transactivation domain (NTAD) and C-terminal
transactivation domain (CTAD) which are specifically regulated in oxygggendent manner
[23]. In hypoxic conditions, the transcriptional co-activators like CAMP-respeleseent-

binding protein (CREB)-binding protein (CBP) and p300 bind to CTAD of ¢dIF+his leads to



activation of hypoxia inducible genes like EGFR, VEGF, PB@Rd TGl which in turn
contribute to enhanced angiogenic and mitogenic potential to survive in hypoxic envitonme
[24-27]. TheVHL gene product, pVHL, plays a vital role in regulating the function of d11F-
when oxygen levels are normal in cells. In normoxic conditions, thexhieteins are
hydroxylated at asparagine residue in NTAD by factor inhibiting ¢&(FtH) and at proline
residues by HIF prolyl-hydroxylases [28,29]. The prolyl hydroxylation of ¢l&#-NTAD leads
to binding of pVHL-elongin-cullin2 complex to Hlk+followed by polyubiquitination and

proteosomal degradation [29-33]. Thus, pVHL contributes to inhibition ofotHignaling.

The function of pVHL extends beyond regulation of hypoxic signaling in the céiés. T
pVHL is required for regulation of integrins and tight junctions in epithelial eelt8/HL
mutant HL-mut) cells have increased levels of Hlé&2:5-integrin, cyclin D1 and lower p27
levels along with loss of epithelial morphology [34]. The introduction of pVHLWia-mut
RCC leads to cell cycle arrest, epithelial differentiation and suppressiomof forming ability
[35, 36]. Thus, pVHL plays a vital role in regulating multiple signaling procedsagportance
in oncogenic transformation, survival of tumors in hypoxic conditions along with a role in

maintaining epithelial phenotype.



Role of oxidative stress in proliferation, apoptosis and drug-resistance

Oxidative stress is a significant input into the cellular metabolic fraorewhich
impacts the consequent behavior of the cells depending on cellular phenotype and conditioning
of the cells. Physiological level of oxidative stress is an integrabpagll metabolism due to
the generation of free radicals during mitochondrial respiration and is effgdiiféered by the
antioxidant system of the cells comprised of enzymes like superoxide disnuatiasase,
glutathione transferases (GSTs) and non—enzymatic components like glutaBtidie (
thioredoxins, periredoxins, glutaredoxins, vitamin C and vitamin E [37,38]. Frealsadie
generated due to oxidative stress induce lipid peroxidation in the cdllsQ@®ative stress
leads to increased generation of products of lipid peroxidation like 4-hydragypénal (AHNE)
and malondialdehyde (MDA) in the cells. 4HME«, B unsaturated aldehyde is the major
product of the lipid peroxidation @-6 polyunsaturated fatty acids in the cells. 4HNE contains
3 reactive groups: an aldehyde group, a hydroxyl group at position 4 and a C=C double bond at
position 2[40]. A fraction of synthesized 4HNE is reduced to acid, 4-hydroxynon-2-endic ac
(4HNA), by aldehyde dehydrogenase and a minor fraction is oxidized to tesmmnding
alcohol, 1, 4-dihydroxynonanol (DHN) by aldose reductase [41-43]. The majorityNiE 441
metabolized to a Michael-adduct thioether with glutathione, GS-HNE, aceactialyzed by
glutathione S-transferases (GSTs). GS-HNE can susbsequently be regatgose reductase
to GS-DHN Fig 1). The intracellular concentration of glutathione conjugates of 4HNE
metabolites is regulated by the transport activity of glutathione-caejedidux pumps, of which
RLIP76 is dominant. Both GS-HNE and GS-DHN are physiological substratas3 Ror

dependent efflux by RLIP76 (a 76 kDa splice variant encoded by the human RALBP1 gene), th



rate-limiting step of the mercapturic acid pathway, a primary enzyme@fense against oxidants

and electrophiles generated during oxidative stress.

Oxidative stress has a biphasic response in regulating cellular toXi]jtylf has been
shown that mild treatment with hydrogen peroxide, UV radiation and other oxidaéss s
stimuli favors proliferation of cells [45, 46]. Moderate levels of oxidativesstrin adapted
tumor cells compared to normal cells, initiates proliferative signalimgr@as high level of
oxidative stress as induced by radiation and chemotherapy drugs triggémdeattetesponse
[47]. 4HNE, at sub lethal concentrations can enhance cell viability through induction of
thioredoxin reductase 1(TR1) in PC12 pheochromocytoma cells by activating iNréi2ar

factor related factor 2, the erythroid derived transcription factor) [48].

Rapidly proliferating tumor cells have elevated levels of oxidativessthes to high rates of
proliferation which is not balanced by vascularization. Formation of lipid pertmidaroducts
like 4HNE at concentrations surpassing the cancer cell ability for dettioh leads to
extensive damage to the integrity of lipid membranes, DNA and proteins. Cedtikions in
the generation and detoxification of 4HNE out of cells has tremendous impact sigmaling
and cell integrity due to the ability of 4HNE to form both reversible and irreveradaducts with
many proteins in cells. Reaction of 4HNE with lysines leads to formation dfadi@dducts,
Schiff bases and 2-pentylpyrrole forms whereas 4HNE can form Michaeltaddtit cysteine
and histidine residues in proteins [49-51]. Modification of specific amino acid resiutiee
proteins can have a vital impact on protein localization due to changes in the chaageio$ pr

Changes in the amino acid residues can influence the folding of proteinsdiyngffaasking of



active sites or by exposing cryptic reactive sites for various cetaleymes and proteins [52].
Enhanced oxidative stress can damage the intracellular calcium channetscimomlria leading
to enhanced cytosolic calcium and initiation of apoptosis [53-55]. The highlyweaguroxyl
radicals (OH) can also directly damage DNA causing DNA strand breakszexxioises (8-oxo-

dG), activation of p53 and apoptosis [56-58].

Tumor cells with higher levels of oxidative stress continue to survive due to inherent
adaptations in cellular anti-oxidant networks. Exposure of cells to sub letheht@tions of
oxidative stress leads to cellular adaptations which enhance the expressianasf ce
detoxification enzymes like GSTs [59]. Such pre-conditioning to mild oxidatigessenhances
the ability of cells to survive subsequent exposure to higher levels of oxidagise €0]. The
emergence of drug resistance is a major challenge which leads t@neeuof refractory tumors
resistant to previously administered chemotherapy drugs and reduction dif aueigal. The
cancer cells develop drug resistance through multiple mechanisms likeomsitatihe target
proteins, enhanced ability to cope with oxidative stress, increase in DNA pep@ins and
inhibition of apoptosis by up regulating anti-apoptotic proteins [61-64]. The cedlddgutations
to oxidative stress also regulate the sensitivity of cancer cells tootherapy drugs. Some of
the anti-cancer drugs for RCC like sorafenib, a multi-specific tyrdsirase inhibitor, induce
apoptosis in tumor cells by elevating cytosolic calcium levels and inducing R@&ction [65].
But, the major mechanism for drug resistance in tumor cells is the enhancigbéhilmor
cells to actively transport the anti-cancer drugs out of cells theeeloging the effective

intracellular concentration of administered chemotherapy drugs [66, 67]. ,Hemoe anti-



oxidant and drug-metabolizing pathways represent attractive targettefdive anti-cancer

interventions.

Mercapturic acid pathway: Central axis of oxidative stress regulation and dug metabolism
The mercapturic acid pathway represents the central axis of cellulaxetant and drug-
metabolizing networksHig 2). In the first step of this pathway, xenobiotics are activated by the
cytochrome P-450 monooxygenase system to yield electrophilic metab&itdegenous
substrates of P450 include6 polyunsaturated fatty-acids (arachidonic acid, linoleic aeid,
linolenic acid), the oxidative cleavage of which gives rise to the endogenctrsgide, 4HNE
[68]. For xenobiotics that already possess electrophilic sites (i.eatatigyhgents), the need for
P450 is bypassed. GSTs represent a diverse family of cytosolic andameat@nzymes that
catalyze the next step, phase Il biotransformation, the attack of gluta@sig on
electrophilic sites of activated xenobiotics, as well as lipid-peroxidaterived alkylating
agents [68]. The most abundant of these lipid derived electrophilic toxin is 4HNE. It is
metabolized primarily to its glutathione conjutate (GS-HNE) through a-&&ilyzed
mechanism. Alkylating agent chemotherapy drugs (melphalan, chlorambucilp&)iate
effectively glutathionylated by GSTs, and the resulting glutathioeetrelphile conjugates
(collectively, GS-E) are substrates for ATP-dependent transmeentsearsport by the
glutathione-conjugate transporter, RLIP76. RLIP76 catalyzes the ATP-depaadspbtt of
GS-E derived from lipid peroxidation products and chemotherapy drugs out of cel§][69
The effluxed GS-E are carried in extracellular fluid and plasma to the kwadmene renal tubular

cell rich in y -glutamyl- transferase, located in the extracellular surfacenaf epithelial cells,

catalyzes the cleavage of the isopeptide bond (betwegndheboxyl group of glutamate and



the amino group of cysteine) to yield a cysteinylglycine-electreuhjugate [72]. The
cysteinylglycine-electrophile conjugate is further cleaved to &mestconjugate by the
extracellular cysteinylglycine dipeptidase [73, 74]. The cysteine coegigat taken up by
renal tubular cells and converted into mercapturic acids (N-acetyst®ine conjugates) through
N-acetylation by N-acetyltransferase [75]. The mercapturic acid exdigis formed are water

soluble and excreted through organic ion transporters in renal tubular epithelium [76]

RLIP76 is also ubiquitously over-expressed in cancers, including RCC. Because ATP
dependent efflux of GS-E by RLIP76 is directly coupled with, and is the rate detegraiap of
clathrin-dependent endocytosis (CDE), biological therapies based orediuteaidigand-cellular
receptor interactions, including peptides, antibodies, nanoparticle and lipadgsatttiat are
subject to signal activation or inactivation through CDE, are also directigtedf by RLIP76
[88]. Thus, the mercapturic acid pathway represents a natural and mechansgodlcant
metabolic axis for therapeutic intervention in kidney cancer for sirggetaand combinatorial

bio-chemotherapy in RCC.

Role of RLIP76 in regulating proliferation and drug resistance

The multifunctional role of mercapturic acid pathway transporter RLIP7@&ulatng
fundamental signaling processes of importance in cancer incidence, sunddibig-resistance
has revealed an existential requirement of RLIP76 for the incidence and piag@smany
cancers [77-79]. RLIP76 contains two ATP binding sites-one each at the aminagermi
(**GKKKGK ) and carboxyl terminus fGGIKDLSK?*?® which regulate the ATP dependent

efflux of GS-E and chemotherapy drugs [80, 81]. The transport function of RLIP76 isedhan



by phosphorylation of 3" by PKGyx [82-83]. RLIP76 binds to AP2 in the amino terminus [84].
The first central domain has Rac/cdc42 GAP activity leading to adhesion depBade
activation and cell spreading whereas the second central domain binds to Rah@shrdoxyl
terminus of RLIP76 binds to Hsfl, POBland CDKig(3) [86, 87]. The binding of Hsfl and
AP2/POB1 inhibits the transport function or RLIP76 which also regulates the clatbdiated

endocytosis of EGFR, IGFR and T®B[B7, 88].

Hsfl is a transcription factor which regulates the cellular transmngtreprogramming
to enable survival in the presence of enhanced oxidative stress [89]. During nodaalexi
stress levels, Hsfl and AP2/POBL1 bind to RLIP76 and thus the transport function of RLIP76 and
heat shock response due to Hsfl are inhibited. Increase in oxidative stres$s ieadsased
generation of GS-E of products of lipid peroxidation, activation of #@ich together
stimulate the activation of RLIP76 transport function along with favoring pbnalleslocation
of Hsfl to nucleus to stimulate the transcription of heat shock response genes [90th& hus
activation of RLIP76 not only enhances the detoxification of toxic metaboliteshantbtherapy
drugs but also stimulates the long-term cellular adaptive response towexstegiss through
Hsfl mediated transcription of heat-shock proteins that help survival of cells imcedha

oxidative stress conditions.

Dietary compounds in cancer research
The research on the association between diet and the diseases spans a periahdéthous
of years. Hippocrates, the father of medicine had long before suggestdcetifabd be thy

medicine and medicine be thy food” [91]. The term nutraceutical (derived fratrtion” and



“pharmaceutical”) was coined by Stephen DeFelice in 1989 and refers to atanselibat is a
component of human diet with medicinal properties [92]. The human race has long been
dependent on well characterized dietary regimens to prevent ill health andizspedialbal
dietary preparations had been the mainstay to treat the incident diseasey jpamnts of the
world including traditional Indian medicine and traditional Chinese medicine. pPltk ra
advances in science and technology have elaborated the mechanistic framewe&sef ainsl
have contributed to precise characterization of the active constituents of hunieadire to

focused and well directed development of therapeutic interventions for respeaasedis

Natural phytochemicals have served as the lead compounds for many of theasuirent
cancer drugs in clinical practice and other drugs in various stages dbgieegit. Curcumin, an
active anti-cancer compound from the Indian spice turmeric, inhibits many keydignaling
nodes including Bcl2, survivin, cyclin D1 and VEGF which has made it an attractige dr
candidate for malignancies of many organs like breast, colon, lung and prostate [93, 94].
Silibinin, a natural compound in phase Il clinical trials, has the potential to deqreastate
specific antigen (PSA) levels along with inhibiting metastases in botlogenhdependent and
aggressive androgen-independent prostate cancer [95, 96]. Apigenin is anothen#éawvhich
effectively targets HER2breast cancers along with inhibiting constitutive and TNfimulated
NF-xB activity in prostate cancers [97, 98]. Because of the proven record of prolongedeand saf
human consumption, the nutraceuticals have been attractive candidates fod theyejgeutic

interventions for various malignancies.
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Proteomics in cancer research

The incidence and progression of tumors from the normal cells in respective organs is
accompanied by extensive and complex reprogramming of cellular transciiptiactainery
which in turn causes significant changes in the global proteomic profile cdrozgits. The
initial phase of cancer research focused on characterizing the negstiators of tumor
transformation was focused on “tumor suppressors”, the loss of which promotes oncogenic
transformation in normal cells and “oncogenes”, the over-expression or constittithati@n of
which leads to incidence and invasive progression of cancers [99-101]. The later advance
cancer research expanded various proteins and molecules that regulate survivah angis
malignant progression like matrix metalloproteinases, integrins and VE@&hsfdrmed cells
[102-104]. Further molecular and genetic studies elucidated the enhanced depehdenmse
of the cancers on specific signaling nodes compared to other tumors which leadtiorewdl
the conceptual framework of cancer into differentially regulated and higfieisactive signaling

networks in respective tumors.

Proteomics refers to the field of science focused on the study of global pfafédular
proteins in order to characterize the impact on associated protein networksysatimg disease
processes [105]. Thus, characterization of the proteomic profile of tumor céllsastitcular
genetic aberrations would elucidate the alternations in the levels of malecular effectors

that mediate the tumor incidence, progression and drug action in respective fLd3et07].

Mass spectrometry (MS) represents an advanced and sophisticated plaitftren f

analysis and quantification of molecules. Mass spectrometry is based omd¢kptoof detection
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of mass-to-charge ration(z) of ionized analyte molecules [108]. Proteins represent the principal
molecular effectors in cells. Mass spectrometry based proteomic methodsoh#iteuted
significantly to understanding the proteomic profile of various cancer gesdgi/p@]. In most
proteomic studies, the protein samples are enzymatically digested upisig toygenerate

peptides which are subjected to online chromatographic separation using rerasediquid-
chromatography (RP-LC) followed by detection of analyte peptides in the spactrometer

[110]. The principal components of mass spectrometer include: a source of ionizatieriheher
analyte molecules in the solvent are converted to gas phase-ions, massranht function in
separating the analyte molecules baseoharof ionized analytes and an ion detector which
detects the number of ions corresponding to particota(Fig 4). The development of soft
ionization techniques like electrospray ionization (ESI) have advanced tlygcah@rocedures
focused on polar and thermally unstable proteins and peptides [108,111]. The advanced mass
spectrometers employ two stages of analysis of ions generated Bi8iagalysis which is
commonly referred to as MS/MS or tandem mass spectrometry [112]. In tandsm ma
spectrometry, during initial MS analysis or M$he ionized ions from sample are separated
according tan/z. The selected precursor ions are further fragmented by collision induced
dissociation [113]. The fragmented ions are analyzed at the second stage alsolcaled

MS/MS or MS. The quantification of ions corresponding to particoiérleads to quantitative

information about a particular peptide in the sample.

The data obtained from MS and MS/MS are further processed using bioinformatic
softwares like Mascot (Matrix Science, Boston, MA) to identify peptidescarresponding

proteins from protein databases followed by data analysis using additiomalresftike
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Scaffold (Proteome Software Inc., Portland, OR) to validate protein icatioins and if

required by the study to detect the differential levels of proteins in @thbamples based on the
sequence and abundance of fragmented peptides of respective proteins. Thefimpact
differences in protein levels can be further analyzed by bioinformdtweases like Ingenuity
Pathway Analysis (Ingenuity Systems, Redwood City, CA) to charaetire differentially
regulated biological networks, pathways and disease processes [114, 115]. Thast,in eff
proteomics has both expanded and deepened the understanding of the critical players and th
complex interactions in the signaling networks of respective maligrearidie development of
proteomics has not only lead to better understanding of cancer disease prbatkss also
significantly contributed to the elucidation of mechanisms of action of candidsage alr

different differentially regulated signaling networks in respectarcers.
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DEVELOPMENT OF RESEARCH GOALS AND OBJECTIVES

The VHL-mutant YHL-mut) RCC is mainly characterized by an up-regulation of HifFekative
to VHL-wild type (VHL-wt) RCCwhereas HIFlx mediates the effect of loss/inactivation of
VHL in other organ tumors [116, 117]. In this regard, proteomic analysidloimut, HIF2«
over-expressing RCC relative WL-wt, HIF2-a lacking RCC was performed to characterize
differential regulation of cellular metabolic and drug detoxification paysAy signaling
networks analyses. The proteomic analyses betWEénamut andvHL-wt RCC revealed lack
of aldoketoreductase familyl member C1 (AKR1C1) and over-expression of mecapidir
pathway enzyme GSilin VHL-mut RCC. Increased content and activity of the gSihich
catalyzes initial step in mercapturic acid pathway enzyme, was oneexdrlest methods for
identifying the transition between pre-neoplastic and neoplastic nodules in hepatic
carcinogenesis [118]. The enzyme mediating the next step in mercapitdn@athway, RLIP76
is known to transport current drugs of choice in RCC like sorafenib and sunitinib [évipu’s
studies in our laboratory had characterized that the inhibition of the mercaptdrathway
transporter RLIP76 causes effective regression of RCC in mice xenomgitaftsit any overt
toxicity [77-80]. Hence, further proteomic analyses were performed tmatache
differentially regulated proteins by RLIP76MHL-mut RCC. While investigating the
differential expression of AKR1C1 and G&ih VHL-mut andvHL-wt RCC, 2'-
hydroxyflavanone (2HH;ig 5) which is a known AKR1C inhibitor turned out to be significantly
effective in inhibitingvHL-mut RCC. Hence, the anti-cancer effects of 2HF were further

investigated to elucidate the mechanisms of action of 2MNHInrmut RCC.
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This dissertation describes the differential regulation of signalingonktvetweevVHL-mut,
HIF2-a over-expressing RCC arvHL-wt, HIF2-a lacking RCC followed by the analyses of
RLIP76 induced differential regulation of proteinsvHL-mut RCC which in turn expands the
mechanistic basis for the potent anti-cancer effects of RLIP76 along \aithotérizing the role

of 2HF for novel and safe chemopreventive interventionddh-mut RCC.
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Figure 1. Major pathways of biotransformation of 4HNE (A) Aldehyde dehydrogenase 2
(ALDH2)-catalyzed oxidation to 4HNA. (B) Spontaneous or GST-medi&SH conjugation
yielding GS—4HNE. (C) Enzyme-catalyzed reduction to DHN. (DjehAyde oxidase (AO)-
mediated reduction of &.C vyielding 4HAA. (E) Aldose reductase (AR)-catalyzed redurcto

GS-DHN. (F) Spontaneous rearrangement to a cyclic hemiacddizicta (G) Spontaneous

rearrangement to a lactol. (H) Reduction of 4HAA [42, 43].
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Figure 2. Mercapturic acid pathway-Central axis of oxidative stress regulan and
drug metabolism Glutathione S transferases (GSTs) catalyze the first ratennsitep of the
attack of glutathione (GSH) on the electrophilic center of products of lipid petiaxidike
4HNE and chemotherapy drugs leading to formation of thioether conjugate of GSH).(GS
RLIP76 catalyzes the ATP-dependent transport of GS-E of lipid peroxidatdagis (RX) and
chemotherapy drugs out of cells. Theglutamyltransferase located in the extracellular surface
of the plasma membrane catalyzes the cleavage of isopeptide bond tygteldybglycine
conjugates. The cysteinyl glycine conjugate is further cleaved inteicgonjugate by the
extracellular cysteinylglycine dipeptidase. The cysteine conjag@atetaken up again by the
cells which are converted into mercapturic acid derivatives (N-aBetylsteine conjugates) by
the addition of N-acetyl moiety by the action of N-acetyltransferase midrcapturic acid end

products formed are water soluble and excreted by the renal tubules.
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Figure 3. Schematic diagram of the structural domains of RLIP76 RLIP76
contains two ATP binding sites-one each at the amino ternfifGKKKGK ) and carboxyl
terminus %G GIKDLSK*?® which regulate the ATP dependent efflux of GS-E and
chemotherapy drugs. RLIP76 binds to AP2 in the amino terminal. The first ceindr& AP
domain mediates adhesion dependent Rac activation whereas the second centndiddmtn

Ral. The carboxyl terminus of RLIP76 binds to Hsfl, CDC2, POB1, and CDK1 [90].
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Figure 5. The structure of 2-Hydroxyflavanone Empirical formula C;5H1,03,

Molecular weight-240.25.
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CHAPTER Il

PROTEOMIC ANALYSIS OF SIGNALING NETWORKS REGULATION IN REN AL
CELL CARCINOMAS WITH DIFFERENTIAL VHL AND HYPOXIA-INDUCIBLE

FACTOR-2a EXPRESSION

INTRODUCTION

Renal cell carcinoma (RCC) is one of the top ten cancers incident in the USA0RH. L
of the tumor suppressor von Hippel-Lind&H() gene is an established genetic risk factor for
RCC [2]. VHL mutations have been implicated in 75% of clear cell RCC, the most common
form of RCC [3]. RCC has been associated with an upward trend over time due tsimgcrea
prevalence of common risk factors in the general population like ciganetteing and obesity

[4,5].

Loss-of-function mutations in théHL gene up-regulate hypoxia-inducible factos 1-
(HIF1-a) and hypoxia-inducible factor @(HIF2-a) signaling but advanced stages of RCC have
predominantly increased expression of HiE[B,7]. Over-expression of HIF2in RCC leads
to enhanced angiogenesis and tumor progression even in the absence @o{&)IFAlong with
some common molecular targets, the HtFARd HIF2e have distinctly regulated differential

molecular targets of importance in transformation and metastatic priogrg3s According to
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our knowledge, until today, there are no proteomic studies reporting the transitibasature
of tumor signaling networks that accompanyW#_-mut, HIF2« over-expressing RCC,
particularly in relation t&/HL-wt, HIF2-o lacking RCC. Such a mechanistic study into the
transition of vital tumor signaling networks would be of potential biological anctalini
significance. Hence, in the context of dependence of RCC ondjWw2-studied the
differential regulation of cellular proteome in 786 XH(-mut, over-expressing HIF&} and
CAKI-2 (VHL-wt, lacking HIF2¢)) RCC cell lines. The 786-0 cells express HtF2ecording to
previous studies and thus represent a molecular environmehiLemut genotype that

corresponds to advanced stages of RCC [6,10].

The drug sensitivity assays in our previously published reports have indicated theeenhan
sensitivity ofVHL-wt CAKI-2 RCC cells to sorafenib comparedvslL-mut cells [11]. In this
regard, our preliminary proteomic analysis revealed enhanced-erpressildo keto reductase
family 1, member C1 and lack of expression of glutathione S-transfeiadéHL-wt RCC [12].
The tumor energetics and proliferation are regulated by hundreds of proteins in tlsnor ce
Identification of principal up-regulated and down-regulated proteins in thextaiftgpecific
VHL genotypes of RCC would not only enhance the understanding of the major regulators
among such hundreds of proteins but also potentially helps to streamline the therapeut
strategies in order to prioritize the drug targets towards a single @ireiteins of unique

relevance to particular genotype of RCC.

Correlation between spectral counts and protein quantities has also been convincingly

shown by Liuet al [13]. Therefore, we performed quantitative proteomic analysSiiafwt
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andVHL-mut RCC cells lines using a previously validated and published label-freeaspectr

counting-based LC-MS/MS method [14].

EXPERIMENTAL METHODS

Materials All chemicals and reagents were purchased from Sigma Aldrich (St. MOis,

Cell Lines and Cultures  TheVHL-wt (CAKI-2) human RCC cell line was purchased from
ATCC, Manassas, VA. ThéHL-mut (786-0) cells were kindly authenticated and provided by
Dr. William G. Kaelin, Dana-Farber Cancer Institute and Harvard Me8aool, Boston, MA.
All cells were cultured at 37 °C in a humidified atmosphere of 5 %iI€&PMI-1640 medium
supplemented with 10 % FBS and 1% P/S solution. Also, before proteomic analysis, we

confirmed the differential expression of Hllk2etween the RCC cell lineBig S1).

Cell viability assay Cell density measurements were performed using a hemocytometer to count

reproductive cells resistant to staining with trypan blue. Approximately 20ed80n@re plated
into each well of 96-well flat-bottomed micro-titer plates. After 12 h indabait 37°C, RPMI-
1640 medium containing different concentrations of aminooxyacetate (AOA, rangn@fl -

5 mM) were added to the cells. After 24, 48 and 72 h incubation, respectivaly,a?®

mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTvere introduced to
each well and incubated for 2 h of exposure. The plates were centrifuged and medium was
decanted. Cells were subsequently dissolved indLlADMSO with gentle shaking for 2 h at

room temperature, followed by measurement of optical density at 570 nmfbijassessment
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of cell viability in medium without glutamine supplementation, the cells wetegbnd after 12
h incubation at 37C in RPMI-1640 with glutamine the medium was changed to RPMI-1640
medium without glutamine. The MTT assay was performed at 24, 48 and 72 h, as indicated
above. Four replicate wells were used at each point in each of three sepasteements (n =

12).

Sample preparation RCC cells were resuspended in buffer containing 20 mM Tris-HCI, 50
mM NacCl, 6 M urea, 10 mM sodium pyrophosphate, 1 mM sodium fluoride and 1 mM sodium
orthovanadate and incubated in ice for 30 min followed by six freeze thaw ayelesure
adequate lysis of the cells. The sample was centrifuged at 13,300 rpm for 30 rtn athe

clear supernatant was collected carefully and protein concentration waisreteasing BCA

assay (Bio-Rad, CA). 20@ of protein from each sample was reduced using 2.5 mM
dithiothreitol (DTT) at 65°C for 30 min followed by carbamidomethylation of thiol groups using
7 mM idoacetamide for 30 min at room temperature in the dark. The unreacted idodeetami
was quenched by addition of DTT to 2.5 mM with additional 15 min incubation. The sample
was then diluted in 50 mM ammonium bicarbonate to lower the urea concentration torléss tha
mM followed by digestion with sequencing grade trypsin (Promega, Madisoriof\l% h at
enzyme: substrate ratio of 1:25. Following digestion, proteolytic activitytevasnated by
acidifying the reaction mixture with acetic acid to pH <3.0. The samplesdesalted using.g
cartridges (Supelco, Bellfonet, PA) and the cartridge eluate wasmxtad to dryness by
lyophilizing at 4°C. The residues were reconstituted in 25 pL of loading solvent containing
0.1% (v/v) acetic acid and 5% (v/v) acetonitrile in 94.9% (v/v) water. Five pL aliqures w

used for LC—MS/MS analyses.
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Liquid chromatography—tandem mass spectrometryL C—ESI-MS/MS analysis of the

samples was performed using a hybrid linear quadrupole ion trap—Fourier trarsfor

cyclotron resonance (7-T) mass spectrometer (LTQ-FT, Thermo Finldganlose, CA)
equipped with a nano-electrospray ionization source and operated with Xcaliblor(\&g)i

and Tune Plus (version 2.2) data acquisition software. Online reversed-phase foighgrnee
liquid chromatography (RP-HPLC) was performed with an Eksigent nano-L&Rfgent,

Dublin, CA) system. An amount offi. of the sample was automatically loaded onto the
IntegraFrit™ sample trap (2.5 cm x 75 um) (New Objective, Woburn, MA), for sample
concentration and desalting, at a flow rate of 1.5 pL/min in a loading solvent containing 0.1%
(v/v) acetic acid and 5% (v/v) acetonitrile in 94.9% (v/v) water prior to injection oredvesse-
phase column (NAN75-15-03-C18-PM; 75 pum i.d. x 15 cm, LC Packings, Sunnyvale, CA)
packed with Gg beads (3 pm, 100 A pore size, PepMap). Mobile-phase buffer A consisted of
0.1% (v/v) acetic acid and 99.9% (v/v) water, and mobile-phase buffer B consisted o¥Q)1% (
acetic acid and 99.9% (v/v) acetonitrile. Following desalting and injection ontaahgieal
column, peptides were separated using the following gradient conditions: (1) 5 min in 95.2%
solvent A for equilibration; (2) linear gradient to 40% solvent B over 90 min and holding at 40%
solvent B for isocratic elution for 5 min; (3) increasing the gradient to 90% solvent B and
maintaining for 5 min; and finally (4) 95.2% solvent A in the next 20 min. The flow rateghr
the column was 250 nL/min. Peptides eluted through a Picotip emitter (internatetiate: 1

pnm; New Objective) were directly supplied into the nano-electrospray soutoe miass
spectrometer. Spray voltage and capillary temperature during the gragievgére maintained

at 2.0 kV and 250 °C. Conventional data-dependent mode of acquisition was utilized in which
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an accuratevz survey scan was performed in the FTICR cell followed by parallel MS/iv&di
ion trap analysis of the top five most intense precursor ions. FTICR full-scarspeagtra were
acquired at 50000 mass resolving powaiz@00) fromnvz 350 to 1500 using the automatic
gain control mode of ion trapping. Peptide fragmentation was performed lsyorsihduced
dissociation (CID) in the linear ion trap using a 3.0-Th isolation width and 35% noechaliz
collision energy with helium as the target gas. The precursor ion that hacelemadsfor CID

was dynamically excluded from further MS/MS analysis for 60 s.

Database searchnMS/MS data generated by data dependent acquisition via the LTQ-FT were
extracted by BioWorks version 3.3 and searched against a composite IP| hoteangaquence
database (IPI _human_v 3.73.par) containing both forward and randomized sequences using the
Mascot version 2.2 (Matrix Science, Boston, MA) search algorithm. Massate@ached with a
fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 15.0 ppm assuming the
digestion enzyme trypsin with the possibility of one missed cleavage. dddmaethylation of

cysteine was specified as a fixed modification while oxidation of methaphirterminal protein
acetylation, N-terminal peptide and lysine carbamoylation, and phosphorylatiamefased

threonine were specified as variable modifications.

Data compilation, relative quantification and analysis of signaling netwdes The software
program Scaffold (version Scaffold 3.0, Proteome Software Inc., Portland, ORnweésyed to
validate MS/MS-based peptide and protein identifications. Initial peptide idahtohs were
accepted if they could be established at greater than 95% probability aedd®cihe Peptide

Prophet algorithm [15]. Protein identifications were accepted if they coulddidigised at
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greater than 99% probability and contained at least 2 identified unique peptides Prote
probabilities were assigned by the Protein Prophet algorithm [16]. Theséad&ah criteria
typically established a <0.01% false discovery rate based on a decoysdatahech strategy.
Scaffold allows for simultaneous comparison of multiple proteomic data setsah thikilist of
identified proteins can be sorted by various parameters. The spectral coecthimgue for
relative protein quantitation utilizes the total number of MS/MS spectrafiddrfor a particular
protein as a measure of protein abundance and, consequently, this parameter wasass#g to ¢
the RCC protein identifications within Scaffold. The method for relative quanitétilowed
published protocols in which the change in abundance was inferred from the ratio as follows
[17,18]:

Ratio= [(WHL-mud MvHL-wt)]
wherenyy-mut andnyy-wt Were the total number of identified MS/MS spectra (normalized
spectral counts from Scaffold) for a particular protein inMH&-mut andvHL-wt RCC cells,
respectively. A 50% peptide probability was used for the initial list of hagifiidence
identifications (99% protein confidence, 95% peptide confidence and containing 2 unique
peptides) in order to include peptides with lower Mascot scores that represgmbditive

identifications and would improve the overall spectral counting sensitivity.

Statistical analysesWe analyzed three biological samples/éfL-wt andVHL-mut RCC cell
cultures with two analytical replications for each, making a total of sixqgroteanalyses for
each of theyHL-genotype of RCC. A G-statistic test (likelihood ratio test for independence)
was then utilized to determine statistical significance for diffeseakipression of each protein

having normalized spectral count of at least three in eitharHhewt or VHL-mut sample:
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G=2[CvhL-wt IN(CvhL-wtftet) + Cyrr-mut IN(CyrL-mut/tet)]
whereCyuiwt 1S MvhL-wt + 1); Cumt-mut IS [(MviL-mue + 1)]; @andtet is [(Cuni-wt + Cuni-mut)/2]
[14,17,19]. Thes-value is approximately characterized by aistribution with one degree of
freedom, allowingP-value calculationsP < 0.05 was considered statistically significant.
Proteins showing zero spectral counts in eitfék-mut orVHL-wt RCC cells were tabulated as
U786—O

(uniquely expressed MHL-mut RCC cells) and £/ (uniquely expressed MHL-wt

RCC cells), respectively.

The differentially expressed proteins with more than 2-fold change in neesalpectral
counts andP < 0.05 were further explored by Ingenuity Pathway Analysis (IPA; Ingenuity
Systems, Redwood City, CA) to reveal differentially regulated signaktgorks and biological

processes.

RESULTS AND DISCUSSION

Proteomic analysis ofHL-mut andvHL-wt RCC cells is summarized schematically in Fig
1. We identified 2666 unique peptides and 315 proteins out of 4633 total spectra. The biological
and analytical replication were >95% across all the samples analyzetth Micwt andVHL-
mut cells. Based on reaching normalized spectral counts of at least thitheirtheévVHL-mut
or VHL-wt samples, a minimum of 2-fold change arféhaalue of <0.05, proteins showing

differential expression are listed in Table 1.
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Differential regulation of cellular energy pathways inVHL-mut and VHL-wt RCC cells
Differentially expressed proteins were further examined by IngeRaithway Analysis (IPA) to
characterize the predominant signaling pathways and networks that arenddier regulated
between respectivéHL genotypes of RCC cells. IPA revealed signaling pathways that regulate
tumor energetics such as the pentose phosphate pathway, and glucose andmgtabatesm

as the predominantly differentially regulated metabolic pathwaysilamut relative tovHL-wt

RCC cells Table 2.

Differentially expressed proteinggble 1), along with the impact on the cellular energy
pathways as elucidated by IPA analydJialfle 2), revealed significant differences on metabolic
preferences oVHL-mut andvHL-wt RCC. Metabolism in cancer cells is mainly driven by the
flux of metabolites through three pathways: glycolysis, pentose phosphate patidvay
glutaminolysis [20]. Rapidly proliferating cancer cells have enhancethiaeglycolysis
compared to non-malignant cells which is commonly known as Warburg effect [21] . The
Warburg effect has been implicated in the rapid generation of glycaiygen ATP in tumor
cells relative to regular mitochondrial oxidation [20]. Previously publishe@g@mt studies
have strongly indicated the up-regulation of glycolysis in RCC cells, but the/ggs that
maintain cellular energy status specifically in HidcBver-expressinyHL-mut background that
corresponds to advanced stages of RCC have not been reported [22,23]. The rate limiting
enzymes of glycolysis include glucose-6-phosphate isomerase that sagluedse-6-phosphate
to fructose-6-phosphate during glycolysis. The tumor cells with impairedlgtic pathway
maintain the downstream metabolite flux by deriving the intermediate migabéiuctose 6-

phosphate and dihydroxy acetone phosphate, from the pentose phosphate pathway. To our
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surprise, glucose-6-phosphate isomerase (GPI) of glycolytic pathwayell as UDP glucose-6-
dehydrogenase (UGDH) of pentose phosphate pathway were not detdacialgecr, a
significant over-expression of mitochondrial malate dehydrogenase (Miasipbserved in
VHL-mut RCC cellsTable 1). This novel finding regarding the down-regulation of key
enzymes of glycolysis and pentose phosphate pathway strongly indicatedoéepassabolic
shift towards glutaminolysis in advanced stages of RCC that over-expiezs.HGlutamine is
converted to glutamate and shunted into the tricarboxylic acid (TCA) cycketeglutarate
that ultimately gets converted to malate. MDH converts malate to oxtdtate yield NADH
that is further shuttled into mitochondrial respiratory chain to yield AZA9. [ The voltage-
dependent anion selective channel (VDAC) in the outer membrane of mitochondriarfsiast
an ADP importer by exchanging ATP into cytoplasm thereby maintainingpeatale
mitochondrial ADP gradient to drive ATP synthesis [25]. In addition to over-expression of
mitochondrial MDH, there was an over-expression of VDAC and ATP synthase héi&a-imut
RCC cells Table 1). Thus, the up-regulation of MDH and VDACMHL-mut cells, in
conjunction with down-regulation of glucose-6-phosphate isomerase (GPI),|gtradigated a

shift towards alternate metabolic pathway¥Hi-mut RCC.

Normally, HIF1«, but not HIF2e, mainly up-regulates glycolysis and pentose phosphate
pathway by increasing the expression of glycolytic enzymes like Gfelagk and lactate
dehydrogenase along with key enzymes involved in pentose phosphate pathway Bisdisas g
6-phosphate dehydrogenase [9]. As mentioned earlier, the survival and progre s arfe
associated with over-expression of Hlé2elative to HIF1e [7,26]. Even though the

contribution of glycolysis in the generation of cellular ATP is enhanced due toaHmuy
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effect, some of the recent evidence points that cancer cell lines can ugtedgfoiA cycle and
oxidative phosphorylation that serve as their major source of ATP production [27]. |athere
importance of glutaminolysis and glycolysis in RCC has been poorly understood.ctmtest
of down-regulation of key glycolytic and pentose phosphate pathway enzymesalgsai
and UGDH as evident from proteomic analysi¥HiL-mut RCC cells, we further investigated

the importance of glutaminolysis.

We first analyzed the degree of cell survival using MTT assay aftabation with
aminooxyacetate (AOA), an inhibitor of glutaminolysis, at 24, 48 and Fijhres 2a, 2b and
2c, respectively. TheVHL-mut RCC cells were more susceptible to inhibition of
glutaminolysis relative t&HL-wt RCC cells at all concentrations of AOA and at all time-points
tested. In addition to using glutaminolytic inhibitor, we also studied the exteell sticvival
upon culturing in medium lacking glutamine. AgatjL-mut RCC cells were more susceptible

to glutamine depletion relative ¥dHL-wt RCC cell lines Eigure 2d).

By comparing the results of cell survival assays after glutaminolytiwyag inhibition by
using AOA and glutamine depletion by using medium lacking in glutamine, we elsiiat
VHL-mut cells cultured in glutamine depleted medium had moderately higher survival when
compared to survival upon treatment with the glutaminolytic inhibitor. This could be the t
presence of glutamate in the cell culture medium which could compensalatéonige
deprivation when cultured without glutamine. By acting downstream of glutathatecreased
inhibitory effect of AOA could be due to its ability to prevent conversion of glutatoine

ketoglutarate, which would explain the low survivaMbfL-mut cells in the presence of AOA
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when compared to lack of glutamine substitution in the medium alone. Collectivetg|lthe
survival assay both in the presence of AOA and upon cell cultures in glutamine dem@dteochm
confirmed the predominant dependenc¥idf.-mut RCC on active glutaminolytic pathway for

survival relative to/HL-wt RCC.

Regulation of complex cellular energetic, proliferative and metastaticignaling networks in
VHL-mut RCC Ingenuity Pathway Analysis of signaling networks indicated that two major
networks were significantly regulated due to differential expression @ipsotone
corresponding to free radical scavenging, molecular transport and angpheatimg DNA
replication, nucleic acid metabolism, DNA recombination and repajufes 3 and 4. Both

networks overlapped with energy production.

The regulation of free-radical scavenging, DNA replication and repavwoniet is of
importance for cancers in general and\feiL-mut cancers in particular, both with respect to
tumor progression and therapeutic responsiveness. The increased proliferatodhiuaor
cells coupled with relative decline in oxygen supply elevates the oxidative istitesnors,
which generate increased reactive oxygen species (ROS). Moderatetevetiative stress
stimulate cancer cell proliferation, whereas high levels of ROS aredwaicto cancer cells
[28]. TheVHL-mut tumors adapt to hypoxic state by activating free-radical scaggngin
machinery through HIF signaling. The current drugs of choice in the manapehaslvanced
renal cancers include sorafenib, a known multi-specific tyrosine kinase inhamntbr
temsirolimus, an inhibitor of the mammalian target of rapamycin (mTORaddition to

inhibiting tyrosine kinases, sorafenib induces cell death through induction of mitocthondria
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oxidative stress [29]VHL-mut RCC cells are relatively more resistant to sorafenib\#Hrwt
RCC [11]. Thus, the differential regulation of free-radical scavengirvgonkes assumes
significance in further directing the investigations into molecular meshmihat regulate

differential drug sensitivity.

The heat shock family of proteins is one of the major regulators of the cedlsfronse to
oxidative stress and, hence, regulates the response to chemotherapeutic oneri@diti The
expression of mitochondrial heat shock protein 60 (HSP60 or HSPD1) was signifelaatied
while HSP70, aldo-keto reductase (familyl, member 10), thioredoxin 1, transajdoi3@)H
dehydrogenase (quinonel) and destrin were decreasétLimut RCC cells. HSP60 is a
predominant mitochondrial protein involved in maintaining the integrity of mitochondrial
proteins and its expression is increased in response to ROS generation induced duedp hypoxi
high temperatures and upon exposure to toxic chemicals [31]. The expression of HSP60 has not
been widely studied in renal cancers. In addition, HSP60 decreases cytochraase aat
protects the cells from apoptosis. Proteomic studies in ovarian cancers havetiddetbas up-
regulation of HSP60 in multi-drug resistant ovarian cancers [32]. Hence, giviemtiaanental
role of HSP60 in oxidative stress, proliferation and drug resistance, furthersstudihe distinct
role of HSP60 i'VHL-mut RCC would delineate its precise function in regulating the tumor

progression and therapeutic responsiveness.

Cofilin and destrin are closely related members of actin de-polymeriztgims that
regulate cytoskeletal reorganization during cellular proliferation agtdstatic progression [33].

We observed a delicate regulation of these closely related proteins with ehbafiloe
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expression and lack of destrin expressioWhtL-mut RCC cells. We also observed a striking
up-regulation of 629-kDa neuroblast differentiation associated protein (AHNAlebrew

means giant) for the first time WHL-mut RCC cells. AHNAK has been studied in colon cancer
cells and has been characterized as a cooperative protein in a tumor suppeessamism in
adenomatous polyposis coli-induced oncogenic transformation [34]. The mechanistic
significance of the up-regulation of AHNAK derives from its binding with/Dligase 1V

complex and its ability to stimulate the ligase activity in non-homologous emdgaduring

repair of double stranded DNA breaks [35]. Enhanced DNA damage repair is angenablin
feature for cancerous cells in not only that it allows the transformed @#figve in spite of
damaged DNA but also that it could allow carryover of genetic alternatidsh) wight

promote tumorigenesis and metastatic progression.

Regulation of overall molecular functions, physiological processes and disesiskie to
significant differential protein expression betweenVHL genotypes in RCC IPA molecular
function analysis of significant protein differences as detailed in Tablealszl 67 cellular
processes that were differentially regulated above the threghddd)6) betweeVHL
genotypes in RCC. Selected molecular functions are represented in FigUieeSap five
systems among physiological systems and development were nervousdsstdopment and
function, skeletal and muscular system development and function, renal and urolsgeral s
development and function, embryonic development and cardiovascular development and
function Figure 5b). Complete loss ofHL has been proven to be embryonic lethal [36]. In
this context, the role of differentially expressed proteins in regulatitgyemic development

betweenvHL genotypes of RCC further authenticates the conformity of our proteomicsresult
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with established signaling mechanisms of relevanaéHio signaling networks. The analysis of
the impact on diseases and disorders revealed the highest effect of diff@rentin expression
on cancer (27%) followed by genetic disorders, reproductive system and disspsatary

disease and the hematological dise&sgufe 50).

CONCLUSION

Proteomic studies focused on the tumorigenic and metastatic causative ¢dqtarticular
importance in RCC specifically over-expressing HiFRave potential impact on translational
research to steer the course of novel therapeutic interventions. In this regdeteated
significant differential expression of proteins that regulate canceemetbetics and DNA
repair. Specifically, we report a novel finding of down-regulation of giggopathway and
dependency oVHL-mut RCC on glutaminolysis, when compared/liL_-wt RCC. Also, the
identification of up-regulated neuroblast differentiation associated pi@EiNAK) with an
established role in DNA repair MHL-mut RCC is another finding with potential impact on
enabling the cancerous cells to proliferate and metastasize in sy @ra genetic alterations.
The observation of protein expression differences betWekamut andvHL-wt RCC
implicated various signaling networks of importance in cell proliferationladixe stress and
metastasis. Taken together, our proteomic studies highlighted diffdserggulated protein
networks that direct and regulate the specificity of cellular enesg@&NA repair and oxidative
stress which, in turn, collectively regulate therapeutic responsivenesse$sigg,VHL-mut
and HIF2e over-expressing RCCs. Further studies by using knock-in and knock-out models

would enhance the understanding of the role of individual proteins in regulating speodfes ¢
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cell processes as elucidated by current findings. In summary, the fesulthis study have
opened potential novel possibilities for translational research in renal oncolabatacterizing
the differentially regulated proteins and respective signaling netwetke&bnVHL genotypes

of RCC differing specifically in HIF2: expression.
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Table 1

List of proteins with statistically significant differential exmies betweeVHL-wt (CAKI-2) andVHL-mut (786-0)

RCCs: Proteins reaching at least 3 as average spectral count inhat@&KI-2 or 786-O sample with2-fold change an& < 0.05 by

summation-based G-test were considered.

IPI accession Molecular Number  Sequence Average Average Average
protein name number weight of unigue coverage spectral spectral counts fold
(kDa) peptides (%) counts in in CAKI-2 + change
786-0 +SD* SD?
60 kDa heat shock protein, mitochondrial IPI00784154 61 8 19 1132+ 242 o
70 kDa heat shock protein 1A/1B IP100304925 70 4 8 0* 38+ ycAKi-2 b
Aldo-keto reductase family 1 member B10 IP100105407 36 7 26 1 1+ 26+ 15
Aldo-keto reductase family 1 member C2 IP100005668 37 3 11 0* _523+ eAK!-2
Alpha-enolase IP100465248 47 22 63 132+ 4748
ATP synthase subunit beta, mitochondrial IPI00303476 57 10 30 _3 14+ O* yreeo
cDNA FLJ54957, highly similar to IP100643920 69 7 15 2+ 1543 4
transketolase
Cofilin-1 IP100012011 19 5 41 236 5+ 4
Collapsin response mediator protein 4 long IP100029111 74 5 10 O* B+ yeaKt-2
variant
Destrin IPI00473014 19 4 22 o* _3+ e
Fructose-bisphosphate aldolase A IP100465439 39 13 37 8+3 _6 30+ 4
Glucose-6-phosphate isomerase IP100027497 63 5 11 O* 2 T+ yeaKt-2
Glycogen phosphorylase, brain form IP100004358 97 3 5 0* 1 3+ yeAK-2
Isoform 5 of Thioredoxin reductase 1, IP100554786 55 4 13 o* 8+ yere2
cytoplasmic
Malate dehydrogenase, mitochondrial IP100291006 36 3 19 1 6+ 0* yeeo
NAD(P)H dehydrogenase [quinone] 1 IPI00012069 31 5 17 0* _2 5+ yeaKt-2
Neuroblast differentiation-associated proteiriP100021812 629 11 6 249 2+ 10
AHNAK
Poly(rC)-binding protein 1 IP100016610 37 3 11 _11+ 5+1 2
Profilin-1 IP100216691 15 5 43 23+ 5+2 3
Prostaglandin E synthase 3 IP100015029 19 3 14 _0 1+ 3+ 3
Retinal dehydrogenase 1 IP100218914 55 3 9 _11+ 742 5
Stress-70 protein, mitochondrial IPI00007765 74 3 6 2 4+ O* yreeo
Transaldolase IP100744692 38 5 16 11+ 114 6
Ubiquitin carboxyl-terminal hydrolase IP100018352 25 3 17 e 642 4

isozyme L1
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UDP-glucose 6-dehydrogenase IP100031420 55 13 39 0* 114+ eAKI-2
Voltage-dependent anion-selective channel IP100216308 31 3 14 3+ 0* yreeo
protein 1

2N = 3 biological replicates of RCC with respectwtdL genotypes; analyses were ran in duplic8tealidated by Western-
blot analysis (Fig S2). * No peptides were detected in all the analyses ottirespett lines. 3*¥": Proteins uniquely detected in

VHL-wt (CAKI-2) RCC. U®° Proteins uniquely detected ¥HL-mut (786-0O) RCC.
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Table 2. Differential regulation of cellular energy pathways betweglh-wt andVHL-

mut RCC.
Name P
Pentose phosphate pathway <4.4 .10
Starch and sucrose metabolism <1.92 10
Glycolysis/gluconeogenesis <2.0 ™10
Pentose and glucuronate interconversion <9.3- 10
Pyruvate metabolism <3.2-10
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Figure 1.

expression of proteins and consequent regulation of signaling networks of impam&&e
cells: ThevHL-wt andVHL-mut RCC cell lines were analyzed in buffer containing 6 M Urea.
The lysate (200 pg of protein) was subjected to reduction and alkylation followmebinght
digestion with sequencing grade trypsin. The samples were desalted by ssdickpinaction
(SPE) before online reversed phase LC-MS/MS analysis. The MS/MS datatgdrveas first
searched against human protein sequence database followed by MS/MS basedrzkptide a
protein identifications using Scaffold (version 3.0). The proteins with signifepaanititative
differences as determined by G-test were submitted to Ingenuity Ba#étnadysis (IPA) to

reveal differential regulation of signaling networks.
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The assessment of RCC cell-survival by MTT assay: The survival of CAKI-2

(VHL-wt) and 786-OYHL-mut) RCC cell lines was assessed after treatment with incgeasin

concentrations of the glutaminolytic inhibitor, aminooxyacetate (AOA) at 24,48 h (b) and

72 h (c) and in glutamine depleted medium YL-mut 786-O RCC cells were more

susceptible to inhibition of glutaminolysis or glutamine depletion at all fioiets.
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Figure 3. Differential regulation of the network of “Free radical scavengingemadar
transport and energy production”W#L-mut andvHL-wt RCC. Red, up-regulated ivHL-mut

RCC,Green, down-regulated iWHL-mut RCC.
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Figure 4. Differential regulation of the network of “DNA replication, recombination and
repair, energy production and nucleic acid metabolisnVHh-mut andvHL-wt RCC. Red,

up-regulated i'vHL-mut RCC,Green, down-regulated ivHL-mut RCC.
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Figure 5. IPA analysis fothe impact of differential expression of proteins on (a) molecular
and cellular functions, (b) physiological systems and development and (gediseal disorders:
The molecular and cellular functions differing betweenvHé& genotypes of RCC were

revealed by Ingenuity Pathways Analysis (IPA). [IPA confirmed #iesstal significance of
differential regulation of signaling pathways regulating energy mtomiy nucleic acid
metabolism, carbohydrate metabolism and cellular growth and differentiatmmyaop

molecular functions that are differentially regulated. Incidentall\sealtifferentially regulated
molecular functions determine the cancer cell survival, proliferation arastasésd). The

impact of differentially expressed proteins on physiological system gevelut and function

(b), and diseases & disorder.(
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Figure S1. Western blot analysis for the expression of HIF2AdVHL in the RCC cell lines

before proteomic analysis: The differential expression of HIk2786-O YHL-mut) RCC was

confirmed.
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Figure S2.  Western blot analysis for the differential expression of 605&d HSP70 in the
RCC cell lines: The bottom panels show the scanning densitorf@tryespective protein

expression betweevHL genotypes of RCC.
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CHAPTER Il

PROTEOMIC ANALYSIS OF SIGNALING NETWORK REGULATION BY RLI P76

IN VHL-MUTANT RENAL CELL CARCINOMA

INTRODUCTION

RLIP76, also known as Ral binding protein 1 or RalBP1 is a 76kDa multi-specific, multi-
functional mercapturic acid pathway transport protein that is over expressedipienarban
malignancies [1-6]. RLIP76 was originally characterized to possessogiminyl-S-glutathione
conjugate-dependent ATPase (DNP SG ATPase) activity [7-8]. RLIP76 Ipdesydid substrate
stimulated, temperature dependent, saturable ATPase driven transpdst Bmt&irange of
metabolites and anti-cancer drugs like GS-E of products of lipid peroxidéieosHNE,
vinblastine, vincristine, vinorelbine along with drugs like doxorubicin and colchicinehvdaic

not form GSH-conjugates [9-12].

RLIP76 is over expressed in renal cell carcinoma (RCC) and recent stodiesur
laboratory have revealed the ability of RLIP76 to transport current drugs ocedhdRCC
management like sunitinib and sorafenib [13]. Inhibition or depletion of RLIP76 causes
regression of RCC in mice xenograft studies [14]. RLIPMéce are active and viable which
infers that complete knock-down of RLIP76 does not cause any normal tissue {@&citg|.
Thus, the multi-specific and multifunctional tumor promoting spectrum of RLIP7@ aldh

absence of toxicity in RLIP76 targeted animal models which taken togethercontext of the
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activation of mercapturic acid pathwayMAlL-mut RCC makes RLIP76 an attractive and
effective target for anti-cancer interventions in RCC. In this regard,atharation of the
specific signaling mediators and differential regulation of key networksodgelP76 targeted
therapy would further enhance the understanding of mechanisms of action GERLYAHL-

mut RCC.

EXPERIMENTAL METHODS

Cell lines and cultures Human kidney cancer 786-0O cell lines were kindly authenticated
and provided by Dr. William G. Kaelin, Dana-Farber Cancer Institute, HarvadictMeSchool,
Boston, MA. The cells were cultured at 37 °C in a humidified atmosphere of 5,% GBMI

medium supplemented with 10 % FBS and 1% P/S solution.

Knock-down of RLIP76 in 786-O RCC cells RLIP76-antisense was purchased from
Biosynthesis, Inc., (Lewisville, TX). Approximately 2 x*1¢ells were plated in six well plates
for 24 h. The cells were incubated with either RLIP76 anti-sense or scrambgahae (10
pg/mL final concentrations for each) in Maxfect transfection reg@éoleculA), according to
the manufacturer provided protocol [5]. After 48 h, the cells were washed with B8§,
scraped with sterile cell scrapers, collected in PBS and centrifuged atgs0®0r 10 minutes.

The cell pellet was stored at -80 till further analyses.

Over-expression of RLIP76 in 786-O RCC cells Approximately 2 x 18786-O cells were

plated in six well plates for 24h. 786-0 cells were transfected with 4 g of eitipty vector
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pcDNA-3.1 or vector+RLIP76 using Lipofectamine 2000 according to the manwfastur
protocol [5]. The over-expression of RLIP76 was confirmed by western blot at 48h 48fh,
the cells were washed with sterile PBS, scraped with sterile cafiess, collected in PBS and

centrifuged at 5000 rpm for 10 minutes. The cell pellet was stored &€ 8Dfurther analyses.

RT-PCR analysis RNA from control and experimental groups was isolated 48 h after
treatment using an Rneasy kit (Qiagen, CA). The RNA (5 ug) was subjectéeRGR using
random primers and M-MuLV reverse transcriptase (Stratagene, La@a)la a 50 pL

reaction volume. The RT reaction product (1 ul) was then subjected to 35 cyclesipiemul

PCR. The RLIP76 primers [forward primer:334-353 nt and reverse primer :812-831 nt] and
STAT1 primers [forward primer:907-928 nt and reverse primer :1003-1024 nt] (Biosignthe
Inc, TX, USA) were used to amplify a 497 bp fragment spanning from 334 to 831 bp of RLIP76
and 117 bp fragment spanning from 907-1024 bp of STAT1 [5, 17 ]. The PCR products were

run on 1.5% agarose gel and visualized by ethidium bromide staining.

Proteomic analysis, database searching and comparison of protein expressiendls
Proteomic analyses of RLIP76 antisense transfected and RLIP76 over-expr&&iO cells

was performed according to the method described in chapter 2 [18].

Statistical considerations and Analyses Only protein changes specific to RLIP76 knock-
down [(RLIP76-antisense/Scrambled antisense) and RLIP76 over-exprésiBig
transfection / empty vector pc DNA3.1 transfection] experiments weredesadifor analyses in
order to minimize non-specific protein changes. Scrambled antisense wiaehsontrol for

RLIP76-antisense during RLIP76 knock-down and pc DNA3.1 was considered control for
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RLIP76 transfection during RLIP76 over-expression in 786-O RCC cgllslata were
evaluated with a summation based G-Test [18-20P-Value of < 0.05 was regarded as

statistically significant.

RESULTS AND DISCUSSION

The 786-0 cells were treated with RLIP76-antisense to knock-down RLIP76 and
transfected with RLIP76 to over-express RLIP76 for 48 h. The knock-down and @vessagn
of RLIP76 in 786-0 cells was confirmed by western bifag (1). The LC-MS/MS proteomic
analyses of RLIP76 knock-down and RLIP76 over-expressing 788iOmut RCC cells was
performed using previously validated label-free quantification method [18]reBlés revealed
down-regulation of isoform alpha of signal transducer and activatomsictigtion 1-alpha/beta
due to RLIP76 down-regulation relative to RLIP76 over-expressididinmut RCC Table 1).
The characterization of the enhanced levels of stress responsive proteinsrégelagon of
isoform C1 of heterogeneous nuclear ribonucleoprotein C1/C2 (hnRNP C1/C2), 10 kDa heat
shock protein (mitochondrial) (HSPE1), stress-70 protein (mitochondrial) (Bj$BAd tubulin
beta-3 (TUBB3) chain due to RLIP76 knock-down was in accordance with the sstdhiole

of RLIP76 in the regulation of oxidative stress [21-26].

The signal transducer and activator of transcription 1(STAT1) is a masctiption
factor that plays a vital role in transducing the signals due to activation of jaase KJAK) in
JAK-STAT pathway [27]. The activating signals lead to autophosphorylation of 3TAT

followed by its dimerization and translocation to the nucleus leading to trar@TpISTAT1
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target genes [28, 29]. RCC is a highly radio-resistant tumor which requires hegbfdos
radiation [30,31]. Our previous studies have shown the over-expression of RLIP76, which
mediates chemo and radio-resistance, in RCC [13, 15]. Recent studies have atderctea

the over-expression of STAT1 WYHL-mut 786-O RCC cell lines and resected tissues of clear
cell RCC patients who were resistant to radiotherapy [32]. Hence, we padfBTRBCR

analysis to further investigate the role of RLIP76 on STAT1 expressiAliamut RCC. RT-

PCR analysis revealed reduction in the STAT1 mRNA levels due to RLIP76 knock-down and
increase in the STAT1 mRNA levels consequent to further over-expressionr &RinVHL -

mut RCC Fig 2). Thus, the regulation of STAT1 by RLIP76 represents a novel signaling

mechanism mediating the effect of RLIP76/AL-mut RCC.

The IPA analysis for differential regulation of signaling networks rexktlat RLIP76
regulates the network of “Cell-to-cell signaling and interactionyleglassembly and
organization, cellular function and maintenanceVHiL-mut RCC Fig 3). The IPA pathway
analyses revealed significant regulation of metabolic, immune and graxah $egnaling
pathways by RLIP76 iHL-mut RCC which provide invaluable directions for future research
(Fig 4A). The IPA analysis also revealed the differential regulation of varigeask processes
and cellular metabolic pathways by RLIP76AAL-mut RCC Fig 4B and C respectively).

The regulation of anti-microbial response and infection mechanisms is atstedfby some of
our recent studies where RLIP76 is required for the maturation and function of antigen
presenting human dendritic cells [33, 34]. The regulation of processes of cancdl eydeces
in accordance with the fundamental role of RLIP76 in regulating the préiMe@otential of

multiple organ malignancies [3-6, 35-37].
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CONCLUSION

The proteomic analyses ¥HL-mut RCC cells after RLIP76 knock-down and over-
expression lead to characterization of regulation of STAT1 expression by ®wifich is a
significant finding given the over-expression of both proteins and their establhe in
mediating proliferation and radio-resistanc&/ML-mut RCC [15, 32]. The regulation of
STAT1 by RLIP76 denotes an important node of signaling that mediates the thierapeut
resistance by complementing the RLIP76 mediated detoxification of produigslof |
peroxidation and chemotherapy drug&HL-mut RCC. The IPA assisted network and
pathway analyses elucidated the global regulation of signaling pesoalsgnportance in
various phases of tumor progression providing corroborative rationale for RLI§é6th

therapeutic strategies WYHL-mut RCC.
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Protein Name IPI Index

MW
(kDa) expression

Ratio-
RLIP76
knock-

down vs.

RLIP76
over-

Known Function

10 kDa heat shock protein]P100220362 11
mitochondrial (HSPE1)

Isoform Alpha of Signal  IPI00030781 87
transducer and activator of

transcription 1-alpha/beta
Isoform C1 of IPI00216592 32
Heterogeneous nuclear
ribonucleoproteins C1/C2
Stress-70 protein, IP100007765 74
mitochondrial (HSPA9)

Tubulin beta-3 chain IPI00013683 50

Table 1.

2

0.5

Stress responsive protein, loss
of HSPEL predicts bronchial
epithelial carcinogenesis in
smokers

Mediates radiation resistance
in RCC

Stress responsive protein
which protects Hela cervical
cancer cells from oxidative
stress

Stress responsive protein

Cytoskeletal stress responsive
protein

Changes in the protein expression as detected by LC-MS/MS proteomieanalys

following knock-down and over expression of RLIP76 in 78§H)-mut RCC.
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Figure 1. Expression of RLIP76 following knock-down and over-expression of RLIP76:
The 786-OvHL-mut RCC cells were treated with RLIP76-antisense to knock-down RLIP76 and
were transfected with pc-DNA3.1-RLIP76 to over express RLIP76. The RLIP76mi®teis

were analyzed by western blot against anti-RLIP76 1gG. Lane 1: comatnel 2: pcDNA 3.1

vector transfection; Lane 3: vector + RLIP76 transfection; Lane 4: scrdarablsense

transfection; Lane 5: RLIP76-antisense transfection. A Bar repsedensitometry analyses.
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RT-PCR with RLIP76 primers RT-PCR with STAT-1 primers

bp
207
150

— 497bp
— 117 bp
100
M 1 2 3 45 M 1 2 3 45
B-actin — e — p-actin — [l
Figure 2. Regulation of the expression of STAT1 following knock-down and over-

expression of RLIP76: The 786MMHL-mut RCC cells were treated with RLIP76-antisense to
knock-down RLIP76 and were transfected with pc-DNA3.1-RLIP76 to over expres3&RLIP
The RLIP76 and STAT1 mRNA levels were analyzed by RT-PCR. Lane lotbatre 2:
pcDNA 3.1 vector transfection; Lane 3: vector + RLIP76 transfection; Laneadnbled
antisense transfection; Lane 5: RLIP76-antisense transfection. A&asents densitometry

analyses.
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DNAJG1S

Figure 3. Regulation of the network of “Cell-to-cell signaling and interaction, cellula
assembly and organization, cellular function and maintenance” due to proteirentidiéy
regulated by RLIP76 iWHL-mut RCC. Red, up-regulated ivHL-mut RCC due to RLIP76
knock-down Vs. RLIP76 over-expressidbreen, down-regulated iWHL-mut RCC due to

RLIP76 knock-down Vs. RLIP76 over-expression.
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CHAPTER IV

ANTI-CANCER EFFECTS OF 2'-HYDROXYFLAVANONE IN VHL-MUTANT RENAL

CELL CARCINOMA

INTRODUCTION

Renal cell carcinoma (RCC) is a frequently lethal cancer that affeéastsavho carry
inherited or somatic mutations in tkfelL (von Hippel-Lindau) gene which contribute to 75% of
total RCCs [1-3]. RCC arises from epithelial cells of the proximalreephron and is
characterized by its many different cytological and histologica&nts [3]. Tumor vascularity
is of specific significance in RCC because of constitutively active hgmignaling in majority
of renal tumors as a consequenc®Iidt. mutations. According to National Cancer Institute, 1 in
67 men and women harbor the life time risk for RCC. Current chemotherapeutic ¢botbes
advanced kidney cancer are limited, with a low chance of temporary remissah, sm
improvement in average survival and substantial toxicity [4]. The associatide-stylie habits
like tobacco smoking with RCC along with the increased risk for RGEHInmutant YHL-
mut) populations makes the chemoprevention of RCC an important public health necessity [3-5]
In this regard, validation of the potenti#HL-mut RCC specific anti-cancer compounds attains

contemporary significance in renal oncology.
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Flavonoids are a large group of polyphenolic compounds present in foods and beverages
of plant origin which have antioxidant, anti-inflammatory, anti-mutagenic, anghferative
properties [6-8]. 2Hydroxyflavanone (2HF) is a flavanone belonging to the larger family of
flavonoids. The multi-center international RCC studies have established thata#teeaf citrus
fruits is associated with decreased risk of RCC [9]. 2HF is known for itsnetdistatic effects
in lung cancer [10]. In the present report, we show that 2HF, an active anti-camgeEund in
oranges and citrus fruits, predominantly inhibits the growttf-mut RCC, a major subtype
of RCC. Our investigations addressed the impact of 2HF on oncogenic processestahicepor
in loss-ofVVHL induced renal carcinogenesis like regulation of tumor proliferation and
specifically angiogenesis in addition to investigating the impact on diffatiem of 2HF treated
VHL-mut RCC tumorsn vivo. Our collectivan vitro andin vivo investigations elucidated the

anti-cancer potential and novel mechanisms of action of 2NHirmut RCC.

EXPERIMENTAL METHODS

Reagents  MTT, 2HF, NDMA and BP were obtained from sigma (St Louis, MO). AKRIC,
VHL, CD31, Ki67, cyclin B1, CDK4, Akt, EGFR, PI3K, and E-cadherin antibodies were
purchased from Santa Cruz Biotechnology (Columbus, OH) and Cell Signaling Tegbsolo
(Danvers, MA). ELISA kit for VEGF expression was procured from R & D &ysteSource of
GSTr antibody was the same as previously described [11]. Matrigel was procureB@rom
Biosciences (San Jose, CA). TUNEL fluorescence and avidin/biotin complex @eB&ttion

kits were purchased from Promega (Madison, WI) and Vector (Burlingame, Gagctevely.
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Cell Lines and Cultures  Human RCC Caki-2 cell line was purchased from ATCC,
Manassas, VA, and Caki-1, A-498 & 786-0 cells were kindly authenticated and provided by D
William G. Kaelin, Dana-Farber Cancer Institute, Harvard Medical ScBaslton, MA.

Human kidney normal (mesangial) cells were a generous gift from Dr. RongWIEHSC, Fort
Worth, TX. All cells were cultured at 37 °C in a humidified atmosphere of 5 %ICRPMI-

1640 medium supplemented with 10 % FBS and 1% P/S solution.

Proteomic analysis, database searching and comparison of protein expressiendls RCC

cells were lysed in buffer containing 20 mM Tris-HCI, 50 mM NaCl, 6 M urea, 10 mM NaPP
mM NaF and 1 mM Na3VO4. The lysate (3@ protein) was subjected to reduction and
alkylation of cysteines using 2.5 mM DTT and 7 mM idoacetamide followed by nrggestion

and solid phase extraction using g €artridge (Supelco, Bellefonte, PA). The digested peptides
were analyzed using reversed-phase LC-MS/MS analysis using a hiyteat ion trap (LTQ)-
Fourier-transform ion cyclotron resonance (FT-ICR, 7T) mass spectrofb&@FT, Thermo,

San Jose, CA) which is equipped with nano-spray ionization source and operated by XCalibur
(version 2.2) data acquisition software as described previously [12]. A 120-min gradiedepr
by nano-LC 2D (Eksigent, Dublin, CA) was carried out to 40% acetonitrile at 250mLAN

ESI spray voltage of 2.0 kV and a capillary temperature of 250 °C were maintained dering t
run. We employed a data-dependent mode of acquisition in which accurate ngesfaiaa

survey scan was done in FTICR cell followed by a parallel MS/MS linearapranalysis.

FTICR full-scan mass spectra were acquired at 100000 mass resolving pawed(@Q) from

m/z 350 to 1500 using the automatic gain control mode of ion trapping. Collision-induced

dissociation (CID) in the linear ion trap was performed using a 3.0-Tn isolatitth and 35%
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normalized collision energy with helium as the collision gas. MS/MS specteas@arched
against a human protein database by the Mascot software (Matrix Sciestm,BJ1A) and
label-free semi-quantitative analysis was guided first by norethkpectral counts from the
Scaffold program (Proteome Software, Portland, OR) with previously validagubd[12].
Extracted-ion chromatograms (XICs, areas under the corresponding chnaphitogeaks) of
isoform-specific doubly- or triply-charged tryptic peptides from the fudirsisigh-resolution
mass spectra were then used as quantitative measures of respectiveeppoéssion levels

selected for evaluation in this study.

Drug sensitivity (MTT) assay Cell density measurements were performed using a
hemocytometer to count reproductive cells resistant to staining with thypan Approximately,
20,000 cells were plated into each well of 96-well flat-bottomed micro-titegplaAfter 12 h
incubation at 37C, medium containing 2HF (ranging 0-2081) was added to the cells. After

72 h incubation, 2QL of 5 mg/mL MTT was introduced to each well and incubated for 2 h. The
plates were centrifuged and medium was decanted. Cells were subsedjgeatixed in 10QuL
DMSO with gentle shaking for 2 h at room temperature, followed by measurementgff T

15]. Eight replicate wells were used at each point in each of three sepaaiateenents.

Colony formation assay  Cell survival was evaluated using a standard colony-forming assay.
1x1@ cells / mL were incubated with 2HF (™) for 24 h, and aliquots of 50 or 100 pL were
added to 60-mm size Petri dishes containing 4 mL culture medium. After 10 daygnadher
colonies were fixed, stained with 0.5% methylene blue for 30 min, and colonies weredcount

using the Innotech Alpha Imager HP [16].
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Effect of 2HF on apoptosis by TUNEL assay 1x1C cells were grown on the cover slips
for ~12 h followed by treatment with 2HF (p®) for 24 h. Apoptosis was determined by the
labeling of DNA fragments with terminal deoxynucleotidyl-transferdld TP nick-end labeling
(TUNEL) assay using Promega apoptosis detection system according tottelpdescribed

previously [15].

Flow cytometry analysis. The effect of 2HF on cell cycle distribution was determined by
FACS analysis. 2 x f@ells were treated with 2HF (ranging from 25 andi§1) for 18 h at
37°C. After treatment, floating and adherent cells were collected, wastieBBS, and fixed
with 70 % ethanol. On the day of flow analysis, cell suspensions were centrifugedgdamnaohte
same numbers of cells were resuspended inub@BS in flow cytometry tubes. Cells were
then incubated with 2. 5L of RNase (stock 20 mg/mL) at 8 for 30 min after which they
were treated with 10QL of propidium iodide (stock 1mg/mL) solution and then incubated at
room temperature for 30 min in the dark. The stained cells were analyzed udtagkihsan
Coulter Cytomics FC500, Flow Cytometry Analyzer. Results were pratessgg CXP2.2

analysis software from Beckman Coulter.

RT-PCR analysis:RNA from control and experimental groups was isolated 24 h after treatment
using an Rneasy kit (Qiagen,Valencia, CA, USA). Total RNAdpwas subjected to RT-PCR
using random primers and M-MuLV reverse transcriptase (Stratdgedella, CA, USA) in a

50 uL reaction volume for 60 min at 3C. The RT reaction product (1) was then subjected to

35 cycles of multiplex PCR. The forward 5’-CCAGGTCATCTTCTGCAAT-3 aadarse 5'-
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TGACGATGTCCAGTCTCCTG-3VHL primers (Biosynthesis Inc, TX, USA) were used to
amplify a 330 bp fragment &HL spanning two exon—intron junctions. The PCR products were

run on 1.5% agarose gel and visualized by ethidium bromide staining.

In vitro migration assay  Cell migration was determined using a scratch assay [17].%2x10
Caki-2 and 786-0 cells were seeded in 6-well plates to reach 100% confluémnoe2wih and

then treated with 1AM mitomycin C for 2 h. Subsequently, a similarly sized scratch was made
with a 200 pL pipette tip across the center of each well and immediatelydrablgaseline and
then at 24 h under an Olympus Provis AX70 microscope. The rate of cell migration o1 contr
and 50 uM 2HF treated cells was determined by comparing the sizes of sazatakiag Image

J software.

In vitro angiogenesis assay (Tube formation assay) Tube formation assay was performed

as follows: 96-well plates were coated with 100 pL of Matrigel (10 mg/mLraoubated at

37 °C for 30 min to promote gelling. 14,000 cells were resuspended in medium (serum
concentration 10%) and added to each well. Tube formation in the presence of 50 uM 2HF was
compared. The number and length of tubes formed were counted under an Olympus Provis

AX70 microscope for analysis between both the groups.

Assessment of angiogenesis, proliferation, and apoptosis  Renal tumors (control as well
as 2HF treated) were harvested from mice bearing tumors for 60 d. Tumor stxeples
buffered formalin for 12 h were processed conventionally for paraffin-embéddwr sections

(5 um thick). Hematoxylin and Eosin (H&E) staining was performed on pasfiinredded
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tumor sections. Histopathologic analyses with anti-E cadherin, anti-CD31 ta#d6igG
were also performed using Universal ABC detection kit (Vector). Thessavere examined

under Olympus Provis AX70 microscope connected to a Nikon camera.

HPLC analysis of 2HF mice serum C57B Mice (n=3 each for control and 2HF treatment)
were administered either 0.1 mL corn oil/mice or 3mg 2HF/0.1mL corn od/(eguivalent to
0.01% w/w or 100 mg/kg b.w.) by oral gavage on alternate days for 4 weeks. On the,last day
the blood was collected within 1 h after final dosage. The control serum sample siiiked w
250 pM 2HF was used as positive control. The 100 pL of serum obtained from blood was
subjected to protein precipitation using to 200 pL of methanol. The sample was gedtatu
13300 rpm for 15 min at 4 °C and the clear supernatant was lyophilized. The resllehgvas
dissolved in 200 pL of methanol: 0.2% phosphoric acid buffer (58:42) [46,47]. The 25 pL of
each sample was subjected to HPLC analysis at wavelength of 295 nm using egpimeaxds!
consisting of acetonitrile and water at a flow rate of 1.0 mL/min with fatig\gradient: 0-1
min: ACN-10%, BO-90% ; 1-2 min: gradually increasing to ACN-20%(=B0% ; 2-14 min:
gradually changing to ACN-90%,,8-10% ; 14-16 min: ACN-10%, #D-90%.

[Concentration of 2HF serum std] x [Avg Area of 2HF-treated serum samples]
2HF CONCENIIAtiON =T == mm e e o e e oo e e e e

[Area of 2HF serum std]

In vivo xenograft studies Hsd: Athymic nudeau/nu mice were obtained from Harlan,
Indianapolis, IN, and were acclimated for a week before beginning tharagper All animal
experiments were carried out in accordance with a protocol approved by theitmstl Animal
Care and Use Committee (IACUC). Twenty-eight 11-weeks-old micedisdked into four

groups of 7 animals (treated with vehicle only i.e. corn oil and 2HF at the doses of 0.0025%,
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0.005% and 0.01% w/w). All 28 animals were injected with 2%7B8-O {HL-mut) cells in

100uL of PBS, subcutaneously into one flank of each mouse. At the same time, animals were
randomized into control and treatment groups. Treatment was started 10 eatreafB86-0

cells implantation to see palpable tumor growth. Treatment consisted ot 2Fdmses of
0.0025%, 0.005% and 0.01% (w/w), equivalent to 25, 50 and 100 mg/kg b. w. respectively, in
200 pL corn oil by oral gavage on alternate days. Control groups were treatedrwithl ¢

only. In parallel, we also performed CakiANZHL-wt) RCC xenografts studies. Animals were
examined daily for signs of tumor growth. Tumors were measured in two dimensions using
calipers and body weights were recorded. Each mouse in every group was monitored on
alternate days for signs of distress and areas of swelling or redness. Ritstad@imals

were taken at day 1, day 10, day 20, day 40, and day 60 after subcutaneous injection, are shown

for all groups. Photographs of tumors were also taken at day 60.

Statistical Analyses All data were evaluated with a two-tailed unpaired student’s t test or
compared by one-way ANOVA and are expressed as the m&Bn AP-value of < 0.05 was

regarded as statistically significant.

RESULTS AND DISCUSSION

2HF inhibits proliferation and stimulates apoptosis inVHL-mut RCC The MTT assay
following the treatment of 2HF in RCC cell lines revealed the potent inhibitiomraival of
VHL-mut RCC in the presence of 2HF §iat 72h:VHL-mut RCC (786-O and A498): 28+

KM, VHL-wt RCC (Caki-1 and Caki-2): 9&H1M] (Fig 1A). In accordance with MTT assay,
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2HF inhibited the clonogenic survival ¥HL-mut RCC (~70% inhibition) in colony formation
assay to significantly greater extent when comparé&tHiowt RCC cells (~20% inhibition)

(Fig 1B). Following our initial investigations in four RCC cell lines, we inveséigdhe detailed
mechanisms of action of 2HF in CakiA2HL-wt) and 786-OYHL-mut) cells. Our initial
cytotoxicity studies revealed that 2HF inhibits the growtil8E-mut RCC to a greater extent
when compared with its inhibitory effect ®HL-wt RCC. Hence, we focused on investigating
the preceding cellular events that determine the eventually cytoyoad@HF in RCC. The
cytotoxicity of 2HF treatment was also determined at 24 h by the MTT d€sgy( 24 h:786-

O = 7246 uM, caki2 = 14811 uM). We used 50 uM of 2HF for 24 h treatment for both the cell
lines as cell death should be minimal for mechanistic and imaging studiesdanusarly
cellular events that contribute to eventual cytotoxicity at 72 h. Thé/b0f 2HF treatment for
24 h effectively induced apoptosis\WiL-mut RCC to a greater extent, sparing normal
mesangial cells, when comparedvidL-wt RCC as determined by enhanced DNA
fragmentation in TUNEL apoptotic assdyd 1C). The enhanced cytotoxicity of 2HFWHL-

mut RCC along with the absence of any cytotoxicity towards normal masaetys in MTT,
clonogenic survival and TUNEL apoptotic assays revealed that 2HF is a potaatabid that

could have significant therapeutic relevance in specifically targettigmut RCC.

2HF inhibits activation of EGFR, PI3K, and Akt signaling in VHL-mut RCC Loss-ofVHL
leads to up-regulation of EGFR signaling in renal cancers [A8fivation of EGFR is involved
in the growth and progression of many types of solid tumors, including RCC by upiregulat
PI3K and Akt signaling [19]. Hence, we investigated the effect of 2HF on E@RRIisig in

VHL-mut RCC. Western blot analysis revealed that 2HF significantly istpEGFR (Y°°9),
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PI3K (Y*®1%Y and pAkt (83 in VHL-mut RCC Fig 1D). The 2HF treatment also increased
PARP-cleavage iWWHL-mut RCC (786-0) to a significantly greater extent when compared to

VHL-wt (Caki-2) RCC.

Detection of differential expression of AKR1C1 and GS#& in RCC  In order to understand
the differences in th¢HL-wt andVHL-mut RCC, we performed proteomic analysis of whole
cell proteome using a hybrid linear ion trap—Fourignsform ion cyclotron resonance tandem
mass spectrometer (LTQ-FThermo) operated with nano-electrospray ionization (ESI) and
coupled to an Eksigent nano-LC system. MS/MS spe@ra searched against a human protein
database by the Masamiftware (Matrix Science) and label-free quantification was guidsd fi
by spectral counts from the Scaffold software (ProteSafvare, Version 2) with our

previously validated method [12]. Caki2HL-wt) and 786-OYHL-mut) cells, revealed
differential expression of aldoketo-reductase family 1, member C 1 {(BHRselectively
detected in Caki-2 RCC) and glutathione S transfetd&STr; selectively detected in 786-O
RCC). The MS/MS spectra of isoforms-specific representative peptiddseta proteins are
shown in the top with corresponding peptide sequence b&igw2f). The relative

guantification based on integrated extracted ion chromatograms (XICs) of daudblyiply-
charged tryptic peptides detected for AKR1C1 and & $dspectively, are represented in the bar
diagrams. This observed differential expression of AKR1C1 andt@&§ also revalidated by

Western-blot analysis using specific antibodieg @B).

2HF inhibits GSTx activity, angiogenesis and migration oVHL-mut RCC The

enhanced growth inhibitory effect of 2HF, a well characterized AKR1C yambhibitor, in
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VHL-mut RCC which does not express detectable AKR1C1 was an interesting fiddjnt\ie
investigated the effect of 2HF on the enzymatic-activity of ®Wwards CDNB (1, Chloro 2,4-
dinitro-benzene, a model substrate routinely used for GST activity [11]. 2HF idhib&dotal
GST activity to a significant extent in tMHL-mut RCC Fig 3A). Human recombinant purified
GSTr was used as a standard in enzyme activity a§3gyBA inse). GSTr is a phase Il
detoxifying enzyme which mediates xenobiotic resistance by detoxiégngnistered
chemotherapy drugs for efflux out of cells by transport proteins. £3S&n established marker
of many aggressive cancers like lung and prostate cancers [21,22} i8&iiated

detoxification of toxic end products of lipid peroxidation like 4-Hydroxy-2-nonenal (4HNE)
leads to buffering of tumor-toxic oxidative stress and favors tumor survival ancepatbh in
hypoxic environment [23]. GSA also has post-translational regulatory role in S-
glutathionylation of various cell proteins which is implicated in regulateligaclhesion and
proliferation [24]. In this regard, the ability of 2HF to inhibit GB&nd total GST activity in
VHL-mut RCC which has high levels of expression of GS&presents an important anti-cancer
effect of 2HF given its cytotoxic potential WYHL-mut RCC. Further detailed studies would
reveal the role of GST and oxidative stress pathways in mediating the anti-cancer effects of
2HF in RCC. As there are no chemopreventive strategies reported Yé4lth@mut RCC which

is a highly prevalent malignancy in USA and given the ability of 2HF to effdgtinhibit the
survival ofVHL-mut RCC as revealed by our initial studies, we specifically focused onrggudy
the impact of 2HF in regulating the proliferative potential, angiogenic respoase

differentiation ofVHL-mut RCC bothn vitro andin vivo.
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VHL-null/mut renal tumors are characterized by an angiogenic phenotype due to
constitutive HIF2e. up-regulation as a consequence of losgHtif function [25]. Hence, the
investigation of the regulation of tumor angiogenesis is important in the chenatoder of
effective anti-cancer compounds and further drug development. We studied thefettéEton
angiogenic signalingn vitro by examining VEGF expression [262HF treatment caused
significant reduction in the levels of VEGF expressioNkiL-mut RCC when compared to
VHL-wt RCC Fig 3B). 2HF treatment lead to specific and significant decrease in angiagjenesi
as determined by change in both the number and size of cellular tubes fommealtube
formation assay iWHL-mut RCC Fig 3C). Followingin vitro angiogenic assay, we studied the
effect of 2HF on the migratory potential of R@Q®vitro. 2HF treatment also caused significant

inhibition of cell migration in wound-healing assayMHL-mut RCC Fig 3D).

2HF inhibits cell cycle progression inVHL-mut RCC ~ The mechanism of cytotoxicity of
2HF was further assessed by determining apoptosis through cell cyCke &#alysis. The 50

UM of 2HF treatment for 18 h caused G2/M phase arrest which was predomiikdht-mut

RCC (~61% cells accumulated in G2 phase,0.01) Fig 4A). Please note that the use of even
higher concentration of 2HF (50 uM ) in Caki2 RCC was not effective in inhibiting et

when compared to cell cycle results obtained with 25 uM of 2HF in 786-O RCC. We further
analyzed the morphology of RCC cells after 2HF treatment. VHiemut andvHL-wt RCC

were treated with 50 uM of 2HF for 24 h and the cell morphology was observed by live cell
imaging in Zeiss phase contrast microscope. The 2HF trgatieanut RCC cells were less
adherent and more rounded compared to the controlgkingvt RCC. The initial

morphological observation of control and 2HF treateddl-mut RCC cells indicated impaired
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cell division in 2HF treated cells. 2HF treaddL-mut RCC cells had more cells that were
unable to complete cytokinesis compared to the control cells. These resulimedr@2/M
phase arrest and potential inhibition of the completion of cytokinesis in 2HF tké4dtechut
RCC. The 2HF treatment reduced the levels of cyclin B1 and CDKMinmut but not in
VHL-wt RCC fig 4B). Some of the natural anti-cancer compounds like silibinin are known to
cause G2/M phase arrest by inhibiting cyclin B1 [27]. CDK4, commonly associdle® W
transition, has been also investigated for its role in G2/M transition and it ashmen that
over-expression of dominant negative CDK4 leads to arrest of G2 phase progressi@ofa8]
of the anti-cancer compounds like apigenin and thiomersal also cause inhibition of ©D&4 a
with cyclin B1 while causing G2/M phase arrest [29,30]. Collectivelyjmoutro results
strongly validated the specific anti-proliferative, anti-angiogenic atiehaetastatic effects of

2HF which lead to further proteomic investigation of the effects of 2HHio-mut RCC.

Proteomic analyses of differentially expressed proteins due to 2HFeatment in VHL-mut
RCC Proteomic analysis of 2HF treated and contidL-mut RCC cells revealed
differential expression of proteins that regulate cellular invasion, DIikceat¢ion,

recombination and tumor suppressor functidrab{e 1). A novel finding was the decrease in
the levels of Neuroblast differentiation associated protein (AHNAY &HF treatment. Our
studies from the proteomic analysisbiL-mut andvVHL-wt RCC had revealed increased levels
of AHNAK in VHL-mut RCC relative t&/HL-wt RCC. AHNAK is both a nuclear and
cytoplasmic protein whose localization is regulated by the activityadéjpr kinase B

(PKB)/Akt . Phosphorylation of AHNAK in the C-terminal by PKB leads to its rarcle

exclusion and cytoplasmic localization [31]. Phosphorylation of AHNAK by RKtbe
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cytoplasm further mediates the translocation of AHNAK to plasma membifzere i
participates in the formation of cell-cell contacts at desmosomes [32]. KHMA been
identified as a cooperative gene in the adenomatous polyposis coli (APC) inducgdmaco
transformation of colon epithelial cells [33]. Hence, the decrease in the tdéVHINAK
consequent to 2HF treatment may be a significant proteomic findMiglirmut RCC. The

other proteins decreased due to 2HF treatmevitlinmut RCC included the single stranded (ss)
telomeric DNA binding and mRNA processing protein hnRNP A2/B1 which is known to be
increased in lung cancers [34,35]. The decrease in the levels of vimentin which isdnrolve
epithelial mesenchymal transformation (EMT) of cancerous cells mehex significant finding
which collectively conveyed that 2HF treatment leads to inhibition of cellwasive and
survival properties by targeting the critical nodes of cell-cell ctsmitdown-regulation of EMT
associated proteins and by reinforcing epithelial tumor suppressor furBijonHrohibitin is
known as a potential tumor suppressor protein that interacts with retinoblastonma (bjei
pathway where prohibitin binds to E2F and represses the cell growth [37-38]. Thgulgtioa

of the prohibitin which is known to function as tumor suppressor in many cancers after 2HF

treatment was another salient proteomic findingiL-mut RCC.

The IPA analysis of differentially regulated networks revealed higabé&twork of
“Tissue development, gene expression and cell morphology” was a major netwostae dpyl
2HF treatment ivHL-mut RCC Fig 5). The pathway analyses revealed that the differential
regulation of proteins by 2HF in turn regulast4 embryonic stem cell pathway WHL-mut
RCC(Fig 6A). The analysis of the impact of 2HF treatment on cellular signaling and disease

processes revealed an impact on cell morphology, cell-to cell signalingtarattion, DNA
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replication, recombination and repair, cancer, genetic disorders and neuralcgpeaksHig

6B and O).

2 HF induces potent tumor regressionn vivo mice xenografts  VHL-mut786-O RCC

cells bearing animals with establisted implanted tumors (~20 nfinwere treated with

0.0025%, 0.005% and 0.01% (w/w) (equivalent to25, 50 and 100 mg/kg b.w., respectively) of
2HF in corn oil by oral gavage on alternate days. In the present studies, dosesaar2hiFell
tolerated by the mice and did not result in any weight loss compared with &deecheontrols

(Fig 7A). Photographs of animals were taken at day 1, 10, 20, 40, and 60 after subcutaneous
injection. Tumors grew more slowly WHL-mut RCC mice xenografts administered with 2HF
than in respective untreated control mice. At day 60, tumor cross-sectionah@dteanar-

weight of mice bearinyHL-mut RCC was significantly lower in 0.01% (w/w) dose treated
group as compared to the vehicle only (corn-oil) treated group (1®@8nf vs. 122 +7 mnf

and 0.07 40.01gvs. 2.14 +0.24 g, respectively; p<0.001). More importanithyyivo studies
showed that administration of 2HF at 0.01% (w/w), to nude mice bedrhgnut RCC

completely arrested tumor progression whereas uncontrolled growth wagechisethe animals
treated with vehicle onlyHig 7B&C). The 2HF treated animals witftHL-mut RCC were still

alive at 139 days. In comparison, all animals treated with vehicle only, wereshy day 71

+ 3. These results indicated that dietary 2HF administration inMbitsmut RCC growth and
prolongs survival without causing side-effects. To rule out the possibility thabfieevedn

vivo effects of 2HF were specific MHL-mut RCC, we also evaluated the anti-neoplastic effects
of 2HF on theVHL-wt (Caki-2) RCC. We observed tumor growth arrest due to 2HF treatment in

VHL-wt RCC, but to a lesser extent comparedftth.-mut RCC (at day 60, tumor cross-
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sectional area and tumor weight, 2HF treated vs. control;3Bmnf vs. 115 +7 mnf and 1.84
+0.12 gvs. 2.25 +0.18 g, respectively; non-significancé&jd 7). Also, even 100 mg/kg b.w. of
2HF caused only ~18% reduction in the tumor growtWtiL-wt Caki-2 RCC while only 25

mg/kg b.w. of 2HF caused 41% tumor regressioviHib-mut 786-O RCC (p < 0.001) .

In ourin vitro studies, 2HF effectively inhibited the angiogenic process and clonogenic
potential besides causing apoptosi¥HL-mut RCC. In order to assess the degree of impact of
2HFin vivo on these processes of specific importandéHh-mut RCC progression and

metastasis, we performed histopathological examination of the resectatkiemografts.

2HF inhibits the expression of proliferative and angiogenic markers whd promoting

normal epithelial differentiation in VHL-mut RCC The histopathological examination of
paraffin-embedded tumor xenograft sections as observed by initial H&lihgtaevealed that
2HF treatment reduces the number of tumor blood vessels and restores the noptnalogwpr
specifically inVHL-mut RCC when compared to contraisg 8). Following this, we probed the
tumor sections for specific markers of proliferation, angiogenesis and difedren. 2HF
treatment decreased the levels of proliferation marker, Ki 67, and angiogeaeses, CD31, in
VHL-mut RCC which further supported the observedtro anti-proliferative and anti-
angiogenic effects of 2HF. Another important finding was that the 2HF treapmesldminantly
increased the expression of E-cadherifhitL-mut RCC xenografts. E-cadherin is considered a
suppressor of invasion and growth of many epithelial cancers because of stihelénihibition

of epithelial-mesenchymal transition (EMT) and promoting normal epitipenotype [39-42].

E-cadherin is frequently down-regulated during cancer progression aethtas with poor
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prognosis [44]. Loss of E-cadherin is associated with incidence and progressiany
epithelial tumors [43-45]. In this regard, over-expression of E-cadherin consén@ét
treatment represents a highly significant and novel mechanism of action af XHE-mut

RCC Fig 8).

The orally administered 2HF was effective in inducing potent anti-cafieatsin vivo.
Hence, we further analyzed the serum concentrations of 2HF following oradisidiation in

mice.

HPLC analysis of 2HF in mice serum  The extent of absorption of 2HF was studied by
analyzing the serum samples of mice treated with 3 mg/mice (100 mg/kgrdvw1% w/w) of
2HF by oral gavage on alternate days for 4 weeks by reversed-phase HPL{ #a§g].

The HPLC analysis of control and 2HF treated mice serum samples reved|2HFE reaches a
concentration of 88 uM (~42 pg/mL of serum) at the end of 4 weeks which confirmed Ehat 2H

is effectively absorbed consequent to oral administrakan9).

Kidney is under constant stress of detoxification due to its natural role imating
toxins from the body. Hence, kidney is more susceptible to genotoxic carcinogemsic stres
Cigarette smoking has been established as a high risk factor for the RCQyiclmizal trials
[18]. Tobacco carcinogen N-nitrosodimethylamine (NDMA) is a known renal carcinoaige
the ability to induce RCC in animal models. The NDMA induced rat renal tumors have
increased/HL mutations [48]. Benzopyrene (BP), another potent tobacco carcinogen, has been

recently shown to induce deletions of chromosome 3p25.2Hhdocus [49]. Thus the
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interplay of tobacco carcinogens and los¥it represents a highly interactive and proximal

causative spectrum in the primary pathogenesis of RCC.

Protective effect of 2HF in the presence ofHL-genotoxic carcinogens We tested HEK-293
normal renal epithelial cells for the effect of 2HF\@L levels upon exposure to genotoxic
tobacco carcinogens, NDMA and BP. HEK-293 cells were treated with 2 uM BP, 1 MAAND
either in single or combination with 50 puM 2HF for 24 hours. Treatment with BP or NDMA
alone or in combination reduced the level¥HL to significant extent. Co-treatment of 2HF
strongly protected from the NDMA and BP induced damag@#Htio as revealed by restoration of
VHL mRNA levels to statistically significant extent as detected by°PR'R analysis usingHL
specific primers [50]. Western blot analysis also revealed the proteffeeeseof 2HF against
loss ofVHL as 2HF treatment reversed the NDMA and BP induced reductMLlirprotein
levels (p<0.001).Thus, the ability of 2HF to protect against carcinogen induced loddlof
represents another significant and encouraging mechanistic finding irr fetredoping 2HF for

the chemoprevention MHL-mut RCC(Fig 10).

CONCLUSION

Renal cell carcinoma is one of the frequently incident cancers in USA wititi@asing current
trend of incidence. Intake of citrus fruits has been shown to reduce RCC riskaaldifirails [9].

In this regard, we investigated the anti-cancer effects and the respedtivenmsens of action of
2HF, a natural compound found in citrus fruits and oranges, in RCC. Our studies demonstrate

that 2HF exhibits potent anti-proliferative and pro-apoptotic effects to aisagntify greater
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extent invVHL-mut RCC when compared YHL-wt RCC. The anti-proliferative effects of 2HF
were mediated by the inhibition of EGFR, PI3K and pAkt signalingHh-mut RCC. The
growth inhibitory effects of 2HF also included the inhibition of cell cycle prsgiom which was

mediated by reduction in the levels of cyclin B1 and CDK¥Hit.-mut RCC.

2HF was shown in our studies, for the first time, to be a novelk@8ilbitor. 2HF also
effectively inhibited both recombinant GBS and over 50% of total GST activity WYHL-mut
RCC at concentrations toxic to tumors but well tolerated by normal cell$-trRoslational S-
glutathionylation of proteins which is an emerging topic of investigation in apoptosis
enhanced oxidative signaling due to constitutively active HIF2VHL-null background signify
the role of GSTr function in regulating differential cytotoxicity of 2HF in RCC. Enhanced
expression of GS% can lead to increased detoxification of products of lipid peroxidation and
administered chemotherapy drugs by conjugation with glutathione (GSH) to fatathgbne
adducts (GS-E) which are eventually transported out of the cells by an adiRelefjendent
process mediated by RLIP76 [14-16]. Gf4dlso catalyzes the S-glutathionylation of active
site nucleophilic cysteines in many phosphatases conferring additional nepatige © the
active site [24]. S-glutathionylation induced redistribution of charge at asitevef proteins has
been known to influence both substrate accessibility and catalytic efficétarget proteins
with pronounced effects on the tumor signaling pathways [51]. In this regard, furtheriknock-
and knock-out follow-up studies of GBTVHL and HIF2e could characterize the impact of

differential regulation of oxidative stress pathways in regulatingriiecancer effects of 2HF.
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One of the significant observation was that 2HF caused effective inhibition of VEGF
expression i'vVHL-mut RCC sparing normal mesangial cells. Angiogenesis is essentiéf
growth of rapidly proliferating tumors whose centers are usually hypoxic andicaBcin
renal tumors with/HL-mutations which have high HIF2{evels. HIF2e initiates a
compensatory angiogenic response to match the rapid rate of tumor growth batstgWIEGF
expression [52]. NormallyHL binds to HIF2e and targets it for degradation. Loss or
inactivation ofVHL leads to loss of substrate recognition required for binding to kMwBich
effectively leads to enhanced levels and activity of HIF#d consequent tumor angiogenesis

[53,54].

Importantly, 2HF treatment significantly reversed the reduction in mRNA antdipr
levels of VHL in the presence &fHL-genotoxic tobacco carcinogens NDMA and BP in normal
renal epithelial cells. LC-MS/MS proteomic analysis revealed novelipsoti@ferentially
regulated by 2HF treatmentWHL-mut RCC. In this regard, 2HF represents a safe and novel
anti-angiogenic natural compound without normal tissue cytotoxicity with speafiificance
in the management of highly vasculédL-mut RCC. Thus, ourn vitro studies demonstrated
the potential of 2HF to protect froe'HL genotoxic carcinogens while having no overt toxicity
in normal cells besides revealing the ability of 2HF to act as an effeattireancer drug in

VHL-mut RCC.

Ourin vivo studies further provided corroborative evidence to the anti-cancer effects and
mechanisms of action of 2HF of particular relevancéHb-mut RCC. In our present study, we

were able to show that orally administered 2HF is absorbed to reach eféectine levels by
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HPLC analysis of mice serum samples. It is possible that potential pharmettogifferences

in drug uptake and metabolism between cell types which in turn influence the duratiag of dr
action at intracellular targets could be contributing to some of the termeatisedue to 2HF
treatment between tRéHL-wt andVHL-mut genotypes of RCC which need further absorption,
distribution, metabolism and excretion (ADME) studies. However, from a dlimidat of view,
the ability of 2HF to effectively targ&HL-mut RCC which contributes to most common form
of RCCs is of potential significance in the chemoprevention of RCC. Our nmogpedt studies
also confirmed that the orally administered 2HF is effedtiwgvo to exert its anti-cancer effects
in VHL-mut RCC as observed similarly in tirevitro studies. The dose of 2HF required to
cause effective tumor regression (~90% reduction in tumor gré&igls) in VHL-mut RCC was
0.01% (w/w) which is well in comparable range to other flavonoids being testediaaldrials
[27]. Also, 2HF caused inhibition of Akt signaling and increased PARP-cleavage in mice
xenografts oVHL-mut RCC which revealed that the orally administered 2HF can effectively
induce arin vivo anti-mitogenic and pro-apoptotic response. 2HF also decreased the expression
of proliferative marker, Ki 67, and angiogenic marker, CD31, inHe-mut RCC. One of the
significant findings was that 2HF treatment increased the levels of Emadipecifically in
VHL-mut tumorsn vivo. Loss of E-cadherin is associated with incidence and progression of
many epithelial tumors and restoration of E-cadherin reverts them to normh&liepphenotype
[55]. Given the renal tubular epithelial origin of RCC, the increased expressiocaothigrin

after 2HF treatment assumes mechanistic significance in the chemojoevofVHL-mut RCC.
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TheVHL syndrome is an autosomal dominant condition caused by mutation or deletion
of theVHL gene and characterized by highly vascular neoplasm including RCC, caii¢-au-I|
spots, angiomatosis, hemangioblastomas and pheochromocyt@ghtlagprotein is an ubiquitin
E3 ligase that targets HIF to proteasomal degradation and thus preventsittomsidtivation of
hypoxic and angiogenic signaling [56]. Our findings providing strong evidendecfqro-
apoptotic, anti-angiogenic and pro-differentiation effects of 2HWHh-mut RCC could also
have additional potential implications towards otfelL related tumor syndromes in general.
Taken together, in the light of pathogenetic mechanisms of logsHofdriven renal
carcinogenesis, the anti-cancer properties of 2HF like inhibition of survivafepatibn and
tumor vascularization without causing any overt toxicity towards nornsalessprovide sound

scientific rationale for the role of 2HF in the chemopreventioviHif-mut RCC.
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Protein

Ratio:
2HF
treated
Vs.
Control
Protein Name IPI Index MW  VHL-mut  Known Function
(kDa) RCC
Neuroblast differentiation- 1P100021812 629 0.1 Maintains cell-cell
associated protein AHNAK contacts and associated
APC induced colon
cancer
Isoform B1 of IP100396378 37 0.1 The mRNA processing
Heterogeneous nuclear protein which also binds
ribonucleoproteins A2/B1 to telomeric ssSDNA
Isoform 1 of Plectin-1 IP100014898 532 0.2 Cytoskeletal protein
29 kDa protein IP100453476 29 0.2 Relatively
uncharacterized protein
cDNA FLJ45706 fis, clone 1PI00444262 66 0.2 Putative protein similar to
FEBRA2028457, highly nucleolin
similar to Nucleolin
Isoform A of Lamin-A/C IP100021405 74 0.3 Marker of mesenchymal
phenotype
Vimentin IP100418471 54 0.4 Marker of mesenchymal
phenotype
Macrophage-capping IP100027341 39 0.4 Regulates actin
protein polymerization
Heat shock protein beta-1  1P100025512 23 0.4 Molecular chaperone
Isoform alpha-enolase of  1P100465248 47 0.5 Protein involved in
Alpha-enolase glucose metabolism
Prohibitin-2 IPI00465248 33 3.0 Candidate tumor
suppressor gene
Histone H4 IP100453473 11 3.3 Protein of nuclear
chromatin
Histone H3.1 IPI00465070 15 3.6 Protein of nuclear
chromatin
Table 1. Changes in the protein expression as detected by LC-MS/MS proteomieanalys

following 2HF treatment for 48 h in 786-¢HL-mut RCC.
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Figure 1. Enhanced anti-cancer effects of 2HF/HL-mut RCC sparing normal cells:
Drug-sensitivity assays were performed by MTT assay usinga2HE h post treatment to
determine IGy (panel A). Colony-forming assay was performed and the colonies were counted
using Innotech Alpha Imager HP. * p < 0.0@&iiel B). TUNEL assay was performed using
Promega fluorescence detection kit and examined using Zeiss LSM 510 MEFAdaaning
fluorescence microscope with filters 520 nm and >620 nm. Apoptotic cells showed green
fluorescencepanel C). Effect of 2HF on PARP-cleavage, EGFR, PI3K, and Akt activation:
VHL-wt (Caki-2) andvHL-mut (786-0) control and 50M 2HF treated cells were lysed and
analyzed by Western-blot for PARP-cleavage, pEGFRY pAkt (S79), and PI3K (¥°81%

by using specific antibodies. Membranes were stripped and re-probed for GadP®ldading

control panel D).
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GSTP PEPTIDE IDENTIFIED IN786-O CELLS
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Figure 2. Differential expression of AKR1C1 and G&ih RCC as detected by LC-

MS/MS: Caki-2 and 786-0 cells were subjected to proteomic analyses by@uphgwvialidated
label-free LC-MS/MS method [11MS spectra were searched against a human protein database
by Mascot software (Matrix Science) followed by label-free quaatific: Upper panel shows

the MS/MS spectrum of one of the sequenced, isoforms-specific tryptic-peptidies

respective proteins with the sequence coverage displayed below. The bar diadreating the
guantitative levels of AKR1C1 and G&J respectively, were based on integration of XICs, n=4
in each group, for the triply- and doubly-charged isoform-specific trypptiges; n.d. denotes
that the peptide was not detected in the sampkese{ A). Differential protein expression was
confirmed by performing Western-blot using o of cell lysates and antibodies against AKR1C,
GSTr, andVHL. GAPDH was used as internal loading control. The experiment was repeated

three times and similar results were obtairghél B).
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Figure 3. 2HF inhibits GST activity and angiogenesis: GST activity towards CDNB and

its inhibition by 2HF was performed in 28,000 x g crude supernatant prepared from Caki-2 and
786-0 cells. Recombinant purified G@&Tas used as a contrglahel A and inse}. The

inhibitory effect of 2HF on GST was studied at a fixed concentration of GSH aN® CDmM

each) and varying concentrations of inhibitor. The enzymes were pre-incubtteeni

inhibitor for 5 min at 37C prior to the addition of the substratparel A). VEGF expression

in control and 2HF treated cells by ELISA kit (R&D Systepgriel B). Effect of 2HF (5QuM)

on tube-formation of Caki-2 and 786-O cells on matrigel was assess®a C), and wound-

healing assay shows that the 2HF inhibits 786-O cell migrgtiame( D).
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Figure 4.  Effect of 2HF on cell cycle progression in RCC: Inhibitory effect of 2HF bn ce
cycle distribution was determined by FACS analysis. The stained cedsawalyzed using the
Beckman Coulter Cytomics FC500, Flow Cytometry Analyzer. The experimentpeated
three times and similar results were obtairgahél A). VHL-wt (Caki-2) andvHL-mut (786-0)
control and 5QuM 2HF treated cells were processed for Western-blot analysisdin &1 and
CDK4 expression by using specific antibodies. Membranes were stripped anded-fmob

GAPDH as a loading contrgbénel B).
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Figure 5. IPA analysis revealing the regulation of the network of “Tissue develapme
gene expression and cell morphology” due to differential protein expressioniifg)l@wF
treatment irvHL-mut RCC. Red, up-regulated ivHL-mut RCC due to 2HF treatme@reen,

down-regulated ivVHL-mut RCC due to 2HF treatment.
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diseases (C) by differentially expressed proteins due to 2HF treamé-HL-mut RCC.
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786-0O RCC, mice were divided into four groups (treated with corn oil (i.e. vehicte R HF

0.0025%, 0.005% and 0.01% (w/w) (equivalent to 25, 50, and 100 mg/kg b.w., respectively).

For Caki-2 RCC, mice were divided into two groups (treated with corn oil, and 2HF 0.01%

(w/w), equivalent to 100 mg/kg b.w.). Animals were examined daily for signs of tiowtiy

and body weights were recordguhfel A). Photographs of animals were taken at day 1, day

10, day 20, day 40, and day 60 after subcutaneous injection, are shown for all datapst (

shown). Weights and photographs of tumors were also taken at d@a66l ). Tumors were

measured in two dimensions using calipgengl C).
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Figure 8. Histopathologic analyses of the markers of proliferation, angiogenesis and

differentiation in tumor sections after 2HF treatment: Control and 2HEUEAEC bearing nude
mice tumor sections were used for histopathologic analyses. Presented aretbirge&
sections, IHC analyses for Ki67 expression (marker of cellular pratiiber), CD31
(angiogenesis marker), and E-cadherin (tumor suppressor) from tumors iof macgrol and
2HF-treated groups. Immuno-reactivity is evident as a dark brown staireash®wn-reactive
areas display only the background color. Sections were counterstained with Héimglbdxe).
Photomicrographs at 40x magnification were acquired using Olympus Provis AXitiooipe.
Percent staining was determined by measuring positive immuno-rgaptvitinit area. Arrows
represent the area for positive staining for an antigen. The intensity onestig@ng was
guantified by digital image analysis. Bars represent meau+(n = 5); * p<0.001 compared
with control panel A). Western blot analyses of tumor lysates in control and 2HF treated groups

for PARP cleavage and Akt levelsanel B).
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Figure 9. HPLC analysis of 2HF in mice serum: Mice were treated with 3mg 2HF0.1 m
corn oil (equivalent to 100 mg/kg b.w. or, 0.01% w/w) of 2HF on alternate days by ocaglegav
for 4 weeks. The 2HF in methanol standard to detect the elution time and peak of 2HF which
was detected at 14.2 min (A), standard control serum samples spiked with 250uM of 2HF (B),
detection of 2HF in experimental mice samples (C), and concentration of 2HF ine2itdeltr

mice serum samples at the end of 4 weeks were 88 UM (~42 pg/mL serunectsddey

considering the areas of 2HF peak (D).
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Figure 10.  Effect of2HF on chemical carcinogen induced los¥HL in the normal renal

Western
blot

*

I

epithelial cells: HEK-293 cells were treated withM BP, 1 mM NDMA and 5GM 2HF either
as single or in combination as indicated for 24 hours. The RNA and protein was exu@tie
control and experimental groups for RT-PCR and Western blot analysig-ddtie was used as
internal loading control. The bars below represent densitometric an&psislue<0.001. Lane
1,control; Lane 2, 2M BP; Lane 3, 1 mM NDMA; Lane 4, 2V BP + 1 mM NDMA,; Lane 5, 2
uM BP + 50uM 2HF; Lane 6, 1 mM NDMA + 5@M 2HF; Lane 7, 24M BP + 1 mM NDMA +

50 uM 2HF; and Lane 8, 50M 2HF. Bars represents densitometry and * p-value < 0.01.

120



CHAPTER V

SUMMARY AND DISCUSSION

Renal cell carcinoma (RCC) is one of the highly prevalent cancers in USAmwith a
increasing trend in incidence in the past 50 years [1]. The increased &k @which is
associated wittVHL mutations, life style factors like obesity and cigarette smoking alotng wit
poor survival of metastatic RCC necessitates development and characte oz dtie

mechanisms of action of novel anti-cancer agents [2-4].

The mercapturic acid pathway which represents the central axis of regulatiidative
stress and xenobiotic metabolism is of fundamental mechanistic significedetrmining the
survival adaptations initiated by the tumor cells to cope with elevated oxigaias during
rapid tumor proliferation as well as during acquisition of therapeutic aesistwhile on
conventional chemo and radiotherapies [5]. In this regard, the results from tlmrpcote
analyses o¥HL-mut andvVHL-wt RCC as described in this study expanded the understanding of
molecular features of aggressiMiEL-mut RCC. The first salient finding was the over-
expression of mercapturic acid pathway enzyme 38 WHL-mut RCC. The proteomic studies
further lead to characterization of up-regulation of glutaminolytic pathwsiAdlnmut RCC,

relative tovVHL-wt RCC, reflecting the metabolic preferencé/bfL-mut RCC for survival.
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RLIP76 is a major mercapturic acid pathway transporter with multi-sp@cditumor
effects in many cancers that are mediated by enhanced proliferatindaang with
resistance to chemotherapy and radiotherapy [6-8]. RLIP76 mediatefuketGS-E of
products of lipid peroxidation and chemotherapy drugs that are generated byh&®by t
effectively driving the flux of generation of mercapturic acid pathway Inoéitas in forward
direction to eventually enhance the detoxification potential of cancer cells.[Ri€ious
studies had characterized an up-regulation of RLIP76 in RCC and that knock-down @6RLIP
induces effective tumor regressiorvivo mice xenografts of RCC [11,12]. Given the up-
regulation of mercapturic acid pathway enzyme @BIVHL-mut RCC as characterized by
proteomic studies in the current study, further proteomic analyses wesaneffor the novel
mediators of RLIP76 function iMHL-mut RCC. The proteomic results along with RT-PCR
analysis for STAT1 expression revealed a positive association between thesexpof RLIP76
and STAT1. The expression of STAT1 is increasédHh-mut RCC as well as in the resected
tumor samples of RCC patients resistant to radiotherapy [13]. Thus, the regul&SibDATH
expression by RLIP76 further provides a significant mechanistic ratitoraR_IP76 targeted

therapies in aggressive and radio-resistédit-mut RCC.

Following the characterization of the differential expression of 580 AKR1C1, the
research studies focused on testing the effect of a known AKR1C inhibitxd 2al
hydroxyflavanone (2HF) in RCC. 2HF surprisingly revealed more cytotgxiciGSTr over-
expressing/HL-mut RCC instead of AKR1C1 over-expresswidL-wt RCC, sparing normal
cells. This interesting finding regarding the efficacy of 2HF, a flama enriched in oranges, to

more effectively targe¥HL-mut RCC lead to further investigations to characterize the anti-
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cancer potential of 2HF MHL-mut RCC. 2HF inhibited the G@Tactivity, induced G2/M cell
cycle arrest and decreased VEGF, EGFR, PI3K, pAkt, cyclin B1 and CDK4 Velvddsexerting
potent anti-proliferative and pro-apoptotic effect¥HiL-mut RCC. Proteomic analysis of 2HF
treatedvHL-mut RCC lead to characterization of differential regulation of sigmfiproteins
like AHNAK which is over expressed WHL-mut RCC. The 2HF treatment also down
regulated vimentin and lamin A/C, the mesenchymal markers commonly up eelgalatany
epithelial tumors. Oral administration of 0.01% w/w (100mg/kg or 3mg/mice) ofd2HF
alternate day by oral gavage lead to effective regressighlloimut RCC in mice xenograft
studies. The histopathological examination of paraffin embedded tumor xenografisec
revealed the decreased levels of proliferation marker, Ki 67 and angiogendss, i@&31, in
VHL-mut RCC which further supported threvitro results. Another important finding was that
the 2HF treatment predominantly increased the expression of normal epittaekar
E-cadherin in mice xenografts which reflected the potential of 2HF to eestomal epithelial

phenotype i'vVHL-mut RCC.

Until today, there are no reports which address chemoprevention of RCC by preventing
damage to/HL locus. The current study also demonstrated that 2HF, abundant in oranges and
citrus fruits, strongly protects against the los¥idt. induced by chemical carcinogens like BP
and NDMA in normal renal epithelial cells. HPLC analyses of mice serdawiag oral
administration of 0.01% w/w 2HF for 4 weeks revealed that 2HF is effectilastyrlaed
following oral administration. Thus, the 2HF represents an orally activeydestarpound with

potential implications in the chemoprevention of RCC.
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FUTURE DIRECTIONS

RCC is one of the malignancies that are maximally affected by daclaeyndrome
characterized by weight loss, hypoalbuminemia, anorexia or loss of appetite,lais¢. ma
Cachexia represents worst prognosis particularly in RCC compared to otlggraneies [14].
Hence, the comparison of the extent of muscle wasting and protein loss in loragiterah
studies betweeWHL-mut andvHL-wt RCC along with a comparative study for characterizing
the differences in the incidence of cachexi&i-mut andvHL-wt RCC patients would be a
rational course of study for further validating the significance of depedofVHL-mut RCC
on glutaminolysis. Such studies would expand the pathobiological basis for theVble of

the manifestation of severe cachexia in RCC.

The results from discovery driven proteomic approach described in this diesdntate
opened many opportunities for further investigating the impact of differeagalation of
important signaling proteins and processegHii.-mut RCC. The genetic basis for the
regulation of STAT1 by RLIP76 in multiple tumor models where RLIP76 is over esqates
represents a significant avenue for future research to determine theagxtehé precise role of

STATL1 in mediating the therapeutic resistance induced by RLIP76 in muiltipter models.

The findings in this dissertation describe the characterization dHhegenoprotective
and anti-tumor potential of 2HF which is of significance in targeting the incédand

progression ofHL-mut RCC. Multiple levels ain vitro andin vivo molecular biology studies
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can be employed to study the role of important proteins regulated by 2HH #imut RCC like
AHNAK, prohibitin, hnRNPA2/B1 as revealed by LC-MS/MS proteomic analySisch, studies
would further expand the role of respective proteins in regulating proliferatd/enatastatic
potential ofVHL-mut RCC. Further long term studies in animal models to address the extent of
protection offered by 2HF againgHL specific genotoxic tobacco carcinogens would prounde

vivo evidence for th&HL-genoprotective properties of 2HF.

This dissertation describes the productive application of an integrated proteomic and
molecular biology research strategy which lead to characterizationupkaagulation of GSit
in VHL-mut RCC along with revealing the regulation of STAT1 by mercapturic acid pgathw
transporter RLIP76 which in turn collectively reinforce the significandeldP76 targeted
chemotherapeutic interventions\VhL-mut RCC. This dissertation also describes the ability of
citrus flavanone 2HF to targeHL-mut RCC and prevent the carcinogen induced lo§4-Hbf
which together provide a strong scientific rationale for developing 2HF formwosafior\VHL-

mut RCC targeted novel chemopreventive interventions.
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