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ABSTRACT

THE RELEVANCE OF OMEGA CLASS GLUTATHIONE TRANSFERASE
POLYMORPHISMS AND EXPRESSION IN DEVELOPMENT AND
PROGRESSION OF CLEAR CELL RENAL CELL CARCINOMA

Tanja M. Radi¢

Background: Novel omega class glutathione transferases, GSTO1-1 and GSTO2-2,
possesses an intriguing variety of both catalytic and non-catalytic roles involved in
regulation of inflammation, apoptosis and redox homeostasis. Two coding single
nucleotide polymorphisms (SNPs), GSTO1*C419A (rs4925) and GSTO2*A424G
(rs156697) supposedly affect their functions, whereas functional significance of other
GSTO2 polymorphism, found at the 5’ untranslated (5'UTR) gene region
(GSTO2*A183G, rs2297235), has not been clearly elucidated thus far. This study
represents the first comprehensive research on the relevance of polymorphisms and
expression profiles of GSTO class in the most aggressive renal cell carcinoma subtype
(clear cell RCC, ccRCC). The potential effect of these polymorphisms was studied in
regard to both risk and postoperative ccRCC prognosis. Furthermore, GSTO1-1 and
GSTO2-2 expression, as well as phosphorylation status of downstream effectors in
PIBK/Akt/mTOR and Raf/MEK/ERK signaling pathways in non-tumor and tumor
ccRCC tissue were assessed. Possible association of GSTO1-1 with signaling molecules

suggested to be regulated by glutathionylation was also studied.

Methods: Genotyping was achieved in 239 ccRCC patients and 350 matched controls.
In ccRCC tumor and corresponding non-tumor tissue were assessed expression of
GSTO1, GSTO2, and signaling molecules by Western blot. Biomarker of oxidative
DNA damage, 8-hydroxy-2'-deoxyguanosine (8-OHdG) and cytosolic pro-IL-1 and
IL-1p were determined by ELISA. Co- immunoprecipitation with GSTO1l was

performed.

Results: Carriers of all three GSTO variant genotypes combined showed almost 3-fold
risk of ccRCC development. Furthermore, this association was confirmed by the
haplotype analysis. The H2 haplotype, comprising variant GSTO1*A (rs4925),
GSTO2*G (rs156697) and GSTO2*G (rs2297235) alleles, carried the highest ccRCC



risk, suggesting a possible role of those variants in cancer susceptibility. Regarding the
gene-environment interactions, smokers with variant GSTO2 (rs156697) genotype were
at higher ccRCC risk in comparison with non-smokers carriers of at least one referent
allele.  Association concerning oxidative DNA damage was found for GSTO2
rs2297235 polymorphism and 8-OHdG. After 7-years follow-up, it has been shown that
GSTO1*CC genotype predicts shorter survival of male ccRCC patients. Moreover, in
the multivariate Cox regression analysis male carriers of GSTO1*CC genotype had
significantly increased hazard ratio compared to the carriers of GSTO1*A allele. In
addition to findings on both significant GSTO1-1 and GSTO2-2 upregulation in ccRCC,
the change in expression levels of these two isoenzymes between early-stage and late-
stage ccRCC was found. Expression of phosphorylated downstream effectors of
Akt/MAPK signaling pathways (RSK1p90 (pS380), Akt (pS473) and ERK1/2
(pY204/187)) was also enhanced in ccRCC tumor in comparison with corresponding
non-tumor specimens. What is more, GSTO1-1 immunoprecipitated with majority of
investigated phosphorylated downstream signaling molecules, except ERK1/2.

Conclusions: In conclusion, the concomitance of GSTO polymorphisms may influence
ccRCC risk, while prognostic role has only GSTO1 polymorphism. Up-regulated
GSTO1-1 and GSTO2-2 enzymes in ccRCC tumor tissue might contribute to aberrant
redox homeostasis and tumor progression. The possible molecular mechanism might be

partially explained by GSTO1-1 deglutathionylase activity.

Key words: clear cell renal cell carcinoma; GSTO1; GSTO2; polymorphism;

haplotype; risk; survival; IL-1p; Akt; expression

Field: Medicine
Scientific Discipline: Medical and clinical biochemistry

UDC: 61



REZIME

POVEZANOST POLIMORFIZAMA | EKSPRESIJE GLUTATION
TRANSFERAZA KLASE OMEGA SA NASTANKOM I PROGRESIJOM
SVETLOCELIJSKOG KARCINOMA BUBREZNOG PARENHIMA

Tanja M. Radi¢

Uvod: Predstavnici nove omega klase glutation transferaza, GSTO1-1 and GSTO2-2,
nosioci su kako katalitickih tako 1 nekatalitickih uloga zna¢ajnih u regulaciji procesa
poput inflamacije, apoptoze i redoks homeostaze. Kodiraju¢i polimorfizmi jednog
nukleotida GSTO1*C419A (rs4925) i GSTO2*A424G (rs156697) po svoj prilici uticu
na funkciju proteina dok funkcionalna znacajnost jo§ jednog GSTO2 polimorfizma,
identifikovanog na 5’ netranslatiranom regionu gena (GSTO2*A 183G, rs2297235), jos
uvek nije jasno rasvetljenja. Ova studija predstavlja prvo sveobuhvatno istrazivanje
povezanosti polimorfizama i ekspresije GST klase omega u jednom od najagresivnijih
tipova karcinoma bubreznog parenhima (svetlocelijski tip carcinoma bubreznog
parenhima, sKBP). Potencijalni uticaj ovih polimorfizama je izu¢avan kako u odnosu na
rizik za nastanak skKBP tako i u odnosu na postoperativnu prognozu ovih pacijenata.
Pored toga, ispitivana je i ekspresija GSTO1-1 i GSTO2-2 kao i fosforilacioni status
nizvodnih efektorskih molekula u okviru PI3K/Akt/mTOR i Raf/MEK/ERK signalnih
puteva u tumorskom i u netumorskom tkivu pacijenata sa sSsKBP. Moguca interakcija
GSTO1-1 sa signalnim molekulima, za koju se pretpostavlja da je regulisana

glutationilacijom, takodje je bila predmet izu¢avanja ove studije.

Materijal i metode: Polimorfizmi GSTO1 i GSTO2 gena odredivani su kod 239
pacijenata sa SKBP i 350 pripadnika kontrolne grupe, uparenih po godinama i polu.
Ekspresija GSTOL, GSTO2 i signalnih molekula je analizirana metodom imunoblota,
kako u tumorskom tako i u netumorskom tkivu pacijenata sa SKBP. Nivoi pokazatelja
oksidativnog osStecenja DNK, 8-hidroksi-2-deoksiguanozina (8-OHdG) i citosolnog
prol-IL-1B i IL-1B su odredivani ELISA metodom. Interakcije GSTO1 sa pojedinim

signalnim molekulima su ispitivane metodom imunoprecipitacije.

Rezultati: Nosioci kombinovanih varijantnih genotipova su bili u 3 puta vecem riziku

od nastanka sKBP. Ova asocijacija je dodatno potvrdjena na nivou analize hapoltipa.



Nosioci haplotipa H2 koji podrazumeva varijantne GSTO1*A (rs4925), GSTO2*G
(rs156697), 1 GSTO2*G (rs2297235) alele, imali su najveéi rizik za nastanak sKBP,
ukazujuéi na potencijalnu ulogu ovih varijantnih alela na podloznost za nastanak sKBP.
Analiza interakcije genotipova i faktora spoljasnje sredine ukazala je da su pusaci
nosioci GSTO2*G (rs156697) varijantnog genotipa u veé¢em riziku od nastanka sK BP u
poredenju sa nepusaCima nosiocima bar jednog referentnog alela. Pokazana je
udruzenost GSTO2 polimorfizma u 5’ netranslatiranom regionu gena i nivoa 8-OHdG
(p=0,042). Nakon sedmogodi$njeg pracenja prezivljavanja pacijenata sa sKBP,
pokazano je da GSTOL1*CC genotip moze biti prediktor kraceg prezivljavanja kod
muskaraca sa SKBP. Pored toga, multivarijantna Cox regresiona analiza je pokazala da
su muskarci, nosioci GSTO1*CC genotipa imali statisticki znacajno veci rizik od
smrtnog ishoda u poredenju sa nosiocima GSTO1*A alela. Pored povecane ekspresije
GSTO1-1 i GSTO2-2 u tumorskom tkivu, uoCena je razliCita ekspresija ova dva
izoenzima kod pacijenata sa ranim stadijumom bolesti u odnosu na kasni stadijum
bolesti. Ekspresija fosforilisanih nizvodnih efektorskih signalnih molekula Akt/MAPK
signalnog puta (RSK1p90 (pS380), Akt (pS473) i ERK1/2 (pY204/187)) je takode bila
povisena u tumorskom u poredenju sa netumorskim tkivom. Sta vie, nadjena je
interakcija GSTOL1-1 sa vecinom ispitivanih nizvodnih efektorskih signalnih molekula,

osim sa ERK1/2 molekulom.

Zakljuéci: Odredeni polimorfizmi pripadnika omega klase GST mogu imati znacajan
efekat na rizik za nastanak sKBP, dok je prognosti¢ku ulogu ima samo GSTO1
polimorfizam. Povecana ekspresija GSTO1-1 i GSTO2-2 enzima u sKBP moze
doprineti narusenoj reodoks homeostazi i progresiji tumora. DeglutationiliSuca aktivnost
GSTO1-1 bi mogla biti molekularni mehanizam koji doprinosi ulozi ovog enzima u

progresiji SKBP.

Kljuéne reci: svetlocelijski karcinom bubreZznog parenhima; GSTO1; GSTO2;

polimorfizam; haplotip; rizik; prezivljavanje; IL-1p; Akt; ekspresija
Naucna oblast: Medicina
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1 INTRODUCTION
1.1 Renal cell carcinoma

Renal cell carcinoma (RCC) comprises a heterogeneous group of cancers, derived
from renal tubular epithelial cells (Eble et al., 2006) and accounts for 2%—-3% of all new
adult malignancies (Bamias et al., 2017). Lately, the incidence of RCC has increased
with approximately 209 000 new cases per year over the world (Escudier et al., 2014),
still being very high in the Czech Republic, Baltic and eastern European countries
(Znaor et al., 2015). The median age at diagnosis for both sexes is 64 years (Rini et al.,
2009), however, men are more prone to disease than women (a 2:1 ratio) (Hsieh et al.,
2017b). Contrary to higher incidence rates, mortality rates have been decreasing in past
decades, particularly in developed countries (Hsieh et al., 2017b).

Due to improvement of histopathological and molecular characterization of RCC,
major revisions of RCC classification have been introduced in recent years (Hsieh et al.,
2017b). Among more than 10 subtypes of RCC, cancers with the highest incidence are
clear cell RCC (ccRCC, ~75%), papillary RCC (pRCC, ~15%) and chromophobe RCC
(chRCC, ~5%) (Cancer Genome Atlas Research Network, 2013; Chen et al., 2016;
Davis et al., 2014; The Cancer Genome Atlas Research Network, 2016). With clear cell
subtype being predominant in metastatic disease (83-88%), all other types have been
grouped as non-clear-cell RCC (nccRCC) (Hsieh et al., 2017b). Moreover, ccRCC is the
most common and the most aggressive subtype is ccRCC accounting for most RCC
deaths (Rini et al., 2009). Comprehensive investigations of genetic alterations (Cancer
Genome Atlas Research Network, 2013; Hsieh et al., 2017b; Sato et al., 2013) have
shown significant intra-tumor and inter-tumor genetic diversity in ccRCC, whose
development and progression are characterized by genetic, epigenetic and proteomic

changes, all contributing to heterogeneity of clinical outcomes (Hsieh et al., 2017a).
1.1.1 Risk factors

1.1.1.1 Modifiable risk factors

The major established risk factors for RCC include obesity, cigarette smoking,
and hypertension (Lipworth et al., 2009). Moreover, incidence of RCC seems to be

higher among patients with end-stage renal disease, kidney transplantation, acquired



kidney cystic disease, tuberous sclerosis, and, possibly, diabetes mellitus (Hsieh et al.,
2017b; Rini et al., 2009).

Approximately 30% of RCCs in Europe are estimated to be attributable to being
overweight and obese (Lipworth et al., 2009). Multiple studies have shown that
increased body mass index (BMI) and abdominal obesity (measured as waist-to-hip
ratio) were associated with RCC, particularly among women (Lipworth et al., 2009). It
has been suggested that obesity-promoted changes in steroid hormones, elevated
cholesterol and adipose tissue-derived hormones levels could contribute to RCC
development (Lipworth et al., 2009). What is more, obesity seems to be associated with
increased lipid peroxidation resulting in formation of DNA adducts, which could also
contribute to RCC development (Gago-Dominguez et al., 2002).

Cigarette smoking is an established risk factor for RCC, however, with moderate
effect on disease development which, on the other hand, seems to be dose-dependent.
The proportion of RCC attributable to cigarette smoking is 20% to 30% among men and
10% to 20% among women (Lipworth et al., 2009).

Immense number of studies have reported association of hypertension with
increased RCC risk ranging between 1.2 and 2 or greater (Lipworth et al., 2009).
Increased risk was even reported in the studies that excluded early years of follow-up
since early stage tumors may themselves cause higher blood pressure (Lipworth et al.,
2009; Weikert et al., 2008; Yuan et al., 1998).

1.1.1.2 Genetic risk factors

Genetic factors also contribute to RCC risk. Studies of familial RCC found
mutations in at least 11 genes (BAP1, FLCN, FH, MET, PTEN, SDHB, SDHC, SDHD,
TSC1, TSC2 and VHL), some of which have also been identified in the development of
sporadic RCC (Haas and Nathanson, 2014; Hsieh et al., 2017b). Mutated VHL gene,
otherwise encoding for pVHL, underlies von Hippel-Lindau disease, which is
associated with a high risk of ccRCC development (Hsieh et al., 2017b). Additionally,
genome-wide association studies (GWAS) of RCC have identified several susceptibility
loci, located on chromosome regions 2p21, 2g22.3, 8g24.21, 11913.3, 12p11.23 and
120g24.31 (Hsieh et al., 2017b). Particularly, the 2p21 locus comprises EPAS1, which
encodes the hypoxia-inducible factor 2a (HIF2a) subunit (Purdue et al., 2011), while the



biological effects of mutations in 11913.3 locus might be associated with changes in the
regulation of CCND1 encoding cyclin D1, which is involved in cell cycle regulation
(Hsieh et al., 2017b; Schodel et al., 2012).

1.1.2 Diagnosis

Due to asymptomatic presentation of most RCCs, historically, patients were
diagnosed after appearance of a palpable abdominal mass, flank pain, gross haematuria,
metastatic symptoms (bone pain or lung nodules) and paraneoplastic syndrome
(hypercalcaemia, fever and erythrocytosis) (Rini et al., 2009). Widespread use of non-
invasive radiological techniques, such as ultrasonography, abdominal computed
tomography (CT) and magnetic resonance imaging (MRI) significantly increased
detection of small renal masses with low grade (Gill et al., 2010). In contrast to prior
assessment of RCC diagnosis in the late stages of disease, nowadays, more than 50% of
RCCs are detected incidentally (Bamias et al., 2017). Diagnosis is usually suggested by
ultrasonography and further investigated by CT scan for assessment of local
invasiveness, lymph node involvement or other metastases. MRI may be useful when it
is not possible to use i.v. contrast and also may provide additional information in
examining local advancement. Abdominal and chest CT or MRI is obligatory to achieve
accurate staging of RCC. Positron emission tomography is not a standard investigation
in the diagnosis and staging of RCC (Escudier et al., 2014).

The stage of RCC considers the tumor size, the degree of invasion outside of the
kidney, the involvement of lymph nodes and presence of metastases. Prognostic
evaluation involves further laboratory testing consisting of determination of
haemoglobin levels, leukocyte and platelet counts, serum-corrected calcium levels and

lactate dehydrogenase activity (Hsieh et al., 2017b).
1.1.3 Therapy

Localized RCC can be treated with radical or partial nephrectomy which offers
lower post-operative renal function damage. Alternative strategies for patients that are
unsuitable for surgery due to health complications are ablation or active surveillance
(monitoring of tumor growth). Even after nephrectomy, approximately 30% of patients

with localized ccRCC will develop metastases (Hsieh et al., 2017b). Systemic therapies



necessary for the treatment of metastatic disease have been developed in recent years as
a result of comprehension of molecular mechanisms underlying metastatic ccRCC.
Targeted therapies against vascular endothelial growth factor (VEGF) (sorafenib,
sunitinib, pazopanib, axitinib, lenvatinib and cabozantinib) and mechanistic target of
rapamycin (mTOR) pathways (everolimus and temsirolimus) have been developed
(Hsieh et al., 2017b).

1.1.4 Molecular hallmarks of ccRCC

1.1.4.1 Genetics of ccRCC

Initial steps towards comprehension of ccRCC genetics comprised von Hippel
Lindau (VHL) disease studies. VHL disease is an autosomal-dominant syndrome
predisposing disease-bearing individuals to a diversity of benign and malignant
neoplasms (Haddad and Margulis, 2015). Such individuals carry a germline mutation of
the VHL tumor suppressor gene where the somatic inactivation or loss of the second
wild-type allele determines tumor development. Indeed, VHL gene inactivation either
through somatic mutation (such as single base modifications, insertions, deletions, as
well as 3p25 loss) and/or promoter hypermethylation is found in approximately 90%
cases of sporadic non-hereditary ccRCC. The VHL gene encodes for VHL protein
(pVHL), the substrate recognition component of an E3-ubiquitin ligase complex,
responsible for ubiquitylation of hypoxia-inducible factor o proteins (HIF 1o and HIF2a)
leading to degradation mediated by proteasome under normoxic conditions (Hsieh et al.,
2017b; Masson and Ratcliffe, 2014; Semenza, 2013). Therefore, pVHL loss of function
induces abnormal accumulation of HIFa proteins in normoxia, ensuing downstream
overexpression of HIF-targeted genes. Among them, particularly important are those
genes involved in regulation of complex biochemical and cellular events such as
angiogenesis, proliferation, invasion, metabolism of glucose and survival (Mehdi and
Riazalhosseini, 2017). Analogous to hypoxia-induced cascade, these events might
explain the pseudohypoxic model of renal tumorigenesis (Bratslavsky et al., 2007).

Although heterogeneous by etiology, pVHL inactivation is found in 90% of all
ccRCC patients, however, insufficient to induce ccRCC (Sanchez and Simon, 2018).
Long latent period of more than 3 decades in humans carrying VHL inherited mutations,

as well as, studies in Vhl knock-out mice indicates that other genetic and/or epigenetic



events are possibly required for development of ccRCC (Hsieh et al., 2017b; Wei and
Hsieh, 2015). Large scale genomic studies have revealed the most frequently mutated
genes apart from VHL in ccRCC: PBRM1 (polybromol), SETD2 (SET domain
containing 2) and BAP1 (BRCAL associated protein 1) (Cancer Genome Atlas Research
Network, 2013; Hakimi et al., 2013a; Pefia-Llopis et al., 2012; Sato et al., 2013).
Specifically, PBRM1 is a component of PBAF SWI/SNF chromatin remodeling
complex and has a role in preventing amplification of HIF oncogenic signals, SETD2
has important role in tumor cell lysine methylation of the histone H3 (Li et al., 2019),
while BAP1 as a nuclear deubiquitinase is involved in the host cell factor 1 pathway and
cell proliferation (Pefia-Llopis et al., 2012). These genes represent three additional
tumor suppressor genes, also located on chromosome 3p adjacent to VHL. It seems that
3p loss is frequent hallmark and represents early genetic event in ccRCC tumorigenesis,
resulting in haploinsufficiency of four tumor suppressor genes (Hsieh et al., 2017b).
Moreover, mutations of these genes have been associated with tumor progression and
aggressive clinical features of ccRCC (Hakimi et al., 2013b; Nam et al., 2015).

The second most common chromosomal aberration in ccRCC is copy number
gain of chromosome 5q, resulting in amplification of approximately 60 genes (Cancer
Genome Atlas Research Network, 2013), including EZH2, STC2, SQSTM1 and VCAN
(Sanchez and Simon, 2018). These events affect complex processes, such as histone
modification, stress response, mTOR regulation, and cell adhesion and migration
(Haddad and Margulis, 2015). Also, it was demonstrated that several activating genomic
alterations in the components of mTOR pathway might be involved in the progression
of ccRCC (Cancer Genome Atlas Research Network, 2013; Sato et al., 2013).

1.1.4.2 Affected signaling pathways in ccRCC

The inactivation of VHL tumor suppressor gene, as the essential molecular event
in RCC leading to HIF activation, promotes tyrosine kinase activity with consequent
activation of RAS/MEK/ERK signaling pathway, phosphoinositide 3-kinase
(P13K)/protein kinase B (Akt)/mTOR pathway and nuclear factor kappa B (NF-xB)
pathway (Kumar et al., 2018). Namely, nuclear translocation of accumulated cytosolic
HIFa leads to formation of active HIF through interaction with HIFf} and binding to

hypoxia response element (HRE) that results in the activation of growth factors and



angiogenic proteins, among other hypoxia inducible genes. This is followed by
overexpression of VEGF, which binds to its tyrosine kinase receptors (VEGF-R2) on
both endothelial and ccRCC cells (Kumar et al., 2018). Dimerized receptors activate
either RAS/MEK/ERK or PI3K/Akt/mTOR pathway heightening tumor progression by
additional HIFa production (Sanchez and Simon, 2018), hence forming a positive
feedback loop contributing to constitutive activation of the signaling network (Guo et
al., 2015).

Altered genes of PTEN (phosphatase and tensin homologue deleted on
chromosome 10) and mTOR signaling proteins have been identified as activators of
other signaling pathways, like STAT (signal transducer and activator of transcription)
and sonic hedgehog, contributing to RCC progression (Kumar et al., 2018).

Activated HIF also promotes binding of transforming growth factor alpha
(TGFa) to its epidermal growth factor receptor (EGFR) that results in activation of
PI3K/Akt/IkB-o/NF-kB signaling cascade (An and Rettig, 2005). The results by Zhou
et al. suggest that interleukin-8 (IL-8), highly expressed in metastatic RCC, induces the
epithelial-mesenchymal transition of RCC through the activation of the Akt signaling
pathway. Namely, it seems that IL-8promotes migration and invasion of RCC cells by
elevation of phosphorylated Akt levels. Acquired tumor cell motility and invasiveness
leads to enhanced metastatic ability. Induction and maintenance of
epithelial-mesenchymal transition as a step of tumor progression, enabled by activated
Akt and various other signaling pathways may be a potential molecular mechanism for
RCC metastasis (Zhou et al., 2016).

Beside activation of the PI3K/Akt pathway by extracellular signals and
transmembrane receptors (Figure 1), multiple other mechanisms could contribute to its
constitutive activation in ccRCC (Guo et al., 2015). Epigenetic regulatory mechanisms,
such as interaction of non-coding RNAs, specifically microRNAs (miRNAs), with its
target messenger RNA to inhibit protein translation, have recently emerged as important
regulators of the PI3K/Akt pathway (Braga et al., 2019). Novel Akt activation
mechanism by enhanced protein complex formation with phosphoinositide-dependent
kinase-1 (PDK1) and 78-kDa glucose-regulated protein has been shown under glucose-

deprivation conditions in multiple RCC cell lines (Guo et al., 2015).



All mentioned mechanisms imply the multifaceted nature of ccRCC at the

molecular level.

FOXO03

Cell growth, proliferation, invasion,
survival, motility

Figure 1. PI3BK/AK/mTOR and RAS/MEK/ERK signaling pathways mediate cell growth,
proliferation, and invasion in cancer; Abbreviations: PDK1- phosphoinositide-dependent kinase-
1, PI3K- phosphoinositide 3- kinase, POORSK1: 90 kDa ribosomal protein S6 kinase 1, mTOR-
mammalian target of rapamycin, S6K-ribosomal protein S6 kinase, ERK- extracellular signal-
regulated kinase, RTK- tyrosine kinase receptor (Reproduced from Jahangiri and Weiss, 2013
(Jahangiri and Weiss, 2013), available at

https://clincancerres.aacrjournals.org/content/19/21/5811)

1.1.4.3 Metabolic reprogramming in ccRCC

Numerous molecular mechanisms, both intrinsic and extrinsic by nature, alter
cellular metabolic events, such as maintenance of energy status, enhanced
macromolecules biosynthesis and tight control of redox homeostasis, in order to support

basic needs in dividing cells (Cairns et al., 2011). Due to reduced blood supply, these
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particular events are even more potentiated in cancer cells. In ccRCC, hypoxic
conditions result in reprogramming of glucose, lipid and amino-acid metabolism, which
makes this cancer a metabolic disease (Wettersten et al., 2015), characterized by
glycogen and lipid accumulation in the cytoplasm of kidney cancer cells, hence, the
“clear cell” type (Sanchez and Simon, 2018). Namely, up-regulation of glycolysis, lipid
synthesis and tryptophane metabolism is accompanied with down-regulation of
tricarboxylic acid (TCA) and urea cycle. In that way, the synthesis of cellular building
blocks required for proliferation, together with high GSH/GSSG ratio enable the
survival of tumor cells even in hypoxic nutritionally depleted environment (\Wettersten
et al., 2017). By modifying their metabolic phenotype, cancer cells maintain steady-state
of high ROS (reactive oxygen species) levels within a narrow range, allowing them to
increase growth and invasion and limit their apoptotic propensity (Laurent et al., 2005;
Li et al., 2016).

1.1.5 Impaired redox homeostasis underlying ccRCC

It seems that in highly proliferative cancer cells, regulation of reactive oxygen
species (ROS) production represents a crucial step. Aforementioned hypoxic conditions
further promote ROS production, with consequential excess of downstream effects on
signaling pathways and HIF1o accumulation (Cairns et al., 2011; Gao et al., 2013).
Malignant cells respond to high ROS production by upregulation of antioxidant defense,
apparently creating a certain paradox where high ROS steady-state levels are
characterized by simultaneous increase of antioxidant levels. Indeed, cancer cells are
able to become resistant to ROS by prompting a new redox steady-state (Sosa et al.,
2013). Moreover, cancer cells release ROS into the tumor microenvironment affecting
the adjoining cancer associated fibroblasts, consequently promoting stromal oxidative
stress and autophagy. In this scenery, several crucial events are being initiated: a)
angiogenesis - due to HIF1 activation and HIF-targeted signaling molecules (such as
VEGF), as well as b) tumor growth and c¢) prevention of immune anti-cancer response
facilitated by matrix metalloproteinases (MMPs), IL-6, IL-10, TGF, CCL2 and CCL5
(Sosa et al., 2013). Regarding the inflammatory aspect of RCC tumorigenesis, the serum
levels of interleukin-1p (IL-1pB), interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-a)) seem to be increased in patients with RCC (Yoshida et al., 2002). Furthermore,



higher expression levels of IL-1p, IL-6, TNF-a, HIF-1a and MMP2 are associated with
RCC cell lines with higher malignancy (Chuang et al., 2008). Moreover, the study by
Petrella and Vincenti has shown that the pro-inflammatory cytokine IL-1p induced RCC
tumor cell invasion (Petrella and Vincenti, 2012). The presence of tumor-associated
macrophages and high serum levels of mentioned pro-inflammatory cytokines are poor
prognostic factors in RCC patients, implying that an inflammatory microenvironment
may promote RCC tumor progression (Petrella and Vincenti, 2012). Moreover, adjacent
senescent cells can contribute by releasing pro-inflammatory cytokines and proteases
into the tumor microenvironment, which farther promotes tumor growth and
aggressiveness (Sosa et al., 2013). One way in which cancer cells respond to these
damaging impacts of ROS is production of reduced glutathione (GSH), the key non-
protein thiol antioxidant that efficiently neutralizes ROS -. Indeed, the high GSH
content was found in RCC (Lusini et al., 2001). Recent study of Hakimi et al.
demonstrated in late-stage ccRCC, high GSH content accompanied with its
biosynthesis metabolites, such as cysteine and y-glutamyl cysteine, (Hakimi et al.,
2016). However, the decreased ratio of reduced and oxidized form of glutathione
(GSH/GSSG), associated with lower activity of enzymes involved in GSH metabolism
(glutathione peroxidase, glutathione transferase, y-glutamyl transpeptidase, glutathione
reductase) was demonstrated only in early-stage RCC (Lusini et al., 2001; Pljesa-
Ercegovac et al., 2008). In summary, impaired redox homeostasis seems to be another
significant hallmark of ccRCC. In support, nuclear factor (erythroid-derived 2)-like 2
(Nrf2) pathway, as the most important regulator of the redox homeostasis, is continually
activated in ccRCC, primarily due to loss of Kelch-like ECH-associated protein 1 (Keap
1) function (Fabrizio et al., 2017). Since consequential nuclear accumulation of Nrf2
modifies the expression of numerous genes, including phase Il detoxification and
antioxidant enzymes, impairment of redox homeostasis in ccRCC might be attributed to

changes in GSTs expression, as well(Tonelli et al., 2018).
1.2 Disease relevance of glutathione transferases

Glutathione transferases (GSTs) are multifunctional proteins known as phase 11
cellular detoxification system enzymes, yet, implicated in a number of catalytic and

non-catalytic activities. Intracellularly, GSTs are strategically localized and perform



their functions in cytosol, as well as in mitochondria and microsomal portion of the cell.
In particular, the cytosolic fraction is divided in seven classes, differing in chemical,
physical and structural properties (Hayes et al., 2005). However, the functions of this
family of enzymes, also termed as GSTome, may be classified into: (1) metabolism of
xenobiotics and endogenous compounds (Hayes and Pulford, 1995), catalysis of crucial
steps in the synthesis of leukotrienes, prostaglandins and steroid hormones, as well as
the degradation of tyrosine (Board and Menon, 2013), and inactivation and reduction of
oxidative stress by-products (Hayes and McLellan, 1999) and (2) the regulation of cell
signaling pathways (including regulation of mitogen-activated protein kinases (MAPK)
through protein-protein interactions) (Board and Menon, 2013; Tew and Townsend,
2012).

Their detoxification role of GSTs is based on conjugation reactions of wide
variety of non-polar exogenous (carcinogens, environmental pollutants and anticancer
drugs) and endogenous compounds with glutathione (GSH). In most cases, this
conjunction yields more water-soluble products and therefore enables their elimination
(Di Pietro et al., 2010; Hayes et al., 2005; Wu and Dong, 2012), however, this particular
reaction can have an adverse effect, ensuing more reactive GSH-conjugate. Certain
mutagens, carcinogens and pro-drugs are known to be metabolically bio-activated in
this way (Figure 2) (Guengerich, 2005; Kurtovic et al., 2008).

Glutathione transferases show significance in terms of both development and
progression of RCC (De Martino et al., 2010; Searchfield et al., 2011; Sweeney et al.,
2000), not only by protecting cell vital macromolecules from variety of electrophilic
compounds, however, by providing a certain antioxidant shield (Coles and Kadlubar,
2005; Hayes and McLellan, 1999). The role of GSTs in redox regulation emerged as
important mechanism involved in cancer development and progression (Tew and
Townsend, 2012). Namely, impaired redox homeostasis represents hallmark of ccRCC
malignant phenotype. Specifically, ccRCC early phase is characterized by significant
oxidative distress, followed by the presence of more reduced state in the course of
ccRCC progression (Lusini et al., 2001). Lately, other significant functions of these
enzymes have been recognized, including protein-protein interactions. Namely, GSTs
act as modulators of the MAPK signaling pathway involved in cellular survival and

apoptosis (Tew and Townsend, 2012). The ability of GSTs to participate in protein-
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protein interactions with signaling molecules emphasizes the multiple signaling and
regulatory functions of GSTs (Bartolini and Galli, 2016; Tew and Townsend, 2012).

Furthermore, polymorphisms in GST genes might affect cytosolic GST
isoenzyme profile and consequently individual response to carcinogen exposure and
pharmacogenomic-based cancer treatment (Lo and Ali-Osman, 2007). Genes encoding
for cytosolic alpha (GSTA), mu (GSTM), pi (GSTP), theta (GSTT) members are highly
polymorphic, due to either deletion or single nucleotide polymorphisms (SNPs). The
effect of such prominent genetic heterogeneity on cancer propensity, as well as certain
therapeutic consequences has been mostly studied considering aforementioned
detoxification roles of GSTs. Hollman et al., even suggested a classification of diseases
in relation to GST SNPs, including cancers (Hollman et al., 2016). Indeed, the
association of common GST gene polymorphisms (GSTM1, GSTT1, GSTP1 and
GSTAL), independently or in interaction with well-known risk factors, with higher
propensity to RCC development has been shown (Coric et al., 2016; Zhong et al., 2018).
Although the available results of both gene-gene and gene-environment studies are quite
diverse, GST genotyping alone or in combination with other Phase | or Phase Il gene
polymorphisms could identify individuals that are at higher risk of developing RCC,
especially those exposed to relevant substrates (Ahmad et al., 2012; Buzio et al., 2003;
Coric et al., 2016; Karami et al., 2008; Yang et al., 2013).
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Figure 2. Different roles of glutathione transferases in chemoresistance. Apart from
detoxification of conventional anti-cancer drugs, potential GSTs role in acquiring
chemoresistance might also be mediated by modulating signaling pathways involved in cell
proliferation and apoptosis. The novel drugs designed to selectively target GSTs comprise GST
inhibitors or specific pro-drugs (Reproduced from Pljesa-Ercegovac et al. 2013, available at
https://www.mdpi.com/1422-0067/19/12/3785)

1.3 Glutathione transferase omega class

Omega class GST, consisting of two isoenzymes GSTO1-1 and GSTO2-2, is
one of the most recently characterized classes of cytosolic GSTs (Board et al., 2000).
Members of this class are unique in many ways. First of all, they share approximately
20% amino acid sequence identity with members of the other classes (Board et al.,
2000) and secondly, they possess cysteine residue in an active site, contrary to all other
GSTs with catalytic tyrosine or serine residues (Whitbread et al., 2005). Additionally,
GST omega class isoenzymes manifest the whole range of specific activities that are not
associated with other human GSTs (Board and Menon, 2016). Namely, both enzymes
are considered to be involved in the regulation of cellular redox homeostasis. GSTO2-2
is the enzyme with the highest dehydroascorbate-reductase (DHAR) activity that is
responsible for preserving reduced form of ascorbic acid. On the other hand, GSTO1-1

contributes to cellular redox status by deglutathionylase activity (Board and Menon,
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2016). Moreover, GSTO1-1 possesses several regulatory functions, including
modulation of ryanodine receptors, activation of IL1-p and proposed anti-apoptotic role
(Dulhunty et al., 2002; Laliberte et al., 2003; Piaggi et al., 2010). Additionally, it has
been suggested that GSTO1-1 could also impact cancer chemoresistance by altering cell
survival signaling pathways and inhibition of apoptotic MAPK signaling (Piaggi et al.,
2010; Yan et al., 2007).

Despite their expression in a wide range of tissues GSTO1-1 and GSTO2-2
exhibit diverse tissue and cellular distribution. Relatively high GSTO1 expression was
observed in the liver, heart, and skeletal muscle (Whitbread et al., 2005). The highest
levels of GSTO2 mRNA have been shown in the testis, liver, kidney, and skeletal
muscle (Whitbread et al., 2003). In several human cell types, such as macrophages, glial
and endocrine cells, localization of human GSTOL1 in the nucleus and nuclear membrane
has been demonstrated using immunohistochemistry (Yin et al., 2001). This particular
localization may indicate additional roles of GSTO1-1, unrelated to xenobiotic
metabolism (Whitbread et al., 2005). Namely, nuclear translocation of GSTO1 might be
involved in the neoplastic progression of Barrett’s esophagus towards esophageal

adenocarcinoma (Piaggi et al., 2009).

1.3.1 Glutathione transferase omega class polymorphisms

Two GSTO actively transcribed genes (GSTO1 and GSTO2) were identified in
the human population (Figure 3), located 1.5 kb apart on the long arm of chromosome
10 (10g25.1) (Board and Menon, 2016). Mukherjee et al. described a total of 31
polymorphisms in GSTO1 and 66 polymorphisms of GSTO2 gene (Mukherjee et al.,
2006). Two commonly studied single nucleotide polymorphisms are: GSTO1*C419A
(rs4925) causing alanine to aspartate substitution in amino acid 140 (*Alal40Asp) and
GSTO2*A424G (rs156697) which causes an asparagine to aspartate substitution in
amino acid 142 (*Asnl42Asp). Additionally, recently several studies investigated a
transition polymorphism in the position 183 at 5' untranslated region (5’UTR) of
GSTO2 gene(GSTO2*A183G, rs2297235) (Wang et al.,, 2009). Strong linkage
disequilibrium has been verified betweenthese three SNPs (Wang et al., 2009). Linkage
disequilibrium represents the nonrandom association of alleles at different loci (Slatkin,

2008). Normalized coefficient of linkage disequilibrium (D’) values can range from 0 to
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1.0. Value of 1.0 indicates that two polymorphisms are maximally associated, whereas 0
indicates they are randomly associated (Hartl and Clark, 2007; Hedrick, 2011).
Haplotype represents the combination of alleles on a single chromosome or, in a more
restricted definition, all polymorphisms present on a single allele (The International
HapMap Consortium, 2005).

It has been shown that GSTO1 rs4925 polymorphism causes the change in
abovementioned deglutathionylase activity, however, without influencing its
monomethylarsonat reductase activity (Menon and Board, 2013; Tanaka-Kagawa et al.,
2003; Whitbread et al., 2003). Regarding GSTO2 rs156697 polymorphism, a strong
association between variant GSTO2*G allele and lower GSTO2 gene expression has
been shown (Allen et al., 2012; Mukherjee et al., 2006). Consequently, SNPs of GST
omega class enzymes have already been studied regarding numerous clinical disorders,
such as Alzheimer’s disease, Parkinson’s disease, vascular dementia and stroke,
amyotrophic lateral sclerosis, chronic obstructive pulmonary disease, as well as
cholangiocarcinoma, hepatocellular carcinoma, breast and colorectal cancer (Board and
Menon, 2016; Xu et al., 2014).
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Figure 3. Schematic representation of the investigated polymorphisms in GSTO1 and GSTO2
genes. Exons that encode the open read frame - black rectangles; untranslated regions (UTRS)-
white rectangles. (Reproduced from Radic et al. 2018, available at
http://www.journal.med.tohoku.ac.jp/2461/246 35.pdf)

1.3.2 Structure of GSTO1 and GSTO2 enzymes

The members of the novel GST omega class, GSTOl and GSTO2, have

considerable structure similarity sharing approximately 64% of their amino acid
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sequence. Both enzymes assemble as homodimers (GSTO1-1, GSTO2-2) (Figures 4 and
5) (Board et al., 2000; Whitbread et al., 2005). Human GSTO1 monomer is comprised
of 241 amino acids and although its presumed size is 27.6kDa, it migrates on sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at approximately 31
kDa (Board et al., 2000). GSTO1-1 is comprised of thioredoxin-like N-terminal domain
and a C-terminal domain that is composed completely of a-helices (Board et al., 2000).
GSTO1 has some other specific features, such as proline-rich N-terminal extension of
19 amino acid residues which is not found in other GST family members (Whitbread et
al., 2005). Human GSTO2 monomer is comprised of 243 amino acids (Whitbread et al.,
2003). Owing to its high cysteine content (4.5%) and consequent difficulties in
accomplishing purification, GSTO2-2 has not been studied in the same degree as
GSTO1-1 (Board, 2011).

In contrast to other members of the GST family with active site tyrosine and
serine residues, specific feature of GSTO1-1 and GSTO2-2 is an active site cysteine
residue at position 32 (Cys-32). It has been shown that Cys-32 in GSTO1-1 forms
disulfide bond with glutathione in the “G” site (Board et al., 2000). Based on data on the
loss of thioltransferase activity caused by experimental Cys-32 mutation to alanine and
the sensitivity of GSTO1-1 to alkylating agents (Board et al., 2000), it was concluded
that the Cys-32 has important catalytic role in the thioltransferase reaction (Whitbread et
al., 2005).

Figure 4. Structure of GSTO1-1 in complex with glutathione (Reproduced from RCSB
protein databank, available at 10.2210/pdb5YVN/pdb)
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Unlike other GSTs that possess highly hydrophobic "H" site for the binding of
hydrophobic substrates, GSTO1-1 has relatively large and less hydrophobic "H" site
(Board et al., 2000). This feature, together with the active site positioned in a wide
crevice, suitable even for large substrates (Board et al., 2000), leads to the conclusion
that the GSTOL1-1 substrate does not have to be extremely hydrophobic and may even
be a protein (Whitbread et al., 2005). GSTO2-2 with its narrower "H" site catalyzes

reactions with smaller substrates compared to GSTO1-1 (Zhou et al., 2012).

Figure 5. Structure of GSTO2-2 (Reproduced from RCSB protein databank, available
at 10.2210/pdb3Q18/pdb)

1.3.3 Catalytic and regulatory roles of omega class glutathione transferases

Owing to the presence of cysteine residue in the active site, isoenzymes of
omega GST class catalyze specific spectrum of glutathione-dependent thiol exchange
and reduction reactions that are not associated with other cytosolic GSTs (Whitbread et
al., 2005). Thioltransferase and dehydroascorbate reductase activities of GST omega
class members are typical for glutaredoxins, enzymes showing structural similarity to
the N-terminal domain of cytosolic GSTs (Whitbread et al., 2003). Although it was
demonstrated that both isoenzymes catalyze reduction of dehydroascorbate, GSTO2-2
emerged as the enzyme with the highest activity in mammals (Schmuck et al., 2005). It
has also been shown that both omega class isoenzymes play a significant role in arsenic
biotransformation by catalytic reduction of monomethyl arsenate (Zakharyan et al.,

2001). The reduction of S-(phenacyl) glutathiones to acetophenones has been associated
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specifically with GSTO1-1 (Figure 6), but not with GSTO2-2 (Board and Anders,
2007). In contrast to GSTO2-2, GSTO1-1 plays important role in the glutathionylation
cycle by its deglutathionylase and glutathionylase activity, depending on different
conditions (Menon and Board, 2013). GSTO1-1 also exhibits numerous regulatory
roles, including modulation of ryanodine receptors, activation of IL1-p and proposed
anti-apoptotic role (Dulhunty et al., 2002; Laliberte et al., 2003; Piaggi et al., 2010).
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Figure 6. Dehydroascorbate reductase, monomethylarsonat reductase, thioltransferase, and S-
(phenacyl) glutathione reductase activity of GSTO1-1. (Reproduced from Xie et al. 2018)

1.3.3.1 Deglutathionylase activity

Glutathionylation is formation of reversible disulfide bonds between protein
thiols and glutathione. It has been shown that glutathionylation of intracellular protein
thiols during oxidative stress contributes to efficient protection from irreversible
oxidation (Cooper et al., 2011). Increased glutathionylation levels in response to
oxidative stress (Board and Menon, 2013) can be reversed by deglutathionylase activity
of glutaredoxins, thioredoxins and sulfiredoxin in the conditions of physiological redox
homeostatis (Lei et al., 2008; Mieyal et al., 2008). Although defense against oxidative
stress has been considered the main role of glutathionylation, it has been shown that it

affects the functional and structural integrity of large group of proteins, known as the

17



“glutathionome” (Lindahl et al., 2011). The selective glutathionylation or
deglutathionylation of specific protein thiols contributes to numerous cellular processes,
such as cell cycle regulation, cytoskeleton remodeling, epigenetic DNA modifications,
apoptosis, response to chemotherapy and the progression of neurodegeneration (Menon
and Board, 2013). It was assumed for many years that novel omega class GSTs might
be involved in the glutathionylation cycle, mainly based on significant structural
similarity to glutaredoxin and the ability to accommodate large substrates. Indeed, the
study by Menon and Board showed that GSTO1-1 plays significant role in the
glutathionylation cycle catalyzing both the glutathionylation and deglutathionylation of
proteins (Figure 7) (Menon and Board, 2013). It has been shown that GSTO1-1 exhibits
specificity for particular proteins or particular glutathionylated cysteine residues (Board
and Menon, 2016). Preliminary studies identified p-actin, heat shock protein 70, heat
shock protein 7c and prolactin-inducible protein as specific targets for GSTO1-1-
catalyzed deglutathionylation (Menon and Board, 2013). However, despite its great
structural similarity to GSTO1-1 and the same active site cysteine residue at position 32
(Cys-32), GSTO2-2 did not exhibit the deglutathionylase activity (Menon and Board,
2013).

Figure 7. Potential on/off regulation of protein function resulting from specific
deglutathionylation by GSTO1-1. (Reproduced from Xie et al. 2018)
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1.3.3.2 Dehydroascorbate-reductase activity

GSTO1-1 and GSTO2-2 catalyze the reduction of dehydroascorbate to ascorbic
acid (vitamin C) (Zhou et al., 2012), that plays an important role in the prevention of
oxidative stress by scavenging reactive oxygen species (Frei et al., 1989). GSTO2-2
exhibits 70-100 times higher DHAR activity compared to GSTO1-1 and is considered to
be the enzyme with the highest DHAR activity in mammalian cells (Schmuck et al.,
2005). Thus, GSTO2-2 plays a key role in the maintenance of ascorbic acid, especially
in the tissues in which ascorbic acid is actively transported in the form of
dehydroascorbate, and subsequently enzymatically reduced to ascorbic acid in the cells
(Zhou et al., 2012).

1.3.3.3 Arsenic biotransformation

Both GST omega class enzymes, GSTO1-1 and GSTO2-2, catalyze the
reduction of pentavalent methylated arsenic species, monomethylarsenate¥ (MMAY) and
dimethylarsenate¥ (DMAV) (Schmuck et al., 2005; Zakharyan et al., 2001). These
reduction reactions are glutathione dependent (Whitbread et al., 2005). The recent
studies’ data on DMAY reductase activity in rat liver cytosol and inhibition of the
reaction by the GSTO1-1 inhibitor KT53 suggest that GSTO1-1 catalyzes the reduction
of DMAY in vivo (Németi et al., 2015). Although arsenic is a highly toxic and
carcinogenic (Zakharyan and Aposhian, 1999), arsenic trioxide is used as a therapeutic
treatment in patients with acute promyelocytic leukemia (Westervelt, 2001). Individual
differences in response to therapy (Westervelt, 2001) suggest that genetic
polymorphisms in the genes encoding the enzymes involved in arsenic

biotransformation may be an important factor (Whitbread et al., 2005).

1.3.3.4 Regulation of post-translational modification of interleukin-1p

Interleukin 1B (IL-1B) is a proinflammatory cytokine produced by activated
monocytes and macrophages and requires posttranslational processing before it is
secreted. The active form of caspase-1 is necessary for the proteolytic cleavage of pro-
IL-1B into 17 kDa active form. Caspase-1 activation is mediated by multi-protein
complexes called inflammasomes. Laliberte et al. identified GSTO1-1 as a target of

cytokine release inhibitory drugs (CRIDs) that blocks the release of active IL-1p and
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assumed that the effect of those drugs is achieved by binding to GSTO1-1 in monocytes
(Laliberte et al., 2003). Moreover, Coll and O’Neill concluded that GSTO1 may be a
component of the inflammasome (Coll and O’Neill, 2011). Considering the inability of
the active-site C32A GSTO1-1 mutant to bind CRID in the same manner as the wild
type protein, the catalytic activity of GSTO1-1 might have the crucial role in IL-1p
processing (Laliberte et al., 2003). GSTO1-1 could mediate an effect on IL-1P
processing by its glutathionylase/deglutathionylase activity potentially modulating the
function of a range of proteins in activated monocytes with altered redox homeostatis
(Laliberte et al., 2003).

1.3.3.5 Ryanodine receptors modulation

Ryanodine receptors (RyRs) are homotetrameric proteins and the largest known
ion channels that are encoded by three genes in mammals: RyR1 is the predominant
isoform in skeletal muscle, RyR2 is the main isoform expressed in the heart, and RyR3
is expressed in other tissues (Dulhunty et al., 2011; Lanner et al., 2010). Ryanodine
receptor intracellular Ca?* release channels are located on the endoplasmic reticulum of
smooth muscle cells and non-muscle cells and on the sarcoplasmic reticulum of striated
muscle fibers. RyRs are responsible for the release of Ca?* from the intracellular stores
in response to a variety of intracellular and/or extracellular stimuli (Dulhunty et al.,
2011).

GSTO1-1 has been shown to modulate RyRs. Specifically, GSTO1-1 inhibits
cardiac RyR2 activity and potentiates skeletal muscle RyR1 activity (Dulhunty et al.,
2011). Also, it has been shown that RyR2 channels with low activity were less affected
by GSTO1-1 inhibition than channels with higher initial activity. It seems that one of
the functions of GSTO1-1 in the heart is to decrease RyR2 activity during diastole to
enable adequate filling of the sarcoplasmic reticulum Ca?* store during diastole and to
protect cardiac cells from high cytosolic Ca?* concentrations that could trigger the
delayed after depolarizations resulting in arrhythmia and sudden cardiac death
(Dulhunty et al., 2001; Gyodrke, 2009). Recently, Lu et al. showed that chemotherapy-
induced GSTO1-1 expression, which is dependent on HIF-1 and HIF2, led to breast

cancer stem cells enrichment. The underlying mechanism is GSTO1-1 interaction with
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RyR1 and promotion of Ca?* ion release from the endoplasmic reticulum and
subsequent activation of PYK2/SRC/STAT3 signaling (Figure 8) (Lu et al., 2017).

Cell death and survival signaling molecules

Cytoskeleton proteins
. GSTO1 Downstream
Heat shock proteins [ GsTo1 | N - Y
p ool P target proteins

= Cell proliferation
< ” d
—> Cell survival

Figure 8. Proposed regulatory roles of GSTO1-1. Abbreviations: RyR1-ryanodine receptor type
1; PYK2- proline-rich tyrosine kinase 2; Akt-protein kinase B. (Reproduced from Pljesa-
Ercegovac et al. 2018, available at https://www.mdpi.com/1422-0067/19/12/3785)

1.3.4 The relevance of omega class glutathione transferases in non-malignant and

malignant diseases

1.3.4.1 Omega class glutathione transferases in non-malignant diseases

Until now, numerous studies have investigated the relevance of GSTO
polymorphisms in regard to different non-malignant diseases. The study by Allen and
colleagues investigated association of two commonly studied GST omega class
polymorphisms GSTOL rs4925 (*Alal40Asp) and GSTO2 rs156697 (*Asn142Asp)
with disease risk and age-at-diagnosis of late-onset Alzheimer disease and Parkinson
disease. They found significantly increased risk for late-onset Alzheimer disease in
carriers of variant GSTO2 allele and association of variant GSTO1 allele with decreased
risk in Parkinson disease. They also showed association of GSTO1 and GSTO2 variant
alleles with lower GSTO2 gene expression in the brain (Allen et al., 2012). Considering
strong linkage disequilibrium between GSTO1 and GSTO2 SNPs (Wang et al., 2009) it

is possible that another polymorphism located in the binding site of a transcription
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factor that regulates the expression of GSTO2 could be in linkage disequilibrium with
investigated SNPs (Board and Menon, 2016). Kdlsch et al. suggested that GSTO1
rs4925 might modulate the severity and expansion of cerebrovascular atherosclerosis
(Kdlsch et al., 2007). Piacentini et al. found 4.56-fold increase in the risk of developing
hypothyroidism in heterozygous carriers of variant GSTO2*D142 (rs156697) allele
(Piacentini et al., 2013). Several studies investigated GST omega polymorphisms in
chronic obstructive pulmonary disease (COPD) finding association of GSTO1 rs4925
and GSTO2 rs156697 polymorphisms with low levels of the lung function parameters
(Wilk et al., 2007). Yanbaeva et al. found increased risk of COPD in carriers of
GSTO1*140D/GSTO2*142D haplotype (Yanbaeva et al., 2009). Also, high levels of
GSTO1-1 have been demonstrated in alveolar macrophages of lung tissue from COPD
patients (Harju et al., 2007). Stamenkovic et al. found association of variant
GSTO2*Asp (rs156697) allele with increased risk of age-related cataract development
in smokers and individuals professionally exposed to ultraviolet irradiation
(Stamenkovic et al., 2014).

1.3.4.2 Omega class glutathione transferases in cancer

Numerous studies have also been performed to investigate the role of GSTO
polymorphisms in cancer susceptibility. The results by Djukic et al. indicate that
GSTO1*C (rs4925)/GSTO2*G (rs156697) haplotype is associated with increased risk
for development of transitional cell carcinoma (TCC) of urinary bladder. The modifying
effect of GSTO2 variant genotype on individual susceptibility to disease is more
pronounced when associated with smoking (Djukic et al., 2015). Furthermore,
mentioned GSTO polymorphisms were independent predictors of a higher risk of death
among patients with muscle invasive bladder cancer (Djukic et al., 2013). Also, it has
been shown that upregulated expression of GSTOL in tumor tissue compared to non-
tumor tissue correlates with TCC grade and stage (Djukic et al., 2017). Marahatta et al.
have shown that GSTO1 rs4925 polymorphism could be an important risk factor in
susceptibility to hepatocellular carcinoma, cholangiocarcinoma, and breast cancer
(Marahatta et al., 2006). However, a large meta-analysis by Xu et al. concluded that
GSTO1 polymorphism was not associated with cancer risk, in contrast to GSTO2

polymorphism that was associated with higher breast cancer risk (Xu et al., 2014).
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Regarding possible role of GST omega class enzymes in breast cancer Lu et al. showed
HIF-dependent expression of GSTO1-1 in breast cancer cells exposed to carboplatin
with consequent breast cancer stem cell enrichment. Additionally, they demonstrated
that GSTO1-1 knockdown blocks cancer stem cell enrichment, tumor initiation, and
metastasis (Lu et al., 2017). The overexpression of GSTO1-1 has been also reported in
esophageal squamous cell carcinoma (Li et al., 2014), pancreatic cancer (Chen et al.,
2009), and ovarian cancer (Yan et al., 2007). The study by Piaggi et al. showed that
overexpression of GSTO1-1 following cisplatin treatment of HelLa cells seems to be
associated with the activation of survival signaling pathways and inhibition of apoptotic
MAPK pathway (Piaggi et al., 2010).

1.3.4.2.1 GSTO1-1 inhibitors: clinical perspectives

In the past few years, a diverse array of small molecules has been identified as
GSTO1-1 inhibitors and have been previously developed regardless of GSTO1-1
activity. Specifically, this class of GSTs seems to be more susceptible to generic thiol-
alkylating agents, due to presence of a functional cysteine residue in the catalytic center
(Whitbread et al., 2005; Xie et al., 2018). Moreover, another class of highly specific as
well as highly sensitive inhibitors of GSTO1 are a-chloroacetamide -1 group that react
irreversibly with the active-site cysteine of this enzyme (e.g. ML175 and KT53) (Tsuboi
et al., 2011, 2010), causing rapid inactivation of intracellular GSTO1-1. Moreover, in
the human breast cancer cell line MDA-MB-435, KT53 caused a significant increase in
cisplatin-induced cell death (Tsuboi et al., 2011). ML175, a specific GSTO1-1 inhibitor,
is an activity-based inhibitor which covalently labels the active site cysteine nucleophile
(Tsuboi et al., 2010). What is more, ML175 was shown to block lipopolysaccharide-
stimulated inflammatory signaling which provided a field of possibility towards the
development of novel anti-inflammatory drugs (Menon et al., 2014). So far, the most
potent inhibitor of GSTO1-1 in the group of a-chloroacetamide compounds is proved to
be C1-27 (Ramkumar et al., 2016), both providing covalent association with the active
site cysteine (C32) and incorporating hydrophobic and hydrophilic interactions in the H-
site. The bound C1-27 interacts predominately with residues in the H-site with only
three interactions with the glutathione-binding site (G-site). C1-27 acts as a slow-

turnover substrate demonstrated by 86% recovery of enzyme activity after pre-
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incubation and a large dilution in the GSTO1 substrate assay. Indeed, C1-27 has proved
to have promising antitumour activity in both in vitro and in vivo models of colorectal
cancer, without gross systemic toxicities (Ramkumar et al., 2016). As far as irreversible
inhibition of GSTO1-1 is concerned, Pace and co-workers reported that NJP2 (small
peptide sulfonate ester) engages with enzyme by specific covalent modification of the
active site cysteine, however, only within apoptotic cells (Pace et al., 2012). Another
irreversible, yet selective inhibitor of GSTO1-1 is 5-chloromethylfluoresceindiacetate
(CMFDA) reported by Son and colleagues (Son et al., 2010).

Considering recognized role of other GST classes in development and
progression of RCC and intriguing range of both catalytic and non-catalytic roles of
omega class GSTs, it could be beneficial to investigate role of GSTOL1 and GSTO2 in
the most aggressive RCC subtype (ccRCC). Therefore, this research for the first time
investigated the modulating effect of three GSTO1 and GSTO2 gene polymorphisms,
independently and in conjuction with recognized risk factors, on susceptibility to
ccRCC. Furthermore, the prognostic role of these polymorphism was estimated.
Additionally, expression profile of GSTO1-1 and GSTO2-2 proteins was determined, as
well as phosphorylation status of specific downstream effectors of two pro-survival
pathways, PI3K/Akt/mTOR and ERK-MAPK implicated in ccRCC. Moreover, possible
association of GSTO1-1 with signaling molecules suggested to be regulated by

glutathionylation was also investigated.
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2 THE AIMS
The aim of this study was:

1. To evaluate the role of GSTO1 (4925) and GSTO2 (rs156697 and rs2297235)
gene polymorphisms in susceptibility to development of clear cell renal cell
carcinoma, individually and in interaction with established RCC factors
(smoking, obesity and hypertension)

2. To evaluate the role of GSTO1 (4925) and GSTO2 (rs156697 and rs2297235)
gene polymorphisms in prognosis of ccRCC patients

3. To evaluate the difference in expression of GSTO1-1 and GSTO2-2 enzymes in
ccRCC tissue and corresponding non-tumor tissue

4. To evaluate the association of GSTO protein and specific signaling molecules of
MAP kinase and phosphatidylinositol-3-OH kinase signaling pathways in
ccRCC tissue

In addition to aforementioned aims, association of GST Omega gene variants with
byproducts of oxidative DNA damage and correlation of GSTOL1 protein expression
with interleukin-1pB activation in ccRCC tissue, as well as phosphorylation status of
MAP kinase and phosphatidylinositol-3-OH kinase signaling molecules in ccRCC tissue

were evaluated as additional objectives of this study.

25



3 MATERIALS AND METHODS
3.1 Study population

The case-control study comprising 239 subjects (162 men, 77 women; average age
58.94 * 11.64 years) with histologically confirmed diagnosis of ccRCC and 350 sex-
and age-matched controls (217 men, 133 women; average age 60.16 + 11.11 years) was
performed to investigate association of GSTO polymorphisms with ccRCC risk and
prognosis. All ccRCC cases were recruited at the Clinic of Urology, Clinical Center of
Serbia. Inclusion criteria for the ccRCC patients were: malignance established by
ultrasonography, abdominal CT scan or MRI; confirmed histopathological diagnosis
according to Eble et al. (Eble et al., 2006), modified by Srigley et al. (Srigley et al.,
2013) and Tumor Node Metastais classification by Sobin et al. (Sobin et al., 2010);
patients that have undergone partial or total nephrectomy; both genders, older than 18
years. The exclusion criterion was a preceding diagnosis of cancer.

The control group included subjects admitted to the same clinical center with
benign conditions, unrelated to urological condition, excluding individuals with earlier
cancer diagnosis. Controls included in this study were older than 18 years, both sexes
with confirmed absence of malignance.

Structured questionnaire was used to acquire the data regarding basic
demographic information, as well as information on established risk factors for ccRCC,
such as obesity, smoking history and hypertension. In our study, obese patients were
defined as individuals with BMI above 30kg/m?. Smokers were defined as individuals
who reported everyday smoking during a minimum of 60-day period prior to their
enrollment in the study. All participants were questioned about the number of cigarettes
smoked per day and duration of smoking. All gathered data referred to a time period
prior to the diagnosis of ccRCC for the cases, and a corresponding period for the

controls.
3.2 Ethics

The study was approved by the Institutional Ethical board (October 13", 2011,
approval number 29/X-3, Faculty of Medicine, University of Belgrade, Serbia and July
6™, 2017, approval number 29/V11-14). All protocols described here were performed in
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strict accordance with ethical principles for medical research involving human subjects
of the World Medical Association Declaration of Helsinki. Informed written consent

was acquired from all participants.
3.3 Materials

Blood and tissue samples obtained from recruited subjects are part of the large
bio-bank formed in collaboration of the Clinic of Urology, Clinical Center of Serbia,
and the Institute of Medical and Clinical biochemistry, Faculty of Medicine.

3.3.1 Blood and plasma specimens

Whole blood samples were collected from subjects included in the study in
vacutainer tubes with appropriate anticoagulant. 400ul of the sample was separated for
deoxyribonucleic acid (DNA) isolation. Upon centrifugation at 3600 rpm/4°C plasma

samples were obtained and stored at -80 °C.
3.3.2 Tissue specimens

Thirty tumor and corresponding non-tumor tissue samples were acquired from
patients with ccRCC subjected to total nephrectomy. Histopathological examination was

performed in all tissue samples to asses Fuhrman nuclear grade and stage of each tumor.
3.4 Methods
3.4.1 Genomic DNA isolation

Genomic DNA isolation was performed by QlAamp DNA Blood Mini Kit
(Qiagen, USA). Blood samples were treated with detergent buffers and proteinase K to
achieve lysis of samples and stabilization of DNA. Further, DNA adsorption onto the
silica membrane of spin columns was performed by centrifugation. Following washing
of the DNA bound to the membrane purified DNA was eluted in storage buffer and
stored at -20°C. Purity and concentration of DNA was determined by measuring
absorbances at 230, 260, 280 and 320 nm using GeneQuant pro (Biochrom, UK)

spectrophotometer.
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3.4.2 Genotyping

GSTO1*C419A (rs4925) (assay ID: C_11309430_30), GSTO2*A424G
(rs156697) (assay ID:C 3223136 _1) and GSTO2*A183G (rs2297235) (assay ID:
C_3223142_1) genotypes were determined by quantitative polymerase chain reaction
(gPCR), performed on Mastercycler ep realplex (Eppendorf, Germany) using TagMan
SNP Genotyping assays (Thermo Fisher Scientific, USA). PCR reaction was performed
using 5ul of each DNA sample with 2.5 pl of Maxima™ Hot start Master mix (Thermo
Fisher Scientific, USA), 0.25ul of appropriate TagMan SNP Genotyping assay and
2.25pl of distilled water. The amplification reaction was comprised of 30 repeated
cycles of three steps: denaturation (4 min at 94°C), annealing (30s at 60°C) and
extension (45s at 72°C). The reaction was monitored, and obtained results analyzed by

Mastercycler ep realplex software (Eppendorf, Germany).
3.4.3 Determination of 8-OHdG, IL-1p and pro- IL-1p levels by ELISA

The concentration of plasma 8-hydroxy-2'-deoxyguanosine (8-OHdG) was
determined by competitive enzyme-linked immunosorbent assay (ELISA) method using
the OxiSelect Oxidative DNA Damage ELISA kit (Cell Biolabs, Inc., USA), in
accordance with the manufacturer’s instructions. Plasma sample and standard (50ul)
were added to an 8-OHdG/bovine serum albumin (BSA) conjugate coated microwell
plate. Following 10 minutes incubation at room temperature, an anti-8-OHdG antibody
was added and incubated for one hour. After washing, secondary antibody-enzyme
conjugate was added and incubated for one hour at room temperature. Following
multiple washings, addition of Substrate Solution, and termination of reaction by Stop
Solution, the absorbance was measured at 450nm as the primary wave lenght on 5060-
006 Micro Plate Reader (LKB, Austria). 8-OHdG sample concentration was determined
by standard curve prepared from seven standard dilutions. The results were expressed as
ng/ml.

The quantitative detection of interleukin-1p (IL-1B) in ccRCC cytosolic fractions
was assessed by Platinum ELISA (enzyme-linked immunosorbent assay) kit (Affimetrix,
eBioscience, San Diego, California, USA) according to the manufacturer’s instructions.
50ul of each sample/standard was added to microwell plate coated with monoclonal

antibody to human IL-1B. In order to bind to IL-1B captured by the first antibody, a
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biotin-conjugated anti-human IL-1p antibody was added. After two-hour incubation and
washing of unbound biotin-conjugated anti-human IL-1f antibody, streptavidin-
horseradish peroxidase (HRP) was added. Following one-hour incubation and washing,
3, 3’, 5, 5’-tetramethylbenzidine substrate solution was added to the wells. The reaction
was terminated by addition of Stop Solution and absorbance was measured at 450nm on
5060-006 Micro Plate Reader (LKB, Austria). A standard curve was prepared from
seven standard dilutions and IL-1p sample concentration determined and expressed as
pg/ml.

The quantitative detection of pro-interleukin-1p (pro-IL-1B) in ¢ccRCC cytosolic
fractions was assessed by Human pro-IL-/4 ELISA kit (Elabscience Biotechnology Inc,
Houston, Texas, USA) according to the manufacturer’s instructions. 100ul of each
sample/standard was added to microwell plate coated with monoclonal antibody specific
to human pro-IL-1p. After 90 minutes of incubation, a biotinylated detection antibody
was added. After one-hour incubation and washing of unbound biotin-conjugated
antibody, HRP conjugate was added. Following 30 minutes of incubation and washing,
Substrate Reagent was added to the wells. The reaction was terminated after 15 minutes
by addition of Stop Solution and absorbance was measured at 450nm on 5060-006
Micro Plate Reader (LKB, Austria). A standard curve was prepared from seven standard

dilutions and pro-IL-1p sample concentration determined and expressed as pg/ml.

3.4.4 ldentification of GSTO1, GSTO2, Akt and phosphorylated proteins of
Akt/MAPK signaling pathway by Western blot

3.4.4.1 Tissue sample preparation

Cytosolic fractions of ccRCC tumor and corresponding non-tumor tissue
samples (n=30) were obtained after homogenization in lysis buffer (50mmol/L Tris,
200mmol/L NaCl, 1Immol/L dithiothreitol, pH 7.8) supplemented with protease and
phosphatase inhibitors (Sigma-Aldrich, USA). After two consecutive centrifugations at
3000rpm/4°C for 10 min and 36100rpm/4°C for 60 min, isolated cytosolic fractions

were stored at -80 °C for further analysis.
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3.4.4.2 Protein quantification

For the measuring of proteins concentration in cytosolic fractions Bicinchoninic
Acid Protein Assay kit was used (Sigma-Aldrich, USA). The principle of the method is
based on quantifying the reduction of the Cu*2 to Cu*?, that is proportionate to sample
protein concentration. Bovine serum albumin (BSA) protein standard curve was used

for determining protein concentrations eventually expressed as g/l.

3.4.4.3 Western blot analysis

Acquired ccRCC and corresponding non-tumor cytosolic fractions were
subjected to sodium dodecyl sulfate-polyacrilamide gel electrophoresis (SDS-PAGE)
and Western blot for the expression of GSTO1, GSTO2, Akt, Akt (pT308), Akt
(pS473), RSK1p90 (pS380), ERK1 (pY204)/ERK2 (pY187), RPS6 (pS235/236),
Rablla and B-tubulin by methods of Laemmli et al. (Laemmli, 1970) and Towbin et al.
(Towbin et al., 1979).

Criterion™ TGX precast 26-well gels (4-15%) (Bio-Rad, USA) were used for
electrophoresis of samples, each containing 30ug of total protein. Reduction of disulfide
bonds and denaturation of proteins in sample was accomplished in loading buffer,
comprising 2x Laemmli buffer (Biorad, USA) and 50mM dithiothreitol (DTT, SERVA
Electrophoresis GmbH, Germany). The sample denaturation was performed at 95°C for
5 minutes in ThermoMixer C (Eppendorf, Germany). For the purpose of determining
the protein size PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific,
USA), ranging from 10 to 170 kDa was used.

Electrophoresis at 150V constant (4°C) was performed using Bio-Rad
Criterion™ Cell (Bio-Rad, USA). Bio-Rad Criterion™ blotter system (Bio-Rad, USA)
was used for transfer of proteins onto nitrocellulose membrane (100V constant, 4°C).
Detection of proteins transferred to membrane was performed by using primary
antibodies against GSTO1 (mouse polyclonal Abcam, Cambridge, UK), GSTO2 (rabbit
polyclonal, GeneTex, USA), Akt (Cell Signaling, USA), phospho-Akt (T308) (rabbit
monoclonal, Cell Signaling, USA) and B-tubulin (mouse monoclonal, Sigma-Aldrich,
USA) diluted in 0.05% Tween20 Tris (Sigma-Aldrich, USA) according to the
manufacturer’s recommendations. Akt/MAPK Signaling Pathway Antibody Cocktail of 5

primary rabbit antibodies (1:500, Abcam, UK) was used for simultaneous detection of
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phosphorylated 90kDa ribosomal protein S6 kinase 1 (RSK1p90) phospho-S380,
protein kinase B (Akt) phospho-S473, extracellular-signal-regulated kinase (ERK1
phospho-Y204)/ERK2 phospho-Y187), ribosomal protein S6 (RPS6) phospho-
S235/236 and Rablla, as loading control protein. The cocktail targets downstream
effectors of two important pro-survival pathways: the PI3K/Akt/mTOR and the
Raf/MEK/ERK pathway. PI3K downstream effectors targeted in this cocktail are AKT1
phospho S473 and RPS6 phospho S235/236, whereas the downstream effectors of the
MEK pathway are ERK1/2 phospho Y204/197 and p90RSK phospho S380. These two
pathways are known for promoting cell growth, regulating apoptosis, chemotherapeutic
drug resistance and cellular senescence. Further, membranes were incubated with
appropriate HRP-conjugated secondary antibodies (1:8000, anti-mouse developed in
goat, Abcam, UK; 1:3000, anti-rabbit developed in donkey, GE Healthcare, UK).
Finally, the membranes were treated with Clarity™ Western ECL Substrate (Bio-Rad,
USA) followed by detection of chemiluminescence on ChemiDoc™ MP Imaging System
(Bio-Rad, USA). Densitometry analysis of obtained blots was performed using
ImageLab software (Bio-Rad, USA).

3.4.5 Immunoprecipitation

Immunoprecipitation was performed using Catch and Release® v2.0 High
Throughput (HT) Immunoprecipitation Assay Kit (Merck Millipore, Germany) in
accordance with the manufacturer’s protocol. ccRCC cytosolic fractions, set to protein
concentration of 1ug/ul, were incubated with the mouse monoclonal anti-GSTO1
antibody (Abcam, UK) on filter microplate followed by the resuspension in 2xLaemlli
buffer (Bio-rad, USA), denaturated at 90°C/5 min and collected by centrifugation.
Supernatant fraction containing immunoprecipitated proteins was subjected to
electrophoresis andimmunoblot analysis in order to investigate potential association of
Akt/MAPK signaling pathway proteins with GSTOL.

3.4.6 Statistical analysis

Statistical Package for the Social Sciences (SPSS software version 17, SPSS Inc,
USA) was used for statistical analysis. Continuous variables were expressed as mean *

standard deviation (SD) or median (minimum-maximum), depending on data
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distribution. Distribution was tested by using Shapiro-Wilk and Kolmogorov—Smirnov
tests, as well as graphical methods. Categorical variables were presented as frequency
(n, %) counts. Comparison of investigated variables was performed by Student’s t test
for continuous normally distributed variables and Mann—Whitney test for continuous
variables with non-normal distribution. Comparison of categorical variables was
performed by y2 test. x2 test was also used to test deviation of the genotype distribution
from Hardy-Weinberg equilibrium for each polymorphism, in the patients and the
controls individually.

The effect of GSTO genotypes on ccRCC risk was evaluated by logistic
regression analysis and expressed by odds ratios (OR) and 95% confidence intervals
(CI). OR was adjusted by age, gender, as well as by variables representing established
risk factors for ccRCC: smoking status, hypertension and obesity. Assessment of
linkage disequilibrium (LD) between SNPs and haplotype analysis were analyzed by the
SNPStats (Sole et al., 2006). The LD strength was expressed as D’ = D/Dmax.

The effect of GSTO genotypes on overall survival of ccRCC patients was
evaluated by Kaplan-Meier analysis. Survival time was calculated as time from
nephrectomy to the date of death or last follow-up (March 1%, 2018.). The follow-up
data were available in 228 ccRCC patients due to the loss of 11 patients’ contact
information. Median follow-up was 67 months, ranging from 1 to 153 months. The
long-rank test was used for the estimation of differences in survival according to the
different genotypes of each SNP.

The prognostic value of three GSTO polymorphisms in overall mortality was
evaluated by the Cox regression analysis, adjusted by Fuhrman nuclear grade and pT
stage, as recognized prognostic factors.

The difference in expression of GSTO proteins in tumor compared to
corresponding non-tumor tissue was evaluated by Wilcoxon test, while protein
expression stratified according to pT stage and Fuhrman nuclear grade was analyzed by
Mann-Whitney rank-sum test and Kruskal-Wallis test, respectively. The association
between GSTO1 protein expression and IL-1p/pro-IL1B ratio was analyzed using
Spearman’s coefficient of linear correlation.

P value of <0.05 was considered to be statistically significant.
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4 RESULTS

4.1 Relevance of glutathione transferase omega class gene polymorphisms in the
development of clear cell renal cell carcinoma (ccRCC)

Gene polymorphisms of glutathione transferase omega class, GSTO1 (rs4925)
and GSTO2 (rs156697 and rs2297235) were assessed in 239 patients with ccRCC and

350 controls.
4.1.1 Demographic and clinical characteristics of ccRCC patients and controls

Demographic and clinical characteristics of 239 patients with ccRCC and 350
controls are presented in Table 1. Average age of ccRCC group comprising 162 men
and 77 women was 58.94 + 11.64 years, whereas in control group which includes 217
men and 133 women, average age was 60.16 + 11.11 years. Apart from age and gender,
smoking status, hypertension and obesity were also included as established ccRCC risk
factors. There was no significant difference between patients and controls with regards
to age, gender and obesity (p>0.05). However, we found that 55% of ccRCC patients
had hypertension, in contrast to 29% hypertensive controls. Furthermore, logistic
regression analysis showed that hypertensive subjects were at 3.54-fold higher risk of
ccRCC development compared to normotensive subjects (95%Cl:2.35-5.32, p<0.001).
Additionally, smokers exhibited 1.5-fold increased risk of ccRCC without reaching
statistical significance (95%CI:0.99-2.26, p=0.057). As presented in Table 1, tumor
grade Il was shown to be the most frequent among ccRCC patients (G2, 55%).
Regarding pT stage, the majority of patients had pT1 and pT3 tumors (45% and 42%,

respectively).
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Table 1. Demographic and clinical characteristics of ccRCC patients and controls

Controls Patients OR (95% CI) p

Age (years)® 60.16 £ 11.11 58.94 + 11.64 0.207
Gender, n (%)

Male 217 (62) 162 (68) 1.00

Female 133 (38) 77 (32) 1.20 (0.79-1.84)" 0.391
Smoking, n (%)

Never 164 (49) 80 (41) 1.00

Ever® 173 (51) 114 (59) 1.50 (0.99-2.26)" 0.057
Pack-years® 30.00 (1.00-120.00)  31.25 (0.30-141.00) 0.267
Hypertension, n (%)

No 232 (71) 89 (45) 1.00

Yes 96 (29) 109 (55) 3.54 (2.35-5.32)" <0.001
Obesity, n (%)

BMI<30 253 (83) 157 (80) 1.00

BMI>30° 50 (17) 39 (20) 1.09 (0.66-1.81)" 0.732
BMI (kg/m2)* 26.51 +3.83 26.65 +4.41 0.710
Fuhrman nuclear grade'
G1 30 (15)
G2 112 (55)
G3 52 (26)
G4 _ 8(4)
pT stage'
pT1 100 (45)
pT2 24 (11)
pT3 94 (42)
pT4 5(2)

dmean * SD; "OR, odds ratio adjusted to age, smoking status, hypertension, obesity; ‘Every-day smoking
during a minimum of 60-day period prior to the study onset; “OR, odds ratio adjusted to age, gender,
hypertension, obesity; ®Median (min-max); OR, odds ratio adjusted to age, gender, smoking status,
obesity; BMI, body mass index; Obese participants were defined as individuals with BMI above 30;
"OR, odds ratio adjusted to age, gender, smoking status, hypertension; Cl, confidence interval; 'Available
data on patients’ tumor grade and stage, depending on the type of surgery and histopathology diagnostics;
p<0.05 was considered to be statistically significant

4.1.2 The distribution of GSTO1 and GSTO2 genotypes in relation to ccRCC risk

Distribution of the GSTO1 (rs4925) and GSTO2 (rs156697 and rs2297235)
genotypes in ccRCC patients and controls is presented in Table 2. The frequency of
variant GSTO1*A/A (rs4925) genotype was 12% in control group and 13% in ccRCC
group, whereas variant GSTO2*G/G (rs156697) genotype was present in 11% of
controls and 12% of patients. Interestingly, variant GSTO2*G/G (rs2297235) genotype
was more frequent in control group. As indicated, carriers of variant GSTO1*A/A
(rs4925) and GSTO2*G/G (rs156697) genotypes were at higher risk of ccRCC
development when compared to referent GSTO1*C/C (rs4925) and GSTO2*A/A
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(rs156697) genotypes, however this association did not reach statistical significance
(OR=1.35, 95%CI:0.70-2.61, p=0.364 and OR=1.78, 95%CI:0.91-3.50, p=0.092,

respectively).

Table 2. Distribution of GSTO1(rs4925) and GSTO2 (rs156697 and rs2297235)
genotypes in ccRCC patients and controls

Genotype Controls, Patients, OR (95% CI)? p
n(%o) n(%o)
GSTO1 rs4925°
*CIC 128 (38) 89 (38) 1.00
*CIA 169 (50) 116 (49) 0.87 (0.56-1.33) 0.512
*AJA 41 (12) 31 (13) 1.35(0.70-2.61)  0.364
GSTO2 rs156697¢
*A/A 149 (45) 92 (38) 1.00
*AIG 148 (44) 119 (50) 1.26 (0.83-1.92)  0.283
*G/IG 36 (11) 28 (12) 1.78 (0.91-3.50)  0.092
GSTO2 rs2297235¢
*AJA 163 (48) 97 (42) 1.00
*AIG 133 (39) 111 (48) 1.27 (0.84-1.94)  0.263
*G/G 42 (12) 23 (10) 1.06 (0.54-2.06)  0.871

80R, odds ratio adjusted to age, gender, smoking status, hypertension, obesity; Cl, confidence interval,
PFor GSTO1 rs4925, genotyping was efficient in 99% of patients and 97% of controls; °For GSTO2
rs156697, genotyping was efficient in all recruited patients and 95% of controls; “For GSTO2 rs2297235,
genotyping was efficient in 97% of patients and 97% of controls; p<0.05 was considered to be statistically
significant

However, when GSTO1 rs4925 and GSTO2 rs156697 polymorphisms were
analyzed in combination, the significant association was obtained. Namely, ccRCC
patients carriers of combined variant GSTO1*A/A (rs4925) and GSTO2*G/G
(rs156697) genotypes showed  2.6-fold higher risk of cancer development in
comparison with carriers of wild-type genotype combination (GSTO1*C/C and
GSTO2*A/A) (95%Cl:1.09-6.19, p=0.031). Moreover, combined effect of all three

GSTO polymorphic variants showed no further increase in ccRCC risk (Table 3).
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Table 3. Distribution of combined GSTO1 (rs4925) and GSTO2 (rs156697 and
rs2297235) genotypes in ccRCC patients and controls

Genotype Controls, n(%) Patients, n(%) OR (95% CI)* p
Combined GSTOL1 rs4925/
GSTO2 rs156697
*CC+*CA/ *AA+*AG 267 (82) 197 (84) 1.00
*CC+*CA/ *GG 17 (5) 8 (3) 0.77 (0.29-2.04)  0.602
*AAl *AA+*AG 22 (7) 12 (5) 0.85 (0.37-1.97)  0.709
*AA [ *GG 18 (6) 19 (8) 2.60 (1.09-6.19) 0.031
Combined GSTO1 rs4925/
GSTO2 rs2297235
*CC+*CA/ *AA+*AG 277 (85) 195 (85) 1.00
*CC+*CA/ *GG 9(3) 3() 0.41 (0.10-1.63) 0.205
*AA/ *AA+*AG 10 (3) 11 (5) 1.75 (0.63-4.89) 0.283
*AA [ *GG 31(9) 20 (9) 1.27 (0.62-2.59) 0.517
Combined GSTO2 rs156697/
GSTO2 rs2297235
*AA+*AG | *AA+*AG 276 (85) 200 (86) 1.00
*AA+*AG | *GG 14 (4) 4(2) 0.39(0.12-1.27) 0.118
*GG | *AA+*AG 11 (3) 8 (4) 1.20(0.42-3.45)  0.741
*GG / *GG 25 (8) 19 (8) 1.55(0.72-3.37) 0.264
Combined GSTOL1 rs4925/
GSTO2 rs156697/GSTO2 rs2297235
*CC+*CA/ *AA+*AG/ 259 (81) 187 (82) 1.00
*AA+*AG
*AA | *GG/ *GG 18 (6) 19 (8) 2.57 (1.08-6.10)  0.033

20R, odds ratio adjusted to age, gender, smoking status, hypertension, obesity; CI, confidence interval;

p<0.05 was considered to be statistically significant
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4.1.3 The association of GSTO1/GSTO2 haplotype with the ccRCC risk

Our results on combined effects of GSTO polymorphisms were also confirmed
by haplotype analysis. Namely, since both GSTO1 and GSTO2 genes are located on the
same chromosome, just 1.5 kb apart we estimated the linkage disequilibrium (LD)
between GSTO polymorphisms. Namely, we evaluated the nonrandom association of
GSTO alleles and expressed it as normalized coefficient of LD (D’). Since D’ values
can range from 0 to 1.0, value of 1.0 indicates that two polymorphisms are maximally
associated, whereas 0 indicates they are randomly associated (Hartl and Clark, 2007,
Hedrick, 2011). We found a D’ of 0.64 between GSTO1 rs4925 and GSTO2 rs156697
(p<0.001), 0.83 for GSTO1 rs4925 and GSTO2 rs2297235 (p<0.001) and 0.80 between
GSTO2 rs156697 and GSTO2 rs2297235 (p<0.001), confirming a high LD between
these pairs of SNPs. As indicated in Table 4, the most prevalent haplotype among
controls (52%) and patients (56%) is H1, consisting of GSTO1*C, GSTO2*A
(rs156697) and GSTO2*A (rs2297235) wild-type alleles. The second most frequent is
H2 haplotype comprised of all three variant alleles, GSTO1*A (rs4925), GSTO2*G
(rs156697) and GSTO2*G (rs2297235). Haplotypes H5 and H6 had the lowest
frequencies in both patients and controls. We found that carriers of H2 haplotype,
exhibited the highest risk of ccRCC development (OR=1.46, 95%CI:1.02-2.09,
p=0.041) (Table 4).

Table 4. Haplotypes of GSTO1 (rs4925) and GSTO2 (rs156697 and rs2297235) in
relation to the risk of ccRCC

Haplotype GSTO1 GSTO2 GSTO2 Controls, Patients, OR p
rs4925 rs156697 rs2297235 % % (95% CI)®

H1 *C *A *A 52 56 1.00

H2 *A *G *G 22 31 1.46 0.041
(1.02-2.09)

H3 *A *A *A 9 5 0.55 0.047
(0.31-0.99)

H4 *C *G *A 6 5 0.95 0.880
(0.49-1.86)

H5 *A *A *G 5 1 0.23 0.008
(0.08-0.68)

H6 *C *G *G 4 1 0.06 0.027
(0.01-0.72)

Global haplotype association p-value: <0.0001; 2OR, odds ratio adjusted to age, gender, smoking status,
hypertension, obesity; Cl, confidence interval; p<0.05 was considered to be statistically significant

37



4.1.4 Modulating effect of GSTO1 and GSTO2 genotypes in conjunction with
established risk factors on ccRCC susceptibility

We also investigated possible modulating effect of GSTO genotypes in
conjunction with hypertension, obesity and smoking, as established risk factors, on
ccRCC risk (Tables 5-7). We found no modifying effect of GSTO genotypes with
hypertension (Table 5) and obesity (Table 6). Hypertensive subjects were at
significantly higher risk of ccRCC development regardless of GSTO1 and GSTO2
genotypes. Although obese carriers of variant GSTO1*A/A (rs4925) and GSTO2*G/G
(rs2297235) genotypes exhibited higher ccRCC risk, the association was not statistically
significant (OR=3.74, 95%CI:0.65-21.60, p=0.140; OR=4.05, 95%CI: 0.42-39.57,
p=0.229). However, statistically significant modulating effect on ccRCC risk conferred
by smoking has been found only in GSTO2*G/G (rs156697) carriers (OR=2.44,
95%CI:1.04-5.71, p=0.040), whereas another two studied polymorphisms (GSTO1
rs4925 and GSTO2 rs2297235) did not show significant association with smoking
(Table 7).
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Table 5. Distribution of GSTOL1 (rs4925) and GSTO2 (rs156697, rs2297235) genotypes
in relation to hypertension in ccRCC patients and controls

Controls,  Patients, OR (95% CI)? p

n(%o) n(%o)
Combined GSTOL1 rs4925/
hypertension
*CC+*CA/No 194 (61)  71(36) 1.00
*CC+*CAlyes 86 (27) 98 (50) 3.96 (2.54-6.16) <0.001
*AA/NO 30 (9) 15 (8) 1.95 (0.94-4.07)  0.074
*AA lyes 9(3) 11 (6) 3.61(1.34-9.67)  0.011
Combined GSTO2 rs156697/
hypertension
*AA+*AG /no 196 (62) 75 (38) 1.00
*AA+*AG lyes 86 (27) 99 (50) 3.83(2.47-5.93) <0.001
*GG/no 25 (8) 14 (7) 2.10 (0.98-4.52) 0.057
*GGlyes 8(3) 10 (5) 3.63 (1.28-10.26)  0.015
Combined GSTO2 rs2297235/
hypertension
*AA+*AG/no 196 (61) 75 (39) 1.00
*AA+*AGlyes 83 (26) 97 (51) 3.80 (2.45-5.89) <0.001
*GG/no 30 (10) 10 (5) 1.29 (0.57-2.91) 0.543
*GGlyes 11 (3) 10 (5) 2.43(0.93-6.29)  0.069

%0R, odds ratio adjusted to age, gender, smoking status, obesity; ClI, confidence interval; p<0.05 was
considered to be statistically significant
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Table 6. Distribution of GSTOL1 (rs4925) and GSTO2 (rs156697, rs2297235) genotypes
in relation to obesity in ccRCC patients and controls

Controls, Patients, OR (95% CI)? p
n(%o) n(%o)
Combined GSTOL/
obesity”
*CC+*CA/non-obese 213 (73) 134 (69) 1.00
*CC+*CAlobese 48 (16) 34 (18) 1.02 (0.60-1.74) 0.948
*AA/ non-obese 29 (10) 20 (10) 1.31 (0.68-2.52) 0.413
*AA | obese 2(1) 5 (3) 3.74 (0.65-21.60) 0.140
Combined GSTO2 rs156697/
obesity
*AA+*AG /non-obese 216 (75) 136 (69) 1.00
*AA+*AG /obese 46 (16) 37 (19) 1.14 (0.67-1.93) 0.624
*GG/ non-obese 25 (9) 21 (11) 1.67 (0.86-3.25) 0.130
*GG/obese 3(1) 2 (1) 1.00 (0.13-7.87) 0.997
Combined GSTO2 rs2297235/
obesity
*AA+*AG /non-obese 214 (72) 136 (72) 1.00
*AA+*AG /obese 49 (16) 34 (18) 0.94 (0.56-1.61) 0.831
*GG/non-obese 32 (11) 15 (8) 0.79 (0.40-1.56) 0.489
*GG/obese 1(1) 4 (2) 4.05 (0.42-39.57) 0.229

%0R, odds ratio adjusted to age, gender, smoking status, hypertension; ClI, confidence interval; *Obese
participants were defined as individuals with BMI (body mass index) above 30; p<0.05 was considered to

be statistically significant
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Table 7. Distribution of GSTOL1 (rs4925) and GSTO2 (rs156697, rs2297235) genotypes

in relation to smoking status in ccRCC patients and controls

Controls, Patients, OR (95% CI)? p
n(%o) n(%o)
Combined GSTOL1 rs4925/
smoking”
*CC+*CA/ non-smokers 140 (43) 67 (35) 1.00
*CC+*CA/smokers 149 (46) 97 (51) 1.55(0.99-2.42)  0.053
*AA/ non-smokers 17 (5) 12 (6) 1.91 (0.74-4.90) 0.182
*AA /smokers 20 (6) 15 (8) 1.91 (0.85-4.30) 0.116
Combined GSTO2 rs156697/
smoking
*AA+*AG / non-smokers 142 (44) 70 (36) 1.00
*AA+*AG / smokers 151 (46) 99 (51) 1.51 (0.97-2.35)  0.067
*GG/ non-smokers 16 (5) 9 (5) 1.46 (0.54-3.97) 0.460
*GG/smokers 15 (5) 15 (8) 2.44 (1.04-5.71) 0.040
Combined GSTO2 rs2297235/
smoking
*AA+*AG/ non-smokers 138 (42) 71 (37) 1.00
*AA+*AG/ smokers 153 (47) 100 (52) 1.45 (0.94-2.25) 0.095
*GG/ non-smokers 21 (6) 8 (4) 0.86 (0.32-2.31) 0.762
*GG/smokers 17 (5) 12 (6) 1.40 (0.59-3.33)  0.447

%0R, odds ratio adjusted to age, gender, hypertension, obesity; Cl, confidence interval; ®Smoking status
was categorized into non-smokers and smokers with respect to the limit of a minimum of 60-day period
of every-day smoking prior to their enrollment in the study; p<0.05 was considered to be statistically

significant
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415 The association of GSTOl and GSTO2 genotypes with the plasma
concentration of 8-OHdG in ccRCC patients

Considering antioxidant role of GSTO1 and GSTO2, we investigated the degree
of oxidative DNA damage in patients and controls by determining plasma levels of 8-
OHdG, as a conventional biomarker. We showed that 8-OHdG concentration was higher
in ccRCC patients compared to controls (1.00 ng/ml vs. 0.70 ng/ml, respectively). In
attempt to discern functional role of GSTO1 and GSTO2 polymorphisms, we stratified
8-OHdG levels of ccRCC patients by GSTOL1 (rs4925) and GSTO2 (rs156697,
rs2297235) genotypes. The plasma concentration of 8-OHdG, a biomarker of oxidative
DNA damage, was significantly higher in patients with GSTO2*G/G variant genotype
(rs2297235) (1.41ng/ml) than in carriers of at least one GSTO2*A referent allele (0.99
ng/ml) (p=0.042). Regarding GSTO1 polymorphism, 8-OHdG levels were higher in
carriers of variant GSTO1*A/A genotype, however, the statistical significance was not
reached. In contrast, no relation was found between plasma 8-OHdG levels and GSTO2
(rs156697) genotypes (Table 8).

Table 8. The concentration of 8-OHdG in plasma of ccRCC patients stratified
according to GSTO1 and GSTO2 genotypes

Genotype 8-OHdG in ccRCC patients (ng/ml)? p
GSTO1 rs4925

*C/C+*CIA 0.99 (0.39-1.80)

*AIA 1.21 (0.92-1.61) 0.154
GSTO2 rs156697

*AIA+*AIG 1.00 (0.39-1.80)

*G/IG 1.09 (0.62-1.61) 0.448
GSTO2 rs2297235

*AIA+*AIG 0.99 (0.39-1.62)

*GIG 1.41 (0.92-1.80) 0.042

aMedian (min-max); p<0.05 was considered to be statistically significant
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4.2 Relevance of glutathione transferase omega class gene polymorphisms in
prognosis of ccRCC patients

Prognostic significance of GSTO1 (rs4925) and GSTO2 (rs156697, rs2297235)

polymorphisms was evaluated in 239 patients with ccRCC.

4.2.1 The relevance of GSTO1 and GSTO2 polymorphisms in overall survival of
ccRCC patients

The effect of GSTO genotypes on overall survival was investigated in patients
with ccRCC, the most common and apparently the most aggressive RCC subtype.
Among 228 ccRCC patients with successfully obtained follow-up information there
were 79 (35%) deaths during the follow-up period. The median follow-up was 67
months ranging from 1 to 153 months.

In Kaplan-Meier survival analysis GSTO1 (rs4925) and GSTO2 (rs156697 and
rs2297235) polymorphisms did not show effect on overall survival among ccRCC
patients (Figures 9-11).

1.0 .

- L ——,
08 o .
iy
1 +
Li-
W L . GSTOTCA+AA
L
0.6 4'—'—|
GsTOTCC | .

0.4

Cumulative Survival

0.2+

007  Log Rank: p=0.341

T T T T T T T T
o 20 40 60 80 100 120 140 160

Survival Time (months)

Figure 9. Overall survival of ccRCC patients stratified by GSTO1 rs4925

polymorphism

43



[
I,
- =
08 'I;_h +,
o
%WW

— 7 GSTO2*AG+GG
© et
Z 064 ‘ 7
=]
7]
g L e +
=] GSTO2*AA
s
£ 04
3
&)

0.2

oo Log Rank: p=0.856

T T T T T T T T T
0 20 40 60 80 100 120 140 160

Survival Time (months)

Figure 10. Overall survival of ccRCC patients stratified by GSTO2 rs156697
polymorphism

1.0
L
L
0.8 —|_|1-||1 .
+ i
*+ +'H11H+.:"_"+u—

= L GSTO2ZAG+ GG
= L = 1
£ 06
@
@ GSTOZ*AA
=
&
2 04
3
[}

0.2+

0.0 Log Rank: p=0.556

T T T T T T T T T
0 20 40 60 80 100 120 140 160

Survival Time (months)

Figure 11. Overall survival of ccRCC patients stratified by GSTO2 rs2297235

polymorphism



Table 9 demonstrates the associations between GSTO genotypes and overall

mortality, adjusted by Fuhrman nuclear grade and pT stage, as recognized prognostic

factors of RCC. The multivariate Cox regression analysis did not demonstrate

statistically significant association between any of the GSTO genotypes analyzed and

overall mortality among ccRCC patients.

Table 9. Predicting effect of GSTO polymorphisms on overall mortality in ccRCC

patients
Events, n (%) HR p

(95% CI)®

GSTOL1 rs4925

FNR? G1/G2/G3/G4 2 (7)/32 (29)/29 (58)/5 (63)  1.57 0.017
(1.08-2.27)

pT stage pTl/pT2/pT3/pT4 14 (14)/8 (33)/ 51 (57)/3 (60) 2.01 <0.001
(1.46-2.76)

GSTO1

rs4925

*CC 1.53 0.107
(0.91-2.58)

*CA+*AA 1.00

GSTO2 rs156697

FNR G1/G2/G3/G4 2 (7)/32 (29)/29 (58)/5 (63)  1.58 0.015
(1.09-2.27)

pT stage pTl/pT2/pT3/pT4 14 (14)/8 (33)/51 (57)/3 (60) 1.97 <0.001
(1.43-2.70)

GSTO2

rs156697

*AA 1.11 0.689
(0.66-1.88)

*AG+*GG 1.00

GSTO2 rs2297235

FNR G1/G2/G3/G4 2 (7)/32 (29)/29 (58)/5 (63)  1.57 0.016
(1.08-2.27)

pT stage pT1/pT2/pT3/pT4 14 (14)/8 (33)/51 (57)/3 (60) 1.96 <0.001
(1.43-2.69)

GSTO2

rs2297235

*AA 1.24 0.425
(0.74-2.07)

*AG+*GG 1.00

aFuhrman nuclear grade; ®°HR, odds ratio adjusted to Fuhrman nuclear grade and pT stage; Cl, confidence

interval; p<0.05 was considered to be statistically significant
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4.2.2 The relevance of GSTO1 and GSTO2 polyporphisms in overall survival of
male ccRCC patients

Considering the male predominance in RCC, we further focused on evaluation
of the potential effect of different GSTO genotypes on overall survival in male ccRCC
patients. Among 154 men with successfully obtained follow-up information there were
61 (40%) deaths during the follow-up period.

Kaplan-Meier survival analysis indicated shorter overall survival (log-rank:
p=0.049) in male carriers of GSTO1*C/C wild type genotype compared to the male
carriers of at least one variant allele (Figure 12). However, GSTO2 (rs156697 and
rs2297235) polymorphisms did not show effect on overall survival among male ccRCC

patients (Figures 13 and 14).
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Table 10 demonstrates the associations between different GSTO genotypes and
overall mortality, adjusted by Fuhrman nuclear grade and pT stage, among male ccRCC
patients. The multivariate Cox regression analysis confirmed GSTO1*CC genotype as
an independent predictor of higher risk for overall mortality in patients with male
ccRCC. Namely, male carriers of GSTO1*CC genotype had significantly increased
hazard ratio compared to the carriers of GSTO1*A allele (HR=1.89, 95%Cl:1.04-3.42,
p=0.037). Regarding GSTO2 (rs156697 and rs2297235) genotypes, the results did not
reach statistical significance(p>0.05, Table 10).

Table 10. Predicting effect of GSTO polymorphisms on overall mortality in male

ccRCC patients

Events, n (%) HR

(95% CI)°

GSTOL rs4925

FNR? G1/G2/G3/G4 2 (12)/23 (30)/26 (72)/2 (40)  1.58 0.037
(1.03-2.43)

pT stage pTl/pT2/pT3/pT4  10(16)/5 (36)/42 (61)/2 (50) 1.83 0.001
(1.28-2.62)

GSTO1 rs4925

*CC 23 (49) 1.89 0.037
(1.04-3.42)

*CA+*AA 38 (36) 1.00

GSTO2 rs156697

FNR G1/G2/G3/G4 2 (12)/23 (30)/26 (72)/2 (40)  1.56 0.040
(1.02-2.38)

pT stage pTl/pT2/pT3/pT4  10(16)/5 (36)/42 (61)/2 (50) 1.83 0.001
(1.29-2.60)

GSTO2

rs156697

*AA 21 (43) 1.32 0.380
(0.71-2.43)

*AG+*GG 40 (38) 1.00

GSTO2rs2297235

FNR G1/G2/G3/G4 2 (12)/23 (30)/26 (72)/2 (40)  1.59 0.034
(1.04-2.46)

pT stage pT1l/pT2/pT3/pT4  10(16)/5 (36)/42 (61)/2 (50) 1.81 0.001
(1.27-2.59)

GSTO2

rs2297235

*AA 24 (45) 1.60 0.127
(0.88-2.92)

*AG+*GG 36 (37) 1.00

aFuhrman nuclear grade; ®°HR, odds ratio adjusted to Fuhrman nuclear grade and pT stage; Cl, confidence

interval; p<0.05 was considered to be statistically significant
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4.3 Protein expression of glutathione transferase omega class and downstream
effectors of PI3K/Akt and Raf/MEK/ERK signaling pathway in ccRCC
tumor and corresponding non-tumor tissue

Tumor and corresponding non-tumor tissue specimens were taken during total
nephrectomy from 30 patients with ccRCC. All tumor samples were categorized by their
pT stage to early-stage (pT1 and pT2) and late-stage (pT3 and pT4) ccRCC. Cytocolic
fraction was used for determination of protein expression profile of ccRCC, as well as
immunoprecipitation analysis.

4.3.1 GSTOL1 protein expression

Densitometry analysis of data provided by Western blot showed 1.5-fold higher
expression of GSTO1 protein in tumor ccRCC samples compared to their respective
non-tumor tissue samples (p=0.002, Figure 15). Representative blots demonstrating
increased protein expression of GSTOL1 in tumor compared to corresponding non-tumor
specimens are presented in the Figure 15. Expression of GSTOL1 was increased in 18,
decreased in 5, and unchanged in 2 tumor samples compared to corresponding non-
tumor tissue.
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Figure 15. Expression of GSTOL1 protein (28 kDa) in ccRCC tumor (T) and

corresponding non-tumor (nT) tissue samples
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Furthermore, in tumor samples stratified according to pT stage, statistically
significant decrease of GSTO1 protein expression in the late-stage compared to early-
stage ccRCC was found (p=0.044, Figure 16).
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Figure 16. Expression of GSTOL1 protein (28 kDa) in tumor ccRCC tissue samples
according to pT stage of ccRCC; early-stage ccCRCC- pT1 and pT2; late-stage ccRCC-
pT3and pT4

Additionally, no statistical significance in GSTO1 protein expression when
stratified according to Fuhrman nuclear grade of ccRCC was found (Figure 17).
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Figure 17. Expression of GSTOL1 protein (28 kDa) in tumor ccRCC tissue samples

according to Fuhrman nuclear grade of ccRCC

50



4.3.2 GSTO2 protein expression

Densitometry analysis of data provided by Western blot showed 2.2-fold higher
expression of GSTO2 protein in tumor ccRCC samples compared to their respective
non-tumor tissue samples (p=0.007, Figure 18). Representative blots demonstrating
increased protein expression of GSTOZ2 in tumor compared to corresponding non-tumor
specimens are presented in the Figure 18. Expression of GSTO2 was increased in 18,
decreased in 5, and unchanged in 3 tumor samples compared to corresponding non-
tumor tissue.
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Figure 18. Expression of GSTO2 protein (28 kDa) in ccRCC tumor (T) and

corresponding non-tumor (nT) tissue samples

Furthermore, in tumor samples stratified according to pT stage, decrease of
GSTO2 protein expression in the late-stage compared to early-stage ccRCC was

observed, but this change did not reach statistical significance (p=0.274, Figure 19).
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Figure 19. Expression of GSTO?2 protein (28 kDa) in tumor ccRCC tissue samples
according to pT stage of ccRCC; early-stage ccCRCC- pT1 and pT2; late-stage ccRCC-
pT3and pT4

Additionally, no statistical significance in GSTO2 protein expression when
stratified according to Fuhrman nuclear grade of ccRCC was found (Figure 20).
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Figure 20. Expression of GSTO2 protein (28 kDa) in tumor ccRCC tissue samples

according to Fuhrman nuclear grade of ccRCC
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4.3.3 Phosphorylation status of downstream effectors of PI3K/Akt/mTOR and
Raf/MEK/ERK signaling pathways in ccRCC

Considering important role of two pro-survival pathways, PI3K/Akt/mTOR and
Raf/MEK/ERK in ccRCC, we assessed phosphorylation status of their downstream
effectors. PI3K downstream effectors, specifically targeted by the antibody cocktail
used, are Aktl phospho S473 and RPS6 phospho S235/236, whereas the downstream
effectors of the MEK pathway are ERK1/2 phospho Y204/197 and p90RSK phospho
S380. These two pathways are known for promoting cell growth, regulating apoptosis,
chemotherapeutic drug resistance and cellular senescence. Both pathways affect protein
translation by complex interactions regulating mTORC1/2 complexes; they regulate
each other as well as other pathways such as Wnt/B-catenin, Jak/STAT, NF-xB and
TGF.

This study showed increased expression of RSK1p90 phospho S380, Aktl
phospho S473, ERK1/2 phospho Y?204/197 and RPS6 phospho S235/236 in tumor

ccRCC tissue compared to corresponding non-tumor tissue (Figure 21).
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Figure 21. Phosphorylation status of downstream effectors of PI3K/Akt/mTOR and
Raf/MEK/ERK signaling pathways in ccRCC tumor (T) and corresponding non-tumor
(nT) tissue samples; RSK1p90- 90 kDa ribosomal protein S6 kinase 1; Akt-protein

kinase B; ERK- extracellular signal-regulated kinase; RPS6-ribosomal protein S6
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4.3.4 Immunoprecipitation of GSTO1 and associated proteins in tumor ccRCC

tissue

Furthermore, we examined possible association of GSTO1 with downstream
effectors of PI3K/Akt/mTOR and Raf/MEK/ERK signaling pathways shown to be
upregulated in ccRCC tissue. After protein immunoprecipitation of ccRCC tumor tissue
samples by anti-GSTO1 antibody Western blot analysis showed an association of
GSTO1 with RSK1p90 phospho S380, RPS6 phospho S235/236 and Aktl phospho
S473 (Figure 22). Interestingly, ERKZ1/2 phospho Y?204/197 did not co-
immunoprecipitated with GSTO1. Furthermore, beside molecules targeted by the
antibody cocktail, we demonstrated association of GSTO1 with other phosphorylated
form of Akt (Aktl pT308) and total Akt (panAkt) (Figure 22). Additionally, association
of B-actin with GSTO1 was shown (Figure 22). This association was expected knowing
that p-actin is the target for GSTO1 deglutathionylase activity.
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Figure 22. Immunoprecipitation of GSTO1 and associated proteins in tumor ccRCC
tissue samples; RSK1p90- 90 kDa ribosomal protein S6 kinase 1; Akt-protein kinase B;

ERK- extracellular signal-regulated kinase; RPS6-ribosomal protein S6
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4.3.5 Correlation between GSTO1 expression and IL-1p/pro-IL-1 ratio in tumor

ccRCC tissue

Considering the role of IL-1B in ccRCC tumor progression and the role of

GSTOL1 in posttranslational processing of IL1-B, we assessed pro-1L-1p and IL-1p levels

in tumor ccRCC tissue samples. We analyzed correlation between GSTO1 protein

expression and IL-1B/pro-IL-1B ratio in tumor ccRCC tissue samples. Weak positive
correlation was found between GSTO1 and IL-1p/ pro-IL-1 ratio (r=0.260, p=0.350)

(Figure 23).

40
35
\'? 1 .
< 304
2 J
=
L 25
Qo
in A . . Tt
= 20 . Y
= —
; 15 _- L] L) L]
i
i 10 4
1 .
5 .
T v T T T T T T T T d
0 50 100 150 200 250 300

Density ratio GSTO1/tubulin (%)

Figure 23.

Correlation between GSTO1 and IL-1p/ pro-IL-1 ratio in tumor

ccRCC tissue samples
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5 DISCUSSION

Renal cell carcinoma represents a group of histologically similar neoplasms
characterized by significant intra- and inter-tumor genetic heterogeneity. Among
different subtypes of RCC, the highest incidence and the most aggressive phenotype
was shown for the clear cell RCC (ccRCC). Multistage processes of RCC development
and progression are characterized by altered cellular metabolism and numerous genetic,
epigenetic and proteomic changes. In addition to recognized role of VHL inactivation
and impaired redox homeostasis in the development and progression of RCC, changes
in GST expression profile might be important contributing factor regulating signaling
pathways involved in cell proliferation and survival. Indeed, there are evidence on
implication of GSTs in RCC risk, as well as progression and prognosis
(Pljesa-Ercegovac et al., 2019).

GSTs are multifunctional enzymes exhibiting various catalytic functions, still
traditionally recognized as phase 11 cellular detoxification system enzymes (Hayes et al.,
2005; Pljesa-Ercegovac et al., 2018). In addition to their well-established catalytic roles,
GSTs have also become known as regulators of cell proliferation and survival signaling
pathways (Board and Menon, 2013). In comparison to other GST classes, omega class
(GSTO) possesses intriguing range of both catalytic and non-catalytic roles. It seems
that their thioltransferase, dehydroascorbate reductase (DHAR) and deglutahionylase
activities contribute to regulation of redox homeostasis (Board and Menon, 2016). In
this context, GSTO2-2 exhibits powerful DHAR activity (Zhou et al., 2012), while
GSTO1-1 has been found to play a major role in the glutathionylation cycle that is
emerging as significant mechanism regulating protein function by catalyzing both the
glutathionylation and deglutathionylation (Menon and Board, 2013). Furthermore,
GSTO1-1 has several regulatory roles, including modulation of posttranslational
processing of pro-IL1p to its active form, as well as modulation of ryanodine receptors
(Dulhunty et al., 2001; Laliberte et al., 2003). In addition, anti-apoptotic and pro-
survival role of GSTO1-1 emerged as important aspect of chemoresistance in several
cancer cell lines (Piaggi et al., 2010; Yan et al., 2007).

Significant gene heterogeneity was observed in the omega class GSTs due to the
presence of single nucleotide polymorphisms and deletions. Mukherjee et al. described

31 polymorphisms in GSTO1 and 66 polymorphisms in the GSTO2 gene (Mukherjee et
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al., 2006). Until now, significant association between GSTO1 rs4925 polymorphism and
risk of acute childhood lymphoblastic leukemia (Pongstaporn et al., 2009),
hepatocellular carcinoma, cholangiocarcinoma (Marahatta et al., 2006), and non-small
cell lung cancer (Ada et al., 2013) has been reported. In contrast to recognized
association of GSTO1 rs4925 variant allele with susceptibility to various cancers,
GSTO1*A/A variant genotype might be related to lower aggressiveness of head and
neck squamous cell carcinoma (Sanguansin et al., 2012). Regarding GSTO2*A424G
polymorphism (rs156697), it has been shown that GSTO2*G variant allele increased the
risk of ovarian cancer, however, this association was not statistically significant
(Pongstaporn et al., 2006). Several studies investigated potential role of GSTO
polymorphisms in susceptibility to bladder cancer (Djukic et al., 2015; Lesseur et al.,
2012; Wang et al., 2009). Wang et al. found that carriers of GSTO2*G/G genotype
(rs2297235) exhibit significantly higher risk for bladder cancer development (Wang et
al., 2009). Additionally, they showed that carriers of haplotype comprised of GSTO1*C
wild type (rs4925), GSTO2*G variant (rs156697) and GSTO2*G variant (rs2297235)
alleles had increased bladder cancer risk compared to haplotype consisting of all three
wild type alleles (Wang et al., 2009). Two studies showed association of GSTO2*G/G
genotype (rs156697) with higher bladder cancer risk (Djukic et al., 2015; Lesseur et al.,
2012). Results by Djukic et al. also confirmed association of GSTO1*C (rs4925)/
GSTO2*G (rs156697) haplotype with higher bladder cancer risk (Djukic et al., 2015).
Interestingly, there are reports on association of GSTO2*A/A referent type genotype
(rs156697) with increased risk for colorectal cancer in individuals with positive family
history for cancer (Masoudi et al., 2011) and protective role of GSTO2*G/G variant
genotype (rs156697) regarding the risk of gastric cancer (Masoudi et al., 2009). Data on
GSTO polymorphisms in relation to breast cancer risk are inconsistent (Andonova et al.,
2010; Marahatta et al., 2006; Olsen et al., 2008). Lately, meta-analysis performed to
investigate the association strength of GSTO polymorphisms with cancer risk concluded
that GSTO2 rs156697 polymorphism might be associated with higher risk of breast
cancer (Xu et al., 2014).

This study represents the first comprehensive research on the relevance of
polymorphisms and expression profiles of novel GST omega class in ccRCC subtype.
We investigated the potential role of GSTO1 (rs4925) and GSTO2 (rs156697 and
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rs2297235) polymorphisms as determinants of both risk and postoperative prognosis in
ccRCC patients. Furthermore, in non-tumor and tumor ccRCC tissue, we assessed
GSTO1-1 and GSTO2-2 expression, as well as phosphorylation status of
PIBK/Akt/mTOR and Raf/MEK/ERK signaling pathways. Possible association of
GSTO1-1 with signaling molecules known to be regulated by glutathionylation was also
studied.

The effect of the most studied SNPs, GSTO1 rs4925 and GSTO2 rs156697, and
less investigated GSTO2 rs2297235 independently and in conjuction with recognized
risk factors (smoking, obesity and hypertension) on the ccRCC was evaluated. The
results have shown that subjects with combined variant GSTO1 (rs4925) and GSTO2
(rs156697 and rs2297235) genotypes exhibit 2.6-fold higher risk of developing ccRCC
in comparison with the carriers of combined wild-type genotypes. Although GSTO2
rs156697 polymorphism increases the risk of ccRCC, the statistical significance was
reached only when analyzed in combination with GSTO1 rs4925 polymorphism or
smoking. Considering demonstrated significant linkage disequilibrium of GSTO genes,
we also evaluated potential impact of GSTO1 and GSTO2 haplotypes on ccRCC risk.
We showed that the carriers of H2 haplotype, comprised of GSTO1*A (rs4925),
GSTO2*G (rs156697) and GSTO2*G (rs2297235) variant alleles, exhibited 1.5-fold
higher ccRCC risk in comparison with carriers of H1 haplotype, comprised of all three
referent alleles. Considering GSTO1 and GSTO2 antioxidant and regulatory activities,
these results imply the relevance of the GSTO SNPs in inter-individual susceptibility to
oxidative stress. Namely, the presence of H2 haplotype, exhibiting low
deglutathionylase and low DHAR activity, might underlie the altered redox homeostasis
and influence propensity for ccRCC development.

It has been shown that variant GSTO1*A allele has lower deglutathionylase
activity and higher activity in the forward glutathionylation reaction in contrast to
GSTO1*C wild-type allele (Menon and Board, 2013; Tanaka-Kagawa et al., 2003). The
selective glutathionylation or deglutathionylation of specific protein thiols contributes to
numerous cellular processes involved in tumor growth, such as cell cycle regulation,
cytoskeleton remodeling, epigenetic DNA modifications and apoptosis (Menon and
Board, 2013). Since GSTO1-1 exhibits specificity for particular proteins or particular
glutathionylated cysteine residues (Board and Menon, 2016), the presence of GSTO1
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allelic variants with altered activity might provide a conceivable mechanism to elucidate
possible link between GSTOL1 rs4925 polymorphism and different cancers (Xu et al.,
2014). In addition to GSTOL, it appears that the most commonly investigated GSTO2
polymorphism (rs156697) might also affect primarily its antioxidant DHAR activity
(Piacentini et al., 2013; Whitbread et al., 2005), which is important for regulating the
cellular ascorbic acid redox state. It seems that this reaction might be meaningful in
solid tumors. Namely, some colorectal tumor cell lines have shown higher uptake of
dehydroascorbate by the GLUTL1 transporters (Yun et al., 2015). Since higher
expression of GLUT1 transporters is common feature of different solid tumors,
including ccRCC, this phenomenon of increased dehydroascorbate uptake requires
further clarification. Moreover, ascorbic acid and Fe(ll), 2-oxoglutarate act as cofactors
of oxygen—dependent protein hydroxylases, the main regulators of HIF activity.
Namely, these enzymes mark HIFa for ubiquitinylation and consequential proteasomal
degradation (Mehdi and Riazalhosseini, 2017). In that context, it might be hypothesized
that ascorbic acid-dependent inhibition of the HIF signaling might provide additional
approach for managing tumor progression and inflammation (Li and Schellhorn, 2007).
As a possible consequence of GSTO2 polymorphism, diminished regeneration of
ascorbic acid, might also influence HIFa hydroxylation and promotes its accumulation.
As a result, downstream overexpression of HIF-dependent genes involved in metabolic
shift towards glycolysis, angiogenesis, proliferation, cell survival, migration and
invasion, could contribute to ccRCC progression (Mehdi and Riazalhosseini, 2017).
Still, it can be suggested that low DHAR activity in ccRCC patients carriers of both
variant GSTO2 alleles decreases the ratio between reduced and oxidized form of
ascorbic acid and contributes to impaired redox homeostasis as hallmark of malignant
ccRCC phenotype. Further, in terms of oxidative phenotype, we investigated oxidative
DNA modifications in ccRCC patients stratified by GSTO1 and GSTO2 genotypes, by
determining the plasma levels of 8-OHdG as the most suitable biomarker (Valavanidis
et al., 2009a). We found statistically significant increase in 8-OHdG plasma
concentration in ccRRC patients, carriers of GSTO2*G/G variant genotype (rs2297235)
compared to carriers of referent allele. This is in line with our previous data on higher

urinary 8-OHdG levels in bladder cancer patients, carriers of GSTM1-null and GSTA1-

59



variant genotypes, known to contribute to diminished antioxidant capacity (Savic-
Radojevic et al., 2013).

Regarding the gene-environment interactions and ccRCC risk, smokers with
variant GSTO2 rs156697 genotype were at higher risk in comparison with non-smokers
carriers of at least one referent allele. It seems that smoking, as an important source of
ROS (Valavanidis et al., 2009b), contributes to genotype-associated ccRCC risk in
carriers of GSTO2-variant genotype. Concerning other risk factors associated with RCC,
such as hypertension and obesity, no modifying effect of GSTO genotypes was found in
this study. Hypertension alone was significantly associated with the development of
ccRCC, once again confirming hypertension as independent risk factor for RCC (Hsieh
et al., 2017b). Considering that strong association between weight gain in early and
mid-adulthood (18-35 years of age) and RCC was found (Hsieh et al., 2017b), more
detailed acquisition of data regarding change of BMI during patients’ life would be
necessary to investigate effect of excess body weight on ccRCC risk.

In addition to modifying effect of GSTO polymorphism in terms of ccRCC risk,
the prognostic significance of these polymorphisms was also demonstrated in our study
for the first time. Our results indicated shorter survival in male carriers of GSTO1*C/C
referent type genotype compared to the carriers of at least one variant allele. Moreover,
GSTO1*C/C referent type genotype independently predicted higher risk of overall
mortality among male ccRCC patients when the association between different GSTO
genotypes and overall mortality, adjusted by recognized prognostic factors, was
analyzed. Interestingly, no statistically significant results were obtained for investigated
polymorphisms in terms of postoperative prognosis and the risk of overall mortality
when the whole group, regardless of gender, was analyzed. Considering that men are
more affected by RCC than women and slightly different modifying effect of risk
factors in two populations (Hsieh et al., 2017b), it is acceptable that some mechanisms
underlying disease progression might be different. Possible rationale of prognostic
significance of GSTO1 polymorphism in ccRCC patients might be the role of GSTO1 in
modulation of posttranslational processing of IL-1p (Laliberte et al., 2003). It has been
known that high serum levels of IL-1f are associated with advanced disease in RCC
patients (Yoshida et al., 2002). Moreover, tumor-associated macrophages found in

aggressive RCC tumors express high levels of IL-1p (Ikemoto et al., 2003). Petrella and
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Vincenti elucidated that the role of IL-1p in tumor progression might be the stimulation
of tumor cell invasion of RCC cells in a process that was dependent on the activity of
MMPs. IL-1B induced the expression of MMPs by the activation of the transcription
factor CCAAT enhancer binding protein  (CEBP B) (Petrella and Vincenti, 2012).
Considering that the role of GSTO1-1 in post-translational processing of IL-1p could be
mediated by its glutathionylase/deglutathionylase activity that is dependent on GSTO1
allelic variant (Menon and Board, 2013), it seems plausible that GSTO1 polymorphism
could affect activation of IL-1f and tumor progression.

Further investigations have been focused on the potential molecular mechanisms
underlying the GSTO involvement in ccRCC progression. The expression profile of
both GSTO isoenzymes, together with phosphorylation status of PI3K/Akt and
MAPK/ERK signaling pathways, known to be constitutively active, in ccRCC tumor
and corresponding non-tumor tissue were determined. In addition to findings on
significant GSTO1-1 upregulation in ccRCC, our results also demonstrated the change
in expression levels between early-stage and late-stage ccCRCC. The GSTO1-1 increased
expression has been reported in different cancers, including bladder (Djukic et al.,
2017), pancreatic (Chen et al., 2009), ovarian cancer (Urzla et al., 2006; Yan et al.,
2007) and esophageal adenocarcinoma (Li et al., 2014). In addition, nuclear localization
of GSTO1-1 in Barrett’s esophagus (Piaggi et al., 2009), however, also in colorectal
carcinoma (Lombardi et al., 2015) suggests its potential role in the protection of specific
nuclear components against the oxidative stress, in that way, contributing to malignant
transformation.

Interestingly, we found significant difference between early-stage and late-stage
ccRCC regarding GSTO1 expression levels. Namely, GSTO1 expression was
significantly higher in early-stage ccRCC tumor tissue in comparison to late-stage
ccRCC. Throughout ccRCC progression, complex changes of redox homeostasis
accomplished with metabolic shift contribute to survival of tumor cells (Lusini et al.,
2001). By modifying primarily their metabolic phenotype, cancer cells try to maintain
steady-state of high ROS levels within a narrow range, which allows them to increase
growth and invasion while limit their apoptotic propensity (Rodic and Vincent, 2018).
In this manner are also data on the shift in GSH/GSSG ratio between early- and late-

stage RCC, which is associated with decrease of numerous enzymes involved in GSH
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metabolism (glutathione peroxidase, glutathione transferase, y-glutamyl transpeptidase,
glutathione reductase) only in early-stage RCC (Lusini et al., 2001; Pljesa-Ercegovac et
al., 2008). It might be speculated that GSTOL1 can affect evolution of ccRCC by at least
two mechanisms. Namely, higher deglutathionylase activity potentiates oxidative stress
and increases susceptibility to oxidative damage by exposing molecules to oxidative
modifications in early-stage RCC. Besides, more importantly, deglutathionylation seem
to regulate and modify biological activity of the affected proteins, which will be further
discussed in more detail. Based on study of Menon and Board (Menon and Board, 2013)
revealing the GSTOL1-1 role in glutathionylation cycle, we assumed that increased
GSTO1 expression in ccRCC might significantly affect a regulation of redox-sensitive
signaling pathways by its deglutathionylase activity. Until now, the regulatory role of
glutathionylation in redox signaling was investigated concerning mainly glutaredoxins
as the major intracellular deglutathionylating enzyme. Even more, the relevance of
glutathionylation status in signaling regulation was confirmed by manipulation of
glutaredoxin levels, which significantly affected signaling events (Menon and Board,
2013). Regulation through S-glutathionylation has been attributed to a large number of
proteins involved in signaling (kinases and phosphatases), protein folding and stability,
redox homeostasis, calcium homeostasis; cytoskeletal; transcription factors; heat shock
proteins; energy metabolism and glycolysis (Zhang et al., 2018). Until know, the
potential target subjected for GSTO1-1-mediated regulation by deglutathyonylation are
B-actin, heat shock protein 70, heat shock protein 7c and prolactin-inducible protein
(Menon and Board, 2013).

Moreover, our results on correlation between IL-1p/pro- IL-1p ratio, as measure
of activation IL-1pB, and level of GSTO1 protein expression in ccCRCC tumor tissue is
expected, considering recognized role of GSTO1-1 in modulation of posttranslational
processing of IL-1p (Laliberte et al., 2003). For the assessment of stronger correlation
larger study would be warranted.

Similar pattern of protein expression was shown for the GSTO2-2. Namely,
significantly higher protein expression of GSTO2 in tumor ccRCC tissue compared to
non-tumor tissue was found. Furthermore, decrease of GSTO2 protein expression in the

late-stage compared to early-stage ccRCC was observed, however, this change did not
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reach statistical significance. The role of upregulated GSTO2-2 in ccRCC remains
unclear.

The PI3K/Akt signaling pathway is considered to have pivotal role in the
regulation of proliferation, differentiation and survival of ccRCC cancer cells (Wu et al.,
2019). This signaling pathway is highly activated in ccRCC, as demonstrated in both
cancer cell lines and ccRCC tumor tissue. Numerous downstream effectors of phospho-
Akt include the mammalian target of rapamycin (mTOR), glycogen synthase kinase 3,
Bcl-2-associated death promoter, NF-«B, as well as, MAPK pathways signaling
molecules, c-Jun NH2-terminal kinase (JNK) and extracellular signal-regulated kinase
(ERK) (Wu et al., 2019). It has been demonstrated that phosphorylation of Akt at S473
(Aktl pS473) in the carboxy-terminal hydrophobic motif, either by mTOR or by DNA-
dependent protein kinase, stimulates full Akt activity(Hemmings and Restuccia, 2012).
Furthermore, mTOR complex 1 (MTORCL1) substrates involved in promoting protein
synthesis and cellular proliferation are the eukaryotic translation initiation factor 4E
binding protein 1 (4EBP1) and ribosomal protein S6 kinase (S6K1/RSK1), which
phosphorylates the ribosomal protein S6 (S6/RPS6) (Hemmings and Restuccia, 2012).
In the present study, the increased expression of the phosphorylated downstream
effectors of PI3K/Akt/mTOR pathway and the Raf/MEK/ERK pathways, specifically,
Aktl phospho-S473 and RPS6 phospho-S235/236, as well as ERK1/2 phospho-
Y204/197 and p90RSK phospho-S380 was found in ccRCC tumor tissue compared to
corresponding non-tumor tissue. Based on this comprehensive analysis of
phosphorylation status in downstream effectors of two important pro-survival pathways,
we confirmed their constitutive activation in ccRCC.

We further have looked for the possible association of GSTO1-1 with some of
these  signaling  molecules. GSTO1  co-immunoprecipitated  with Akt
(total/phosphorylated), phospho-RSK1p90 and phospho-RPS6, which clearly implies
that the above-mentioned proteins might be the targets for GSTO1 deglutathionylase
activity. Our results further imply a potential role of GSTO1-1 in regulating the activity
of numerous other signaling molecules involved in cell death and survival. Recently,
signaling events involving interaction of GSTO1 with type 1 ryanodine receptor, RyR1
has been implicated in a signaling pathway that stimulates cancer stem cell enrichment

during chemotherapy (Lu et al., 2017). Lu et al. also reported increased GSTO1
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expression in a HIF-dependent manner after exposure of breast cancer cells to
chemotherapy. As consequence of GSTOL interaction with RyR1, downstream
PYK2/SRC/STATS signaling is activated (Lu et al., 2017). The study by Piaggi et al.
associated the overexpression of GSTO1-1 with the protection against cisplatin-induced
apoptosis. The proposed mechanism of drug resistance might be the activation of two
survival pathways (Akt and ERK1/2), as well as inhibition of apoptotic pathway (JNK1)
induced by overexpression of GSTO1-1 (Piaggi et al., 2010). Additionally, it has been
shown that a deglutathionylation modification was involved in the activation of Akt
(Liu et al., 2015). The potential regulation of Akt by GSTO1-1 might be of importance
considering numerous downstream targets of Akt involved in various cellular processes,
such as survival, growth, proliferation and metabolism (Hemmings and Restuccia,
2012).

Owing to its significant roles in cancer, several potential molecular targets of the
PI3K/Akt signaling pathway have been proposed in cancer therapy (Wu et al., 2019).
Until now, for metastatic ccCRCC several targeted therapies have been designed,
including targeted therapies against VEGF, such as sorafenib, sunitinib, pazopanib and
axitinib (Hsieh et al., 2017b). In addition to their principal antitumor role, growing body
of evidence shows that some of these compounds affect cellular redox homeostasis, by
mostly favoring oxidative distress or even more reduced milieu (Teppo et al., 2017).
Thus, multikinase inhibitors, such as sunitinib and sorafenib inhibit proliferation and
angiogenesis by blocking vascular endothelial growth factor receptors (VEGFR-2 and
VEGFR-3), platelet-derived growth factor receptor-beta (PDGFR beta) and RAF kinase,
as well as affect redox state (Chiou et al., 2009). On one hand, sunitinib achieves
antioxidant effects by both increasing GSH level and inhibiting neuronal nitric oxide
synthase activity (NOS) (Cui et al., 2014; Thijs et al., 2015). On the other hand,
sorafenib exhibits prooxidant effects by opposite mechanism, decreasing GSH pool
(Chiou et al., 2009).

Considering implication of those targeted therapies in redox homeostasis,
investigations of GSTOL1 inhibitors in cancers could be beneficial. Recently, whole class
of a-chloroacetamide-1, highly specific and highly sensitive inhibitors of GSTO1 that
react irreversibly has been identified (Tsuboi et al., 2011, 2010). Several studies

indicated promising results on antitumor effect of this class of inhibitors. Namely, in the
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human breast cancer cell line, KT53 caused a significant increase in cisplatin-induced
cell death (Tsuboi et al., 2011). So far, the most potent inhibitor of GSTO1-1 in the
group of a-chloroacetamide compounds is proved to be C1-27 (Ramkumar et al., 2016).
Indeed, C1-27 showed promising antitumor activity in both in vitro and in vivo models
of colorectal cancer, without gross systemic toxicities (Ramkumar et al., 2016).

This study demonstrated that the concomitance of GSTO polymorphisms may
influence ccRCC risk. Additionally, prognostic role has been shown only for GSTO1
polymorphism. Furthermore, up-regulated GSTO1-1 and GSTO2-2 enzymes in ccRCC
tumor tissue might contribute to aberrant redox homeostasis and tumor progression. The
possible molecular mechanism underlying the role of GSTO1-1 in ccRCC progression
might be partially explained by GSTO1-1 deglutathionylase activity.
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6

CONCLUSIONS

The results of this study showed that hypertension and smoking, as established
risk factors, are associated with increased risk to clear cell renal cell carcinoma

(ccRCC) occurrence.

o Hypertensive subjects were at 3.54-fold higher risk of ccRCC

development compared to normotensive subjects, while smokers
exhibited 1.5-fold increased risk of ccRCC showing borderline

significance.

The polymorphisms in GSTO genes (GSTOL1 rs4925, GSTO2 rs156697 and
GSTO2 rs2297235) significantly affect the risk to ccRCC, based on both gene-

gene and gene-environment interactions.

o Patients with ccRCC, carriers of combined variant GSTO1 and GSTO2

genotypes showed 2.6-fold higher risk of developing ccRCC in

comparison with those one with combined referent genotypes.

The carriers of H2 haplotype, comprising all three variant alleles:
GSTOL1*A (rs4925), GSTO2*G (rs156697) and GSTO2*G (rs2297235),
exhibited the highest risk for ccRCC development compared to carriers

of H1 haplotype, comprised of all three referent alleles.

In ccRCC patients, GSTO2*G/G variant genotype (rs2297235) was
significantly associated with higher oxidative DNA damage, measured as
8-OHdG levels.

Regarding the gene-environment interactions and ccRCC risk, smokers
with variant GSTO2 (rs156697) genotype were at higher risk in
comparison with non-smokers carriers of at least one referent allele.
Concerning other risk factors associated with ccRCC no modifying effect

of GSTO genotypes was found in this study.

GSTO1 polymorphism might have prognostic role, especially in male ccRCC

patients.
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o

Shorter survival in male carriers of GSTO1*C/C referent type genotype
compared to the carriers of at least one variant allele was obtained.

Moreover, GSTO1*C/C referent genotype independently predicted
higher risk of overall mortality among male ccRCC patients when the
association between different GSTO genotypes and overall mortality,
adjusted by recognized prognostic factors, was analyzed.

No statistically significant results were obtained for investigated GSTO
polymorphisms in terms of postoperative prognosis and the risk of
overall mortality when the whole group, regardless of gender, was
analyzed.

The expression of both GSTO isoenzymes, GSTO1-1 and GSTO2/2, as well as,
phosphorylated downstream effectors of PI3K/Akt and MAPK/ERK signaling

pathways, known to be constitutively active, are up-regulated in ccRCC tumor in

comparison to corresponding non-tumor tissue.

©)

©)

In addition to findings on both significant GSTO1-1 and GSTO2-2
upregulation in ccRCC when all patients were studied together, the
change in expression levels of these two isoenzymes between early-stage

and late-stage ccRCC was found.

The increased expression of the phosphorylated downstream effectors of
PI3K/Akt/mTOR pathway and the Raf/MEK/ERK pathways was found
in ccRCC tumor tissue compared to corresponding non-tumor tissue.
Based on this comprehensive analysis of phosphorylation status in
downstream effectors of two important pro-survival pathways, we

confirmed their constitutive activation in ccRCC.

GSTO1 was co-immunoprecipitated with Akt (total/phosphorylated),
phospho-RSK1p90 and phospho-RPS6.
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The results of this study demonstrated that GSTO1 and GSTO2 polymorphisms
play significant role in the risk and prognosis of ccRCC. Changes in GSTO1-1
expression might contribute to impaired redox homeostasis during ccRCC progression,

which can be partially explained by its deglutathionylase activity.
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LIST OF ABREVIATIONS

8-OHdG: 8-hydroxy-2'-deoxyguanosine

Akt: protein kinase B

APS: amonium per-sulphate

BAP1: BRCAL1 associated protein 1

BCA: bicinchoninic acid

BMI: bodi mass index

BSA: bovine serum albumine

CAFs: cancer associated fibroblasts

CCL2: chemokine (C-C motif) ligand 2
CCLS5: chemokine (C-C motif) ligand 5
CCND1: cyclin D1 gene

ccRCC: clear renal cell carcinoma

CEBP B: CCAAT enhancer binding protein f3
chRCC: chromophobe renal cell carcinoma
CI: confidence interval

CMFDA: 5-chloromethylfluoresceindiacetate
COPD: chronic obstructive pulmonary disease
CRID: cytokine release inhibitory drug

CT: computerized tomography

DHAR: dehydroascorbate-reductase

DMAY: dimethylarsenate"

DNA: deoxyribonucleic acid

DTT: dithiothreitol

ELISA: enzyme linked immunosorbent assays
EPAS1.: gene encoding for hypoxia-inducible factor 2 alpha subunit
ERK: extracellular signal-regulated kinase

EZH2: enhancer of zeste homolog 2



FH: gene encoding for fumarase

FLCN: gene encoding for folliculin

FNR: Fuhrman nuclear grade

GLUT1: glucose transporter 1

GSH: glutathione

GST: glutathione transferase

GSTAL: glutathione transferase alpha 1

GSTML1.: glutathione transferase mu 1

GSTO1: glutathione transferase omega 1

GSTO2: glutathione transferase omega 2

GSTP1: glutathione transferase pi 1

GSTT1: glutathione transferase theta 1

GWAS: Genome-Wide Association Studies

HIF: hypoxia-inducible factor

HR: hazard ratio

HRE: hypoxia-response element

HRP: horse radish peroxidase

IL-10: interleukin-10

IL-1p: interleukin-1p

IL-6: interleukin-6

IL-8: interleukin-8

IRAC: International Agency for Research on Cancer
ISUP: International Society of Urological Pathology
IxB-a:: nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor o
Jak: Janus kinase

JNKZ1: c-Jun NH2-terminal kinase

Keap 1: Kelch-like ECH-associated protein 1
MAPK: mitogen activated kinase

MEK: mitogen-activated protein kinase kinase



miRNA: micro ribonucleic acid

MMAY: monomethylarsenate¥

MMP: matrix metalloproteinase

MRI: magnetic resonance imaging

mMRNA: messenger ribonucleic acid

mTOR: mammalian target of rapamycin

mTORC: mammalian target of rapamycin complex
nccRCC: non-clear cell renal cell carcinoma

NF-kB: nuclear factor kappa B

Nrf2: nuclear factor erythroid 2-related factor 2

OR: odds ratio

PBRM1: polybromol

PCR: polymerase chain reaction

PDGFR beta: platelet-derived growth factor receptor-beta
PDKZ1: phosphoinositide-dependent kinase-1

PI3K: phosphoinositide 3-kinase

pRCC: papillary renal cell carcinoma

PTEN: phosphatase and tensin homologue deleted on chromosome 10
PYK2: proline-rich tyrosine kinase 2

RCC: renal cell carcinoma

RFLP: restriction fragment length polymorphism

ROS: reactive oxygen species

RPS6: ribosomal protein S6

RSK1p90: 90 kDa ribosomal protein S6 kinase 1

RyR: ryanodine receptor

SDHB: gene encoding for succinate dehydrogenase iron-sulfur subunit
SDHC: succinate dehydrogenase complex subunit C
SDHD: succinate dehydrogenase complex subunit D

SDS-PAGE: sodium dodecy! sulfate-polyacrilamide gel electrophoresis



SETD2: SET domain containing 2

SNP: single nucleotide polyorphism

SQSTM1: sequestosome-1

SRC: proto-oncogene tyrosine-protein kinase Src
STAT: signal transducer and activator of transcription
STC2: stanniocalcin-2

TCA: citric acid cycle

TCC: transitional cell carcinoma

TGFa: transforming growth factor a

TNF-a: tumor necrosis factor a

TNM: tumor—node—metastasis

TSC1: gene encoding for hamartin

TSC2: gene encoding for tuberin

UICC: Union for International Cancer Control
VCAN: gene encoding for versican

VEGF: vascular endothelial growth factor

VEGF-R: vascular endothelial growth factor receptor
VHL.: von Hippel Lindau

WHO: World health organisation
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