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SUMMARY

Bladder cancer (BC) is the ninth most frequently diagnosed cancer and non-muscle-
invasive BC (NMIBC) occupies the majority of BCs at diagnosis. In the treatment of
the disease, bladder tumors are surgically removed and adjuvant therapy
subsequently continues with chemotherapeutic drugs. These chemotherapeutic drugs
show their cytotoxic effects by generating several types of damages on DNA,
including oxidative DNA damage. Base excision repair (BER) mechanism is the
main mechanisms that plays role in repairing the damage of these drugs. Balance of
BER capacity is crucial for ensuring genomic stability and preventing drug
resistance. How the patients’ BER capacity affects NMIBC is not known yet.
Therefore, in this study, it was aimed to investigate key BER enzymes activities and
overall BER capacity in patients diagnosed with NMIBC. In this study, the enzyme
activities were measured dependent on radioactivity in patients’ NMIBC and
corresponding normal tissues by using substrates that are peculiar to each enzyme.
As a consequence, high-grade NMIBC tissues have been shown to have enhanced
overall BER capacity due to increased UDG, APEl1l and Pol B activities.
Furthermore, inter-individual variations in the BER capacity have been
demonstrated. Thus, these findings suggest that the increased in BER capacity of
NMIBC due to increased UDG, APELl and/or Pol B activities can enhance the
chemotherapeutic resistance to NMIBC and contribute to progression of NMIBC.
Moreover, UDG, APE1 and/or Pol B can be used as a predictive, prognostic and
therapeutic target for NMIBC. Furthermore, inter-individual variations in BER
capacity may contribute to the development of personalized therapy approaches for
NMIBC cases.

Keywords: APE1, base excision repair, bladder cancer, Pol , UDG.



OZET

Kasa Invaze Olmayan Mesane Kanserinde Baz Eksizyon Tamir Kapasitesi

Mesane kanseri en sik teshis konulan dokuzuncu kanser tiiriidiir ve mesane kanseri
tanilarinin cogunu kasa invaze olmayan mesane kanseri (KIOMK) kapsamaktadir.
Hastaligin tedavisinde mesane tiimorleri cerrahi olarak ¢ikarilmaktadir ve sonrasinda
kemoterapotik ilaglarla destekleyici tedaviye devam edilmektedir. Bu kemoterapotik
ilaclar, oksidatif DNA hasar1 da dahil olmak iizere, DNA iizerinde c¢esitli tiirlerde
hasarlar olusturarak sitotoksik etkilerini gostermektedir. Baz eksizyon tamir (BER)
mekanizmasi, bu ilaglarin hasarlarinin tamirinde rol oynayan temel mekanizmadir.
BER kapasitesinin dengesi genomik kararliligin saglanmasi ve ilaglara karsi
olusturulan direncin 6nlenmesi i¢in ¢ok Onemlidir. Hastalarin sahip oldugu BER
kapasitesinin KIOMK iizerindeki etkisi heniiz bilinmemektedir. Bu nedenle, bu
calismada KIOMK tanis1 konan hastalarda BER mekanizmasinda rol oynayan temel
enzimlerin aktivitelerinin ve genel BER kapasitesinin arastirilmasi hedeflenmistir.
Bu calismada, her enzime 6zgii substratlar kullanilarak, hastalarin KIOMK ve
karsilik gelen saglikli dokularindaki enzim aktiviteleri radyoaktiviteye bagli olarak
dleiilmiistiir. Sonug olarak, yiiksek dereceli KIOMK dokularinda artmis UDG, APE1
ve Pol B aktiviteleri nedeniyle, yiiksek dereceli KIOMK dokularini artmis genel
BER kapasitesine sahip oldugu gosterilmistir. Buna ek olarak, BER kapasitesinde
ortaya ¢ikan bireyler arasi varyasyonlar gosterilmistir. Bu bulgular, artmis UDG,
APE1 vel/veya Pol B aktiviteleri nedeniyle KIOMK’de artmis BER kapasitesinin
KIOMK’ye kars1i kemoterapdtik —direnci artirabilecegini  ve KIOMK’nin
ilerlemesinde pay1 olabilecegini 6ne slirmiistiir. Buna ek olarak, UDG, APE1 ve/veya
Pol B, KIOMK igin prediktif, prognostik ve terapétik hedefler olarak kullanilabilir.
Ayrica, BER kapasitesindeki bireyler arasi varyasyonlar KIOMK vakalari igin kisiye

0zgii tedavi yaklagimlarinin gelistirilmesine katkida bulunabilir.

Anahtar Sozciikler: APE1, baz eksizyon tamiri, mesane kanseri, Pol , UDG.



1. INTRODUCTION AND AIM

Bladder cancer (BC) is the ninth most frequently diagnosed cancer and non-
muscle-invasive BC (NMIBC) occupies the majority of BCs at diagnosis (1,2). The
development of BC is associated with non-environmental and environmental factors
exposure (3,4). The underlying mechanism of BC due to environmental risk factors
is not known yet. Because the urinary system involves the excretion of toxins, the
accumulation of toxins in the bladder contributes to generation of DNA damage and
initiation of BC (4). Treatment of BC is composed of transurethral resection (TUR)
of bladder tumor and requires adjuvant therapy involving local settlement of
chemotherapeutic drugs such as mitomycin c, epirubicin, doxorubicin, gemcitabine
or Bacillus Calmette-Guérin (BCG) (4,5,6). These chemotherapeutic drugs show
their cytotoxic effect by alkylating DNA, forming DNA crosslinks, generating
reactive oxygen species (ROS) which cause oxidative DNA damage and single
strand breaks (SSBs) (6,7,8). The base excision repair (BER) is the major repair
pathway for oxidative, alkylated and deaminated bases and SSBs (9). The balance of
BER capacity in cells/tissues/organisms is very significant because it maintains
genomic stability. In particular cancer cells enhanced BER capacity protect them
against DNA damaging chemotherapeutic drugs induced cell death and thus decrease
the efficacy of anticancer therapy by demonstrating drug resistance while inadequate
BER capacity in cells may lead carcinogenesis (10). Furthermore, since each
individual has inherently different BER capacity, determining BER capacity of
patients is crucial for selection of the ideal therapy that enhances his or her life

quality.

The purpose of this thesis is to determine the activities of key BER enzymes and
overall BER capacity of tumors and corresponding normal tissues of NMIBC
patients. Since NMIBC requires continuous surveillance and administration of
adjuvant therapy in order to prevent recurrence, determining BER activity and
capacity of NMIBC patients will help us to understand the resistance to
chemotherapy and the progression of disease. In addition, it will contribute to the
development of predictive, prognostic and therapeutic biomarkers for NMIBC
patients. Additionally, identified BER activity and capacity of NMIBC patients



enlighten the personalized anticancer therapy approaches for NMIBC by revealing
the inter-individual variations of BER pathway.



2. BACKGROUND INFORMATION

2.1. Bladder Cancer

BC is the ninth common urinary system diseases. There are 430000 new
diagnosed, and approximately 150000 deaths per year in worldwide (1,2). Incidence
rates differ according to sex, as BC is the 4™ common cancer in males whereas 9" in
females, and it is more prevalent in the developed countries (5). Epidemiological
studies indicate that BC is greatly related with non-environmental and environmental
factors exposure (3,4). The familial history, age, sex, ethnicity, body weight, and
lifestyle constitute the non-environmental risk factors (4). The major environmental
risk factor that causes BC is tobacco smoking (50% of BC). The other factors include
work related exposure to aromatic amines, polycyclic hydrocarbons, arsenic, and
analgesics with phenacetin (1,2,3). The mechanism that plays role in the
development of BC after environmental risk factors exposure is not known yet. Since
various toxins are discarded via the urinary system, the accumulation of them can
occur in the bladder and initiates BC (4). It is being considered as bladder tissue
becomes more vulnerable to carcinogens after exposure to environmental risk
factors. These carcinogens give rise to the formation of DNA damage and by-
products that accelerate carcinogenesis and advancement of BC (3). The genetic

factors can also contribute to the development of the disease.

Tumors of BC are staged and graded according to extension to tissue layers (Tis
— T4) as seen in Figure 1 (2) and cellular characteristics as low- and high-grade by
the Tumor-Nodes-Metastasis (TNM) system and 2016 WHO, respectively (2,11). Tis
represent the cancer cells that are growing in the most superficial layer, which is the
urothelial layer and Ta denotes the tumors that are growing into the bladder lumen as
papillary structures whereas T1, T2, T3 and T4 tumors show invasion to the
connective tissue layer, muscle layers, fat layer, adjacent tissues and organs,
respectively (12). Low-grade tumors demonstrate mostly ordered appearance
involving some atypical cells that vary in shape and size and lacking of significant
mitotic activity (11,13) while high-grade ones have completely disorganized

appearance and structure (11).
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Figure 1. Stages of bladder cancer (2).

BCs comprehensively divided into two distinct groups: (i) NMIBC and (ii)
muscle-invasive bladder cancer (MIBC) (5,14). As seen in Figure 1, NMIBC is
composed of Ta and T1 stages whereas MIBC includes T2 to T4 stages (14).
NMIBC patients undergo TUR of bladder tumor and require surveillance and
adjuvant therapy including local settlement of chemotherapeutics such as mitomycin
¢, epirubicin, doxorubicin, gemcitabine or BCG according to pathological conditions
(5,6). These chemotherapeutic agents demonstrate their cytotoxic effects by
alkylating DNA, forming DNA crosslinks, oxidative DNA damage, and then lead to
cell death (7). BCG is used as an immunomodulator that activates inflammatory
responses (6). In addition to BCG’s immunomodulator activity, it has been
demonstrated that BCG treatment causes generation of ROS in urothelial cancer cells
(8). In a long period of time, certain doses of adjuvant therapies are needed for
patients that makes BC is a severe disease. NMIBC occupies approximately 70% to
80% of newly diagnosed BCs and in spite of the several therapies it shows
recurrence about 50% to 70% and 1 out of 5 patients will show progress a MIBC
(2,5,6,14). In addition, NMIBC patients five-year survival rate is accepted as about
90% whereas MIBC patients have five-year survival rate is lower than 50% and they
show metastasis (2,14). The most commonly used treatment approach for MIBC
patients are radical cystectomy and conventional chemotherapy with cisplatin and in
addition to these therapies there is a need of multimodality therapy (6). For this
reason, BC patients should be under constant follow up by cystoscopy and urine

cytology that makes the disease one of the most expensive cancers due to the



requirement of continuous care from the diagnosis and therapy. Therefore it affects
patient’s life quality and economic conditions (2,6,15).

Although the TNM classification and definition of BC and their related therapy
approach, the patients who have similarly staged show considerable heterogeneity in
terms of treatment response and progression of the disease (15). In addition to this
situation and also considering recurrence risk, which is the main problem for
NMIBC, there is a vital need of biomarkers characterization to diagnose BC at an
early stage, choose the ideal treatment condition for the patient, observe recurrence,
clarify prognostic evaluations, estimate treatment response of the patient (14,15). As
well as, characterization of that kind of biomarkers contributes to BC pathogenesis
comprehension, improvement of the existing medication and therapy strategies, and

development of new treatment and control strategies.

2.2. The DNA Damage and Its Effects

The human genome is continuously under the attack of exogenous and
endogenous welded agents. It is estimated that approximately 10° DNA lesions per
day are formed in a mammalian cell genome (16). Exogenous sources of DNA
damage consist of ultraviolet (UV), X-rays, dietary factors, drugs, and environmental
chemicals. Its endogenous sources include by-products of normal metabolism,
chemical instability like depurination and depyrimidination, spontaneous errors such
as mismatches, insertions and deletions during DNA replication (17,18). For
example, the formation of apyrimidinic/apurinic (AP) sites arise at a rate of
approximately 10*/cell/day (19,20). Moreover, alkylating agents such as methyl
radicals produced by lipid peroxidation and endogenous methyl donor S-
adenosylmethionine (SAM) can cause alkylating DNA damage (19,21).

The unrepaired DNA damage can disrupt the normal processing of the cell that
leads to genomic instability, apoptosis or senescence and as a consequence have
effects on the organism’s development and ageing (18,19). In addition to these, the
organism that bears genomic instability gives tendency to immunodeficiency,
neurological disorders and cancer (18). Therefore, cells have several DNA repair
mechanisms to tolerate and repair different types of DNA lesions to maintain the

genomic integrity and the stability of the organism (20).



2.2.1. Oxidative DNA damage

DNA can incur chemical modifications due to the oxidative damage that is a
result of formation of reactive molecules. The most common type of these molecules
is ROS (16). Endogenous welded ROS are produced mostly as by-products of
mitochondrial oxidative phosphorylation and also produced due to the metabolism of
several toxic agents and inflammatory response. They include superoxide radical

(OZ"), hydroxyl radical (OH®), and hydrogen peroxide (H,O,) (16,19). Exogenous

welded ROS includes ionizing radiation (IR) and chemical agents like
chemotherapeutic drugs (16). DNA, lipids and proteins are the potential targets for
oxidative damage. When the proteins and lipids incur oxidative damage they can be
replaced but oxidative DNA damage requires repair and if it left unrepaired,
mutagenic DNA lesions occur (22). It is anticipated that ROS produce approximately
50000 lesions/cell/day, including oxidized deoxyribose, deaminated base products,
and SSBs (Figure 2) (16,17,19,22). The BER pathway mainly cuts out these

oxidative DNA lesions and maintain genomic integrity and stability (22,23).
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Figure 2. DNA base products caused by oxidative DNA damage (24).

The oxidative DNA damage by ROS is based on the principle of addition and

abstraction. Mainly, OH® removes an H atom from thymine (T)’s methyl group and
generates several distinct types of final damaging products (22). Among these

oxidized bases, 7,8-dihydro-8-oxoguanine (8-OH-Gua or 8-0xoG) is the most



common oxidative DNA lesion in organisms. It is highly mutagenic that mispairs
with adenine (A) and thus leads to G:C to T:A transversions (19,22). It is considered
as, under normal conditions, 8-OH-Gua is produced at a frequency of minimum of
several hundred lesions per cell in each day because of the endogenous ROS (25).
Deamination of exocyclic amino groups of the DNA bases due to oxidative stress is
the other critical hydrolysis reaction that generates uracil (U) from cytosine (C). It is
the most commonly formed DNA lesion due to deamination and it is considered as at
a range of 100 to 500 per cell in each day (19). When the deamination of oxidized
products of cytosine occurs, uracil-derived lesions are formed in DNA. For instance,
deamination of cytosine glycol produce uracil glycol (Ug), 5-hydroxycytosine (5-
OH-Cyt) and 5-hydroxyuracil (5-OH-Ura) (22) listed in Figure 2. Among the
pyrimidine-derived lesions, 5-OH-Ura is potentially mutagenic because of GC:AT
transitions (21). In addition to U generation from C deamination, hypoxanthine and
xanthine can form from A and guanine (G) deamination, respectively (19,22). Other
important types of oxidatively modified bases are formamidopyrimidines, which are
4,6-diamino-5-formamidopyrimidine  (FapyAde) and 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyGua), that are oxidative adducts due to the hydroxyl
attack on A and G, respectively. It can cause GC:CG transversions (21).

2.3. DNA Repair Mechanisms

In order to overcome various types of DNA lesions and maintain genomic
stability cells have evolved several different DNA repair mechanisms. Each
mechanism repairs a different set of lesions, but there is also overlap between DNA
repair pathways (19,26). Cells have four main types of DNA repair mechanisms as
seen in Table 1. These are BER, mismatch repair (MMR), nucleotide excision repair
(NER), and double-strand break repair (DSBR). Deficient DNA repair mechanisms

due to germline or sporadic mutations accelerate carcinogenesis (26).



Table 1. DNA repair pathways and DNA lesions (19,27).

Damaging Agent Example Repair Mechanism Repair Pathway
ROS, X-rays, Recognition, N-glycosidic
alkylating agents, Oxidation (8-0x0G), BER bond cleavage, removal of
spontaneous U, AP site, SSBR sugar fragment, gap filling
reactions and ligation
A-G and T-G Recognition, excision of
Replication errors mismatches, MMR the strand, gap filling by
insertion, deletion DNA synthesis
UV light, Bulky adducts Recognition, excision c?f
I — (cyclobutane- NER DNA Tragment,_sequentlal
hydrocarbons pyrimidine dimer), repair synthesis, strand
interstrand crosslink ligation
X-rays, IR, anti- Double strand break, S Unwinding, alignment,
tumor agents interstrand crosslink ligation

2.3.1. BER in mammalian cells

From bacteria to humans, BER is a mechanism that is highly conserved and
repairs the most common DNA lesions consist of oxidized, alkylated, deaminated,
and hydrolyzed bases as well as SSBs to maintain genomic stability and integrity
(28). BER is defined as a highly coordinated pathway that perform repair with
several different enzymatic reactions occurring consecutively and occurs both in the
nucleus and mitochondria (16,19,29) (Figure 3). As seen in Figure 3, the BER
pathway can be explained in five main steps for both mitochondrial and nuclear
BER: (i) DNA glycosylases recognize and cut out the damaged base, (ii) 3’-OH
generation (3’-end cleaning) by AP-endonucleases (APEL), (iii) 5’-end cleaning by
AP lyases commonly associated to many DNA glycosylases and DNA polymerases,
(iv) DNA polymerases fill the gap and (v) DNA ligases seal the nick (20,23).

At first, a DNA glycosylase, which is specific to the DNA lesion recognizes and
incises the N-glycosidic bond between the base and the deoxyribose sugar (28,30).
DNA glycosylases are either monofunctional or bifunctional according to their AP-

lyase activity (30). In the monofunctional DNA glycosylase case, after the incision
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step, the resulting intact AP site is processed by human apurinic/apyrimidinic
endonuclease 1 (APE1). APE1 cleaves the phosphodiester backbone resulting a SSB
with 3’-OH and 5’-deoxyribosephosphate (5’-dRP) end (30,31). On the other hand, a
bifunctional DNA glycosylase has also intrinsic AP-lyase activity (30). The AP-lyase
activity can be performed by either B-elimination of the 3° phosphodiester bond
resulting with 3’-phospho-o,p-unsaturated aldehyde (3’-PUA or 3’-dRP) and 5°’-
phosphate group (5°-P) or B,8-climination of the 3° and 5’ phosphodiester bonds
resulting with 3’-phosphate group (3°-P) and 5°-P termini, depending on the enzyme
(16,30,31). Following the bifunctional DNA glycosylase that uses f-elimination, the
3’-PUA is cleaved by APE1. The bifunctional DNA glycosylase remove 3’-P by
polynucleotide kinase (PNK) via B,8-elimination, (16,28,30).

Further part of the BER pathway involves gap filling and ligation. The gap
filling and ligation steps can be performed according to two different subpathways,
which are short-patch BER (SP-BER) and long-patch BER (LP-BER) (19,29). In SP-
BER, a single nucleotide gap is synthesized and ligated, but in LP-BER a gap of 2 to
10 nucleotides are synthesized and ligated (29). LP-BER requires several enzymes
such as proliferating cellular nuclear antigen (PCNA), flap endonuclease 1 (FEN1),
replication factor-C (RF-C) and DNA polymerases dependent on PCNA including
polymerase € (pol €) or polymerase 6 (pol 8) and polymerase B (pol B) are needed to
complete repair (30). Thus it is considered as LP-BER takes place in proliferating
cells whereas SP-BER takes place in non-dividing cells (16,29). The 80-90% of all
BER is composed of SP-BER (19,27).

In SP-BER, pol B with its dRP lyase activity turns the 5’-dRP residue to a
ligatable 5’-P and inserts a single nucleotide at the newly formed 3°-OH termini
(16,30,31). After pol B, nick’s ligation is succeeded by DNA ligase Il (Liglll) and
the scaffolding protein X-ray cross-complementing 1 (XRCC1) (19,29).
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Figure 3. Detailed mechanism of base excision repair pathway (20).

XRCCL1 stabilizes Liglll and their interaction enhances the ligation process (28,29).
In LP-BER, pol B cannot exert its dRP lyase activity on AP sites and thus, the 5°-
dRP termini cannot be removed and strand displacement is promoted (16,28). The
PCNA dependent polymerases synthesize and displace 2 to 10 nucleotides
downstream with the enhancement of PCNA and RF-C and a 5’-dRP overhang flap

is generated (16). Then the removal of 5°-dRP overhang flap takes place via the
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interaction of FEN1 and PCNA (16,20). After the removal of 5’-dRP overhang flap,
by DNA ligase I (Ligl) interacts with PCNA to seal the nick (20,28).

In mitochondrial BER (mt-BER), there are some minor differences are present.
First one of those differences is the presence of polymerase y (pol y). At first it is
estimated that only Pol y exists in mt-BER and it has dRP lyase activity (32,33).
However, a recent study demonstrated that pol 3 also participates in mitochondrial
BER (34). The other difference occurs in the ligation step of mt-BER, Liglll is the
essential ligase that takes place but interestingly it does not interact with XRCC1
(16,32).

2.3.1.1. DNA glycosylases

Currently, mammalian cells have 11 DNA glycosylases and each of them
recognizes a defined group of DNA lesions as listed in Table 2 (29,30).
Mitochondrial isoforms are not included in 11 DNA glycosylases since they are
results of alternative splicing (29). DNA glycosylases are either monofunctional or
bifunctional according to the catalytic mechanism that they have and the ability to
perform AP lyase strand incision activity (35). Monofunctional DNA glycosylases
have only glycosylase activity but in addition to glycosylase activity, bifunctional
glycosylases have AP lyase activity (35,36). On the other hand, bifunctional DNA
glycosylases execute phosphate backbone cleavage in addition to the N-glycosidic
bond cleavage (30). They utilize B-elimination or [,5-elimination to cleave the
phosphate backbone and remove the damaged base (30,36). Both elimination
reactions result with a DNA nick that is consist of a 3’-blocking termini (3’-PUA/3’-
dRP) or 3’°-P, respectively and those blocked 3’-termini’s require further processing
by specific enzymes for the completion of repair (35). Although DNA glycosylases
have different structures and substrate selectivity, they share a common acting
mechanism and they occur in three distinct conformations, which are the searching

complex, the interrogation complex and the excision complex (30,36).
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Table 2. Mammalian DNA glycosylases (28,30,35,36).

Ty f th AP Iy
da :F:gZd "h-:ze Name of the glycogylasze Acronym m:ribr:: Substrates
Uracil DNA glveosvlasa UDG No U, G, A, 5-0H-Usa
. Thymina DMNA glvcosvlasa DG No U.T, 5-hml, T:5
Dizaminatad
base Single-strand-salactive DINA
- ShLG] Ho U, 3-hm(U, 1A, TG
glveosvlasa 1
meathyl-CpG-binding domain T,U, and 5-hmlT whan pairad
- - LIBD4 M T
glveosylasa 4 ? with rin
I r] anins, o r ina A=, T-mna. -
Allkvlatad Allkvladenina/methvlpurins AACMEG Mo I-mzA, T-meA, 3-mels,
purinas DMNA glycosvylasa hvpoxanthins

hutY homolog DINA

glveosylasa

MUTYH No A AB-oxols, AFapv(ua

E-oxoguanine glvcosvlase 1 OGG1 Yas () E-oxoC, FapvGuaC

Teg, Cg, Fapv(Gus, Z-0H-Tks,

Endonuclzasa III-like 1 MNTHLI1 Yas (f) 5 OH.Cwt

Omidizad base Tg Cg, FapvGua, 5-0H-Tka,

Nai endonueclzass VIII-lika 1 NEIL1 Yas (B.8) | 3-0OH-Cwt, Urea, FapvAds,
Fapwi(Gua

Chrarlap with NTHL 1 and

Nai endonuclease VIII-lika 2 HEILZ Yas {f.&) NEIL1

HNai endonuclease VIII-lika 3 HEIL3 Yas {f.8) Fapw(ua, FapvAds

DNA glycosylases change conformation to the interrogation complex when they
encounter an oxidized base and favor the damaged base to flip out of the DNA
duplex into the substrate-binding region (30,36). In the presence of the damaged base
in substrate-binding pocket of DNA glycosylases, the enzyme shifts its conformation
to the excision complex and after this; the excision process is continued with each

DNA glycosylase’s respective mechanism (30).

Despite the fact that human DNA glycosylases have different substrate
specificities, they often share overlapping specificities mostly in oxidative DNA
damage repair (35). Basically, four out of the eleven human DNA glycosylases
remove mispaired U and T, six of them take place in the repair of oxidized bases and
only one of them removes alkylated bases. (28,35) The DNA glycosylases, which
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take removes the deaminated and alkylated bases are belonging to the
monofunctional group (28). However, except one, the DNA glycosylases specific for

oxidized bases’ repair are included in bifunctional DNA glycosylases (28,35).

U in the DNA is the most common lesion that exists in DNA due to C's
hydrolytic deamination or a replication mistake and thus, pairs with A leading to C:G
to T:A transition (35). U and U-derived lesions are recognized and removed by uracil
DNA glycosylase (UDG) superfamily composed of Uracil DNA glycosylase (UDG),
thymine DNA glycosylase (TDG), single-strand-selective DNA glycosylase 1
(SMUGL1), and methyl-CpG-binding domain glycosylase 4 (MBD4) (30,35).

The alkyladenine/methylpurine DNA glycosylase (AAG/MPG) is the only DNA
glycosylase that removes the alkylated base lesions. These lesions are produced by
chemotherapeutic agents and environmental chemicals etc. (28,35). There are several
types of oxidatively modified base damages repaired by different types of DNA
glycosylases which are MutY homolog DNA glycosylase (MUTYH), 8-oxoguanine
glycosylase 1 (OGG1), endonuclease Il1-like 1 (NTHLZ1), Nei endonuclease VIlI-like
1 (NEIL1), Nei endonuclease VIlI-like 2 (NEIL2) and Nei endonuclease VIlI-like 3
(NEIL3) listed in Table 2 (35).

The human OGGL1 gene produces a-OGG1 and B-OGG1 by alternative splicing
(37). B-OGG1 present in mitochondria whereas a-OGG presents in both nucleus and
mitochondria (38). Furthermore, the alternative splices products of UNG gene is
UNG1 and UNG2. UNG1 exist in mitochondria and UNG2 exists in nucleus (37,38).

2.3.1.2. APE1

In DNA, AP sites occur due to N-glycosidic bond’s hydrolysis of DNA
glycosylases (39). It is estimated that 10000 AP sites are formed per day commonly
due to the loss of a purine (40). It is important to maintain AP site repair for genome
stability because if it is not repaired, it can block DNA replication and transcription,
promote both mutation and SSBs (30,39,41). The biological significance of APEL is
emphasized by identifying that the mammalian cells which lack APE1 shows
embryonic lethality (30). However, another AP endonuclease that is
apurinic/apyrimidinic endonuclease 2 (APE2) has been defined in human cells (37).
Yet, it is identified that APE2’s endonuclease activity is far lower than APE1 (40).
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Human APEL1 is produced by APEX1 gene, which is approximately 3 kb in size
and localized on 14g11.2 and composed of four introns and five exons (42,43). APE1
functions in BER, transcription, and cell proliferation (42). In BER, APEL has two
principal enzymatic activities: (i) incision of the phosphodiester backbone 5’ in AP
sites, resulting with a SSB and, (ii) 3’-dRP removal that is a result of B-elimination
by bifunctional DNA glycosylases and creating 3’-OH substrates for DNA
polymerases by showing its 3’-phosphodiesterase activity (30,37,40). Moreover,
APEL1 can also provide the coordination of steps of BER. It is established that APE1
boosts DNA glycosylase-product complex dissociation and by this way increases the
multiple turnover rates of DNA glycosylases such as UDG, AAG, TDG, and OGG1
(40,42). Two mechanisms have been introduced to clarify this situation: a passive
mechanism and an active mechanism. Passive mechanism is based on the cleavage of
the AP site that prevents rebinding of DNA glycosylase whereas active mechanism
displaces DNA glycosylase from the AP site directly (42). APE1 promotes 5’-dRP
excision activity of pol B and shows proofreading for pol B via its 3’-5” exonuclease
activity (40,44). APE1’s endonuclease activity is based on a nucleophilic attack of an
activated water molecule’s hydroxide ion on the 5°-P of the AP site (31,40). Also for
the catalytic activity of APE1, divalent cations such as Mg** or Mn*? are required
(33,42). Mg?* are required for both DNA binding and phosphodiester bond incision
of APEL, so it is defined, as the limiting step of the reaction is dependent on the
Mg?* concentration (40). Furthermore, APE1 is described as a redox factor-1 (Ref-1)
apart from its endonuclease and exonuclease activities (40,43). As Ref-1, APEl
coordinates gene expression by stimulating DNA-binding activity of certain
transcription factors such as activator protein 1 (AP-1) and nuclear factor kappa B
(NF-xB) (43). It is importantly indicated that oxidation of cysteines via ROS
constrains AP-1's DNA binding activity and to overcome this situation Ref-1
reduces these cysteine residues via the redox mechanism and thus, activates AP-1
(42). Additionally, Ref-1 enhances p53’s DNA-binding ability, promotes
transcriptional activation of p53 target promoters, and takes place in the regulation of

the p53’s proapoptotic functions (40).

The human APE1 protein has sequence homology with Escherichia coli

exonuclease Il (xth) but differently, it possesses a unique N-terminal domain (43).

16



APE1’s endonuclease domain is involved in phosphoesterase superfamily of
enzymes that possess a four-layered o/pf sandwich structural core and changeable
loop regions and active site specialties that ensures substrate specificity and sliding
along the strand to search of an AP site by interacting with the DNA backbone. The
stabilization of the AP site and the APE1:DNA complex is provided by the loop
domains which interact the minor and major grooves at the AP site and 5°- or 3°-
region of the AP site, respectively (30). It is established that the N-terminal domain
is independent of the APE1’s DNA repair functions (40). In a recent study, it has
been showed that the deletion of the first 61 amino acid residues in APE1 (APE1-
NAG61) reduces its redox activity but has a proficient AP cleavage site activity similar
to the full-length APE1 protein. However, it has been also indicated that APE1-
NAG61 cannot promote the multiple turnover of DNA glycosylases OGG1, MBD4,
and AAG in contrast to full-length APE1 and therefore, it is proposed that the N-
terminal of APE1 which possesses redox activity provides interactions with DNA
and the occurring conformational changes due to APE1 binding is involved in the
disruption of the DNA glycosylase-AP site DNA complex (42). Additionally, APE1
contains a nuclear localization signal (NLS) in its N-terminal domain, and depending
on the cell type APEl predominantly occurs in the nucleus. However, in the
mitochondrial extracts AP site cleavage activity is also detected and mitochondrial
APE1 (mtAPE1) has been described as a truncated protein devoid of the N-terminal

domain of 33 amino acid residues, containing NLS (38,40).

2.3.1.3. DNA polymerase  (Pol B)

Pol B is 39-kDa DNA polymerase coded by the POLB gene spanning 33 kb
and located on 8p11.21 in humans, and composed of thirteen introns and fourteen
exons (45,46). It has been established that Pol § is composed of two distinct domains
that each has a specific catalytic activity: the amino-terminus 8-kDa and the
carboxyl-terminal 31-kDa polymerase domains (45,47,48). It has been showed that
DNA Pol B primarily takes place in BER (47). In the BER pathway, Pol B comes
after APE1 and shows two catalytic activities: (i) converting the 5’-dRP residue to a
5’-P via its intrinsic dRP lyase activity resulting with formation of a one-nucleotide
gap and (ii) synthesis of a single nucleotide to the 3’-OH of the nick (31,45). The

nucleotidyl transferase activity comes from the 31-kDa polymerase domain whereas
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the amino-terminus 8-kDa domain has the dRP lyase activity (48). The lack of Pol j
gene in a mouse model system eventuated with embryonic lethality whereas cultured
embryonic mouse fibroblasts are viable but show accumulation of cytotoxic repair
intermediates that leads hypersensitivity to genomic toxicants (45,48). Pol B also
interplays with other BER factors including APE1, DNA ligase and XRCC1 which
accelerates repair, besides its direct enzymatic activities (45,47). In addition to Pol
B’s dRP lyase activity, the 8-kDa domain contains single strand binding activity
which leads the enzyme to bind 5°-P or 5’-dRP that occurs in gapped DNA (45). The
dRP lyase reaction produces a 5’-P and its characterization shows that it is critically
more rapid than one nucleotide incorporation and thus, it is estimated as the 8-kDa
domain of Pol B coordinates the DNA synthesis (45,47). The 5’-P binds to the lyase
domain via forming hydrogen bonds with Lys35 and Lys68. For the removal of the
5’-dRP residue, Lys72 acts as a nucleophile (45). Pol ’s polymerase domain
contains three subdomains that each has distinct functions: the C-subdomain, the D-
subdomain and the N-subdomain (45,48). C-subdomain requires Mg*? to perform
nucleotidyl transferase activity while the D-subdomain and N-subdomain play role in
binding duplex DNA and nascent base pair (ANTP and templating nucleotide),
respectively (31,45,48). The binding of Pol 3 to the DNA backbone of the incised
DNA strand is ensured by the helix-hairpin-helix motif and Na* binding to perform

further interactions for both the lyase domain and the D-subdomain (45).

To date, in mt-BER, Pol vy is the main DNA polymerase. However, recent
study indicated that Pol B exists in mitochondrial protein extracts derived from
mammalian tissue and cells suggesting that a cleavage or disruption may occur in the

N-terminal NLS resulting with mitochondrial localization (34).

2.4. The Relationship between BER and Cancer

Oxidative DNA damage is one of the factors that lead to cancer development.
The unrepaired DNA damage may lead formation of mutations and chromosomal
instabilities that affects oncogenes and tumor suppressor genes resulting with
carcinogenesis (49). Therefore, there is a critical link between the cancer growth and
the function of DNA repair enzymes and the oxidative stress that is causing damage
(30). In addition to the direct link between the DNA repair capacity and the risk of
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cancer development, there is another relation between the DNA repair capacity’s
effects on the cancer patient’s response to cancer therapy. In that perspective,
decreased DNA repair capacity is undesirable because of the potential to develop
cancer whereas, especially in tumor cells the increased DNA repair capacity is
undesirable due to the formation of resistance to DNA damaging therapeutics (10).
Thus, selective inhibiting of DNA repair enzymes is promising when combined with
currently used chemotherapeutic agents and radiation to overcome drug resistance
(50,51).

BER is the key pathway that is considered in the therapeutic approach in cancer
since it is responsible for repairing small not-distorting DNA lesions like oxidized or
alkylated bases and SSBs that are formed during cell metabolism as well as produced
by chemotherapeutic agents in cancer therapy (51,52). Another reason to target BER
pathway is the condition that cancer cells are in a higher oxidative state than the
normal cells due to high ROS generation during increased metabolism and tumor
microenvironments promoting more oxidative stress. As a consequence, cancer cells
are expose to more oxidative damage and requires BER to overcome DNA damage
to sustain cellular survival (52,26). At the beginning of BER, DNA glycosylases cut
out the damaged base. It is denoted that DNA glycosylase knockout mice develop
normally in spite of the accumulation of lesions in DNA and does not show
significant increase in cancer initiation rates (53). The reason for that may be the
overlapping substrate specificity of DNA glycosylases and the ability to correctly
replicate via lesion bypass polymerases (50,53). On the other hand, in several studies
it has been mentioned that down regulation of OGGL1 gene and low OGG1 activity is
a risk factor in the development of lung, head and neck cancers (54,55). However, it
is also denoted that overexpression of OGG1 mRNA for the excision of 8-0xoG has
been detected in several lung cancer cell lines in compared to control lung cell lines
(54). Furthermore, colorectal cancer patients show increased OGG1 mRNA levels
and higher 8-o0xoG excision than healthy people, indicating that enhanced DNA
repair capacity present in colorectal cancer patients (56). It is suggested that
overexpression of DNA glycosylases in cancer cells may lead to drug resistance (53).
UNG™ colon cancer cells have been shown to hyper-sensitization to pemetrexed,
which is a chemotherapeutic drug (57). In another study it has been indicated that,
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OGGL1 deficient lung cancer cells showed enhanced sensitivity and reduced cellular
resistance to bleomycin that is a chemotherapeutic agent (58).

APEL is one of the most important enzymes take place in BER. Beside of its role
in BER, APEL has a role in regulating transcription factors, cell proliferation and cell
response to oxidative stress. Thus, complete knocking down of APEL is not possible
for both cancer and normal cell survival (51). Several studies have demonstrated that
APEL is overexpressed in various cancer types such as prostate, breast, triple-
negative breast, colon, ovarian, non-small cell lung, head and neck squamous cancers
(55,56,59-64). It is indicated that the overexpression of APEL is associated with
resistance to chemotherapy and radiotherapy (53,65). Moreover, down regulation and
inhibition of APE1 function in ovarian, non-small cell lung and triple-negative breast
cancer types increase sensitivity of chemotherapeutic drugs such as cisplatin,
camptothecin and olaparib (61-64). As a consequence, APEL1 is attracting attention to
design a novel therapy based on a specific inhibition of its endonuclease and redox
activity that increase cancer cells sensitivity to chemotherapeutic agents and
radiotherapy (40,51).

Pol B is the major DNA polymerase involved in BER pathway that has a low
fidelity and an ability to perform translesion synthesis (TLS) (53,66). Overexpression
and aberrant forms of Pol 3 has been associated with multiple cancer types such as
breast, ovarian, colon, prostate, esophageal and colorectal cancers (66-71). A recent
study demonstrated that higher expression levels of Pol B is related with tumor
metastasis and poor prognosis in esophageal cancer patients (71). Another study
established that colorectal cancer patients with higher levels of Pol B show poorer
survival (69). It has been also mentioned that elevated expression of Pol f is detected
in drug-resistant cells (66). It has been determined that increased activity and
expression of Pol B exist in cisplatin resistant human ovarian tumor cells (70).
Moreover, a very recent study determined that Pol B deficient gastric cancer cells
show sensitivity to methyl methanesulfonate (MMS), which is an alkylating agent,
used in chemotherapy approaches (72). These data indicate that diversification of Pol
B’s expression and composition contribute mutagenesis, genomic instability and
carcinogenesis by interfering with BER pathway (67,73). It has been indicated that
Pol B can bypass the DNA lesions which are the products of chemotherapeutic agents
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(66). Overexpression and increased activity may cause enhances TLS ability in
addition to mutagenesis and contribute cancers cells capability to overcome the
highly stressed environment which exists due to increasing replication rates and
higher levels of oxidative damage. Therefore, increased TLS capability could also

results with chemotherapeutic drug resistance (68).

All these facts propose that understanding the functional situation of BER
proteins and determining BER capacity of tumors are critical for predictive,

prognostic and therapeutic approaches for cancer (54,73).

2.4.1. The relationship between BER and NMIBC

DNA repair pathways affect tumor behavior and response to treatment. Since
the chemotherapeutic agents used in BC treatment are function by inducing oxidative
stress, variations in genes and their products involved in oxidative stress response

pathways such as BER pathway have a significant role in treatment approaches (74).

In the literature, most of the studies have established a relationship between
BC with NER pathway. It is indicated that low expression level of a NER gene
which is excision repair cross complementing 1 (ERCC1) is associated with
enhanced oxidative stress and low ERCC1 mRNA expression levels correlate with
longer median survival in advanced stage BC patients who received cisplatin-based
chemotherapy (75). Therefore, it is suggested that as the DNA repair capacity
increases by ERCC1 expression, the chemosensitivity decreases (74,75). Moreover, a
recent study has been demonstrated an association between mutations of excision
repair cross complementing 2 (ERCC2) gene that plays role in NER and response to
cisplatin-based chemotherapy and hypothesized that the mutations resulting with loss
of normal ERCC2 function drive enhanced tumor cell sensitivity to DNA damaging
agents like cisplatin (76). In another study, it is denoted that BC tissues that are
exposed to a chemotherapeutic agent hydroxycamptothecin have significantly higher
MRNA expression and protein levels of xeroderma pigmentosum group F (XPF),
which forms a complex with ERCC1 during NER, than chemotherapy-naive BC
tissues (77).

In the context of BER pathway it is important to consider the oxidative stress

condition of patients. In a very recent study, serums of the BC patients are analyzed
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and it is determined that the patients total oxidant statuses are significantly higher
and total antioxidant statuses are significantly lower than the healthy people (78).
Hence, it is critical to investigate BC in the context of BER pathway. In the
literature, there are several studies present that seek a relation between BC and
polymorphisms of BER genes (9,67,79,80). For instance, five single nucleotide
polymorphisms (SNPs) in NEIL2 gene are determined as significantly associated
with disease recurrence of BCG-treated NMIBC patients while one SNP in UDG
gene is found as associated with NMIBC progression (81). Another study has been
revealed a SNP in SMUG1 gene that is significantly associated with BC risk while
one SNP of Pol B conferred higher BC risk (9). A recent meta-analysis has been
mentioned that there is no significant relation between OGG1 gene polymorphisms
and BC risk (82). On the other hand, three SNPs in XRCCL1 gene has been mentioned
as associated with the increased recurrence risk in BC cancer patients who treated
with BCG (83). As well as genetic variants, it has been demonstrated that the tumors
of MIBC patients treated with radical radiotherapy having higher APE1 and XRCC1
protein expression levels are associated with improved cancer-specific survival (84).
One of the recent studies has been denoted that high-grade tumors of patients
diagnosed with urothelial carcinoma of bladder showed increased levels of APEL,
XRCC1 and Pol B in compared with low-grade tumors and, also it is found out that
poor clinical outcome was associated with reduced levels of APEL at initial diagnosis
regardless of the pathological grade, stage or therapeutic approach (85). In addition
to these findings, there are a few studies indicating that the elevated levels and
expression of APE1/Ref-1 protein exist in serum and urine of NMIBC and MIBC
patients and its level is found associated with the severity of the disease (86,87).
However, there is no any finding comprising the activity of enzymes responsible for
BER in the context of NMIBC.

All these facts emphasize the need of determining the activities of BER
enzymes to choose the best treatment approach that the patient will benefit most that

avoid poor clinical outcomes and overcome drug resistance.
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3. MATERIALS AND METHODS

3.1. NMIBC and Corresponding Normal Tissues

Seventeen NMIBC tumor and their corresponding non-cancerous tissues were
received from Urology Department at Acibadem Maslak Hospital (Istanbul, Turkey)
by cold cup biopsy before TUR. Following TUR, fresh tissues were snap-frozen, and
stored in liquid nitrogen. Evaluation and gradation of NMIBC tumor and
corresponding normal tissues were done by the Pathology Department of Acibadem
Maslak Hospital (Istanbul, Turkey) according to the previously published criteria
(88). All NMIBC patients were newly diagnosed, and had not been treated with
BCG, chemotherapy or radiotherapy at the time of TUR. Of the seventeen NMIBC
patients, fourteen were men and three were women as seen in Table 3. All NMIBC
tumors belong to this study were classified as high-grade and low-grade transitional
cell carcinoma (TCC). Before participation in this study, written informed consents
were received from all NMIBC patients. The study was approved by the Ethical
Committee of Acibadem Mehmet Ali Aydinlar University and Acibadem Health
Institutions Medical Research (ATADEK).

Table 3. Characteristics of the patients.

Characteristics Data
Number of patients with primary tumor diagnosis 17
Mean age (years) 68
Gender, n (%)
Female 3 (18)
Male 14 (82)
Grade, n (%)
Low-grade 6 (35)
High-grade 11 (65)
Stage, n (%)
TaTl 17 (100)
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3.2. Whole Tissue Lysate Preparation

Whole tissue lysate preparations were done according to previously described
protocol (89) with some alterations. At the beginning of this study, all of the tissues
were homogenized in ice-cold MSHE buffer including 210 mM mannitol, 70 mM
sucrose, 10 mM HEPES, 1 mM EGTA, 2 mM EDTA, 0,15 mM sperming, 0,75 mM
spermidine, 5 mM DTT and 1xcomplete™ protease inhibitor tablet (Roche Applied
Sciences, USA) with using a dounce glass-glass homogenizer. Then the tissue
homogenate was centrifuged at 16000xg for 15 minutes at 4°C. The pellet was
dissolved by using one volume of buffer I containing 10 mM Tris-HCI (pH 7.8) and
200 mM KCI, and two volumes of buffer II containing 10 mM Tris-HCI (pH 7.8),
200 mM KCI, 2 mM EDTA, 40% glycerol, ] mM PMSF, 0.2% NP-40, 2 mM DTT
and 1xcomplete™ protease inhibitor tablet (Roche Applied Sciences, USA).
Immediately after dissolving the pellet, sonication was applied to fragmentize DNA.
The lysates were rocked for 2 hours at 4°C. The lysates were centrifuged at
130000xg for 1 hour at 4°C. The supernatant was dialyzed at 4°C and left overnight
in buffer 111 (dialysis buffer) containing 25 mM HEPES-KOH (pH 7.5), 100 mM
KCI, 1 mM EDTA, 1 mM DTT, 15% glycerol, 12 mM MgCl,. After overnight
incubation, the cell lysates were centrifuged at 16000xg for 10 minutes at 4°C to
remove insoluble particles. Afterwards, the lysates were snap-frozen in liquid
nitrogen and stored at -80°C. Protein concentration of the lysates was determined by
the Bradford protein assay (Bio-Rad, USA) and bovine serum albumin (BSA; Bio-
Rad, USA) was used as a standard. The measurement was taken by PowerWave™
XS2 microplate spectrophotometer (BioTek, USA) at 595 nm.

3.3. Oligodeoxynucleotides

To understand the repair pathways of modified DNA bases, synthetic single
lesion oligodeoxynucleotides have been used. The sequences of the oligonucleotides
are listed in Table 4. AIll oligodeoxynucleotides were purchased from DNA

Technology, Denmark.
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Table 4. The sequence of oligodeoxynucleotides used in this study.

Oligodeoxynucleotides and
Sequences

15-25mer
5’-GCTTAGCTTGGAATCGTATCATGTA-3’

225 mer
5’-ACTCGTGTGCCGTGTAGACCGTGCC-3’

Uracil (U)
5’-GCTTAGCTTGGAATCGTATCATGTAUACTCGTGTGCCGTGTAGACCGTGCC-3’
3’-CGAATCGAACCTTAGCATAGTACATGTGAGCACACGGCACATCTGGCACGG-5’

X=Tetrahydrofuran (THF)
5’-GCTTAGCTTGGAATCGTATCATGTAXACTCGTGTGCCGTGTAGACCGTGCC-3’
3’-CGAATCGAACCTTAGCATAGTACATGTGAGCACACGGCACATCTGGCACGG-5’

8-oxoguanine (8-0xoG) .
5’-GCTTAGCTTGGAATCGTATCATGTA__GACTCGTGTGCCGTGTAGACCGTGCC-3’
3’-CGAATCGAACCTTAGCATAGTACAT GTGAGCACACGGCACATCTGGCACGG-5’

1nt-Gap
5’-GCTTAGCTTGGAATCGTATCATGTA ACTCGTGTGCCGTGTAGACCGTGCC-3’
3’-CGAATCGAACCTTAGCATAGTACATGTGAGCACACGGCACATCTGGCACGG-5’

Control
5’>-GCTTAGCTTGGAATCGTATCATGTACACTCGTGTGCCGTGTAGACCGTGCC-3”
3’-CGAATCGAACCTTAGCATAGTACATGTGAGCACACGGCACATCTGGCACGG-5’

3.4. Construction of Radiolabeled DNA Substrates Containing 1%-25mer, U,
THF, 8-0x0G, 1nt-Gap and Control

3.4.1. Radiolabeling of oligodeoxynucleotides with 2P

All oligodeoxynucleotides were radiolabeled with [y-*>PJATP at their 5°-end by

using T4 polynucleotide kinase (T4 PNK) reaction seen in Table 5.

Table 5. Radiolabeling reaction of oligodeoxynucleotides with [y-?P]JATP.

Kinase Reaction Volume | Final Concentration
Oligodeoxynucleotide (10 pmol/ul) 1l 1 pmol/ul
T4 PNK (20 U) 1yl 2U
10X T4 PNK 1l 1X
[y-2P]ATP (10 pCi) 1l 1 uCi
dH,0 6 ul

25



The reaction mixture represented in Table 5 was incubated for 1 hour at 37°C. Then
the inactivation of kinase reaction was done by increasing the temperature to 65°C
and incubating for 20 minutes. After the incubation, the unincorporated [y->*P]JATP
was removed by loading the 10 ul of the reaction mixture onto a Sephadex G-25
column (SigmaAldrich, USA) and centrifuged at 700xg for 1.5 minutes and the 5°-
end [y-**P]ATP-labeled oligodeoxynucleotide eluate was collected (90).

3.4.2. Annealing reaction of radiolabeled DNA substrates containing U, THF, 8-
oxoG and Control

For the annealing reaction, 38 ul of dH,O, 1 ul of 1 M LIiCl and 1 pl of 20
pmol/ul complementary oligodeoxynucleotides were added to 10 ul kinase reaction
mixture prepared in subheading 3.4.1. The mixture was incubated at 95°C for 5
minutes for substrates containing U, 8-oxoG, and control; for THF-containing
substrate, it was incubated at 75°C for 10 minutes. Then the heat block was turned
off and let cool at room temperature over a period of 3-4 hours to allow the annealing
of the primers. The 5’-end-[y-**P]ATP-labeled duplex DNA substrates were prepared
and stored at 4°C (89).

3.4.3. Annealing reaction of radiolabeled DNA substrate containing 1nt-Gap

For annealing reaction of 1nt-gap oligodeoxynucleotide, two different 25mer
oligodeoxynucleotides (1-25mer and 2"-25mer) were used. The 1%-25mer
oligodeoxynucleotide was radiolabeled with [y-**P]JATP prior to the annealing
reaction (see subheading 3.4.1). To anneal 1nt-Gap oligodeoxynucleotides, 32 pl of
dH,0O, 1 ul of 1 M LiCl, 2 pl of 20 pmol/ul complementary oligodeoxynucleotide
and 5 pl of 2"-25mer 10 pmol/ul oligodeoxynucleotide were added to the 10 pl
kinase reaction mixture prepared for the 1%-25mer oligodeoxynucleotide. Then, it
was incubated at 95°C for 5 minutes and then the heat block was turned off and
allowed to cool at room temperature over a period of 3-4 hours for the annealing of
the primers. As a result, 5’-end-[y->P]ATP-labeled duplex 1 nt-gap DNA substrate
was prepared and stored at 4°C (89).
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3.5. Construction of Non-radiolabeled DNA Substrates Containing U and 1nt-
Gap

To generate non-radiolabeled duplex DNA substrates, 1 pul of
oligodeoxynucleotides (10 pmol/ul) were mixed with 9 ul of dH,O. After generating
a 10 pl total mixture; 41 pl of dH,O, 1 pl of 1 M LICl, and 1 pl of 20 pmol/ul
complementary oligodeoxynucleotides were added to that 10 ul mixture. The mixture
was incubated at 95°C for 5 minutes and then the heat block was turned off and let
cool at room temperature over a period of 3-4 hours to allow the annealing of the
primers. Thanks to this reaction, non-radiolabeled duplex DNA substrates were
prepared and they were stored at 4°C (89).

3.6. Measurement of UDG DNA Glycosylase Activity

UDG is a monofunctional DNA glycosylase that recognizes U, U:G, U:A and 5-
OH-Ura in the DNA. It cleaves the N-glycosidic bond and leads the formation of an
AP site (28,30). To measure the UDG DNA glycosylase activity, the incision
experiment was performed. Incision of U was performed in a reaction mixture (10
ul) containing 70 mM HEPES-KOH (pH 7.4), 5 mM EDTA, 1ImM DTT, 75 mM
NaCl, 10% glycerol and 100 fmol **P-labeled-U-containing duplex DNA substrate
(Table 4 and section 3.4) (91). For optimization, different concentrations (0.25 pg,
0.5 pg and 1 pg) of whole tissue extracts were incubated at 37°C for 30 minutes for
initializing of the reactions. For the complete strand cleavage at the AP sites 50 mM
NaOH was added and the reactions were terminated by adding 1 volume of 2X
formamide stop dye seen in Table 6 and incubating at 75°C for 10 minutes. Then the
reactions were ran on 20% 19:1 acrylamide/bis-acrylamide-7 M urea denaturing
(PAGE+7M Urea) gel at 15 W for 2 hours in 1X TBE buffer (ThermoFisher, USA).
Gels were exposed to Phosphorimager screens (GE HealthCare, USA) overnight at
room temperature and visualized by Typhoon Phosphorimager (GE HealthCare,
USA). Results were quantitated via ImageQuant software (GE HealthCare, USA).
The percentage of incision was calculated as the amount of radioactivity present in
the product band relative to the total radioactivity. The 0.25 pg of whole tissue

extract was used for the experiments and it was repeated three times.
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Table 6. Preparation of 2X formamide stop dye.

Component Stock Concentration Volume Final .
Concentration
Xylene cyanol 0.5% 60 ul 0.01%
Bromophenol blue 0.2% 150 pl 0.01 %
EDTA 05M 60 ul 10 mM
Formamide 100% 2730 ul 91%

3.7. Measurement of OGG1 DNA Glycosylase Activity

Excision of 8-oxoG from DNA is mainly removed by bifunctional DNA
glycosylase, OGG1 (92). To measure OGG1 DNA glycosylase activity, the incision
experiment was performed in 10 ul reaction mixture containing 70 mM HEPES-
KOH (pH 7.4), 5 mM EDTA, 1 mM DTT, 75 mM KCI, 10% glycerol and 20 fmol
32p_|abeled-8-0xoG-containing duplex DNA substrate (91) (Table 4, section3.4). For
optimization, different concentrations (0.75 pg and 1.5 pg) of whole tissue extracts
were incubated for 30 minutes at 37°C. For the complete strand cleavage of AP sites
50 mM NaOH was added. To terminate the reactions one volume of 2X formamide
stop dye was added (Table 6) and incubated at 75°C for 10 minutes. Then the
reactions were run on 20% PAGE+7M urea gel at 15 W for 2 hours in 1X TBE
buffer (ThermoFisher, USA). Gels were exposed to Phosphorimager screens (GE
HealthCare, USA) overnight at room temperature and visualized by Typhoon
Phosphorimager (GE HealthCare, USA). Results were quantitated via ImageQuant
software (GE HealthCare, USA). The percentage of incision was calculated as the
amount of radioactivity present in the product band relative to the total radioactivity.
The 1.5 pg of whole tissue extract was selected as the most optimized concentration
and all of the samples were repeated for three times in that concentration.

3.8. Measurement of AP Endonuclease Activity

APEL1 incises the phosphodiester backbone and causes SSB (30). To measure
APE1 activity, the **P-labeled 51mer duplex DNA substrate with THF at position 26
was used (Table 4, section 3.4). The incision experiment was performed in 10 pl
reaction mixture including 50 mM HEPES-KOH (pH 7.4), 25 mM KCI, 0.1 mg/ml
BSA, 5 mM MgCl,, 10% glycerol, 0.01% Tween-20 and 50 fmol of ?P-labeled-
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THF-containing duplex DNA substrate. For optimization different concentrations
(0.5 pug and 0.2 ug) of whole tissue extracts were incubated at 37°C for 15 minutes
(91). The reactions were terminated by adding an equal amount of 2X formamide
stop dye (Table 6) and incubating at 75°C for 15 minutes. Then the reactions were
ran on 20% PAGE+7M urea gel at 15 W for 2 hours 20 minutes in 1X TBE buffer
(ThermoFisher, USA). Gels were exposed to Phosphorimager screens (GE
HealthCare, USA) overnight at room temperature and visualized by Typhoon
Phosphorimager (GE HealthCare, USA). Results were quantitated via ImageQuant
software (GE HealthCare, USA). The percentage of incision was calculated as the
amount of radioactivity present in the product band relative to the total radioactivity.
The 0.2 pg of whole tissue extract was selected as the most optimized concentration

and all of the samples were repeated for three times in that concentration.

3.9. Pol B Gap Filling Assay

Pol B is one of the most important core BER enzymes that has an intrinsic dRP
lyase activity, which removes the 5’-dRP residue and also it synthesizes one
nucleotide to the 3’-end of the existing single-nucleotide gap. The majority of the 5°-
dRP lyase activity that exists in the nucleus is come from Pol § (34). To measure Pol
B gap-filling activity, the reactions were performed in 10 pl reaction mixture
containing 40 mM Tris-HCI (pH 7.4), 5 mM MgCl;, 50 mM KCI, 1 mM DTT, 5 uM
dCTP (SigmaAldrich, USA), 5% glycerol, 100 fmol non-radiolabeled-1nt-gap
containing duplex DNA substrate at position 26 (Table 4, section 3.4) and 2 pCi of
%2p_dCTP (GE HealthCare, USA) (93). For optimization different concentrations
(0.125 pg, 0.25 ug and 0.5 pg) of whole tissue extracts were incubated at 37°C for 1
hour for initializing of the reactions. The reactions were terminated by adding an
equal amount of 2X formamide stop dye (Table 6) and incubating at 75°C for 10
minutes and then ran on 20% PAGE+7M urea denaturing gel at 15 W for 1 hours and
40 minutes in 1X TBE buffer (ThermoFisher, USA). Gels were exposed to
Phosphorimager screens (GE HealthCare, USA) overnight at room temperature and
visualized by Typhoon Phosphorimager (GE HealthCare, USA). Results were
quantitated via ImageQuant software (GE HealthCare, USA). The percentage of
incision was calculated as the amount of radioactivity present in the product band

relative to the total radioactivity. The 0.5 pug of whole tissue extract was selected as
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the most optimized concentration and all of the samples were repeated for three

times in that concentration.

3.10. Whole BER Assay

To measure whole BER capacity in the whole tissue extracts instead of
analyzing the BER components one by one, whole BER assay was done. The whole
BER assay reactions (10 ul) were done in BER buffer containing 40 mM HEPES
(pH 7.6), 0.1 mM EDTA, 5 mM MgCl,, 0.2 mg/ml BSA, 50 mM KCI, 1 mM DTT,
40 mM phosphocreatine, 100 pg/ml creatine phosphokinase, 2 mM ATP, 40 uM of
each dATP, dTTP, dGTP and 4 uM of dCTP, 2 uCi of **P-dCTP (GE HealthCare,
USA), 3% glycerol, and 100 fmol of non-radiolabeled-U-containing duplex DNA
substrate (93) (Table 4). For optimization different concentrations (0.25 pg and 0.5
pg) of whole tissue extracts were incubated at 37°C for 1 hour for initializing of the
reactions. The reactions were terminated by adding an equal amount of 2X
formamide stop dye (Table 6) incubating at 75°C for 10 minutes and then ran on
20% PAGE+7M urea gel at 15 W for 2 hours in 1X TBE buffer (ThermoFisher,
USA). Gels were exposed to Phosphorlmager screens (GE HealthCare, USA)
overnight at room temperature and visualized by Typhoon Phosphorimager (GE
HealthCare, USA). Results were quantitated via ImageQuant software (GE
HealthCare, USA). The percentage of incision was calculated as the amount of
radioactivity present in the product band relative to the total radioactivity. The 0.4 pg
of whole tissue extract was selected as the most optimized concentration and all of

the samples were repeated for three times in that concentration.

3.11. Statistical Analysis

To analyze the differences among NMIBC and corresponding normal tissues,
Student’s t-test was used and p<0.05 was accepted as significant. The tests were two-
sided. Analyses were carried out by quantitation of the results via using ImageQuant
software and the GraphPad Prism 7 software.
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4. RESULTS

4.1. [y-¥P]ATP-labeled DNA Substrates

The [y-**P]JATP-labeled-1%-25mer single stranded DNA substrate and [y-
32p]ATP-labeled duplex DNA substrates containing U, THF, 8-0x0G, 1nt-gap and
control were ran on 12% native polyacrylamide gel at 15 W for 1.40 hours in 1X
TBE buffer (ThermoFisher, USA) to check whether the substrates were labeled with
[y-2P]ATP properly, and substrates were annealed correctly or not. Gels were
visualized by using Typhoon Phosphorimager (GE HealthCare, USA). As seen in
Figure 4, all of the substrates were labeled with [y-**P]JATP and annealed properly.

25mer U U THF 8#-oxoG Gap Control

DNA Lesion

— ) e — *IIIJIEEEDIII

SImer

[<-25mer

1 2 3 4 5 6 7

Figure 4. The constructed [y-*’P]JATP-labeled DNA substrates on 12% native polyacrylamide gel. All
olideoxynucleotides were 5’-end-[y-**PJATP-labeled by T4 PNK. Reaction products were annealed to
the complementary strands (except 1¥-25mer) by heating the samples except THF-containing substrate
at 95°C for 5 minutes (THF-containing substrate at 75°C for 10 minutes) and slowly cooled to room
temperature. Lane 1, 1¥-25mer single-stranded substrate. Lane 2-3, U-containing 51mer duplex DNA
substrate. Lane 4, THF-containing 51mer duplex DNA substrate. Lane 5, 8-0xoG-containing 51mer
duplex DNA substrate. Lane 6, 1nt-gap-containing 51mer duplex DNA substrate. Lane 7, 51mer
control duplex DNA substrate.
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4.2. NMIBC High-Grade Tissues Have Increased UDG DNA Glycosylase
Activities

To test whether DNA glycosylase activities are different in NMIBC and
corresponding normal tissues, the activity of UDG and OGG1 were measured
according to the incision of the [y-**P]JATP-labeled-oligodeoxynucleotide substrate
containing a single lesion U and 8-0x0G, respectively (Table 4, section 3.4). Activity
of incision was calculated as the amount of radioactivity in the cleaved band over the
total radioactivity. Figure 5 shows the schematic view of DNA glycosylase reaction
on denatured PAGE. For example, UDG and OGG1 efficiently incises the double
stranded substrates containing U and 8-0xoG at position 26, respectively, and creates
the incised product with 25mer as seen in Figure 5. Because the reaction was run on
denatured PAGE, [y-*>P]ATP-labeled 25mer single stranded oligodeoxynucleotide
are observed in the gel as a cleaved product (Figure 5, lane 2).

Denature Polyacrylamide Gel

DNA Lesion

[ ] - S
51mer
Full length substrate

[ *

Cleaved product

25mer

1 2

Figure 5. Schematic view of in vitro oligodeoxynucleotide incision assay for DNA glycosylases. The
51mer radiolabeled duplex oligodeoxynucleotide DNA substrate containing a DNA lesion is incised
by the appropriate DNA glycosylase that exist in the whole tissue extract and produced a 25mer
product. Lane 1, the 51mer radiolabeled duplex oligodeoxynucleotide DNA substrate containing a
DNA lesion without tissue extract. Lane 2, the 51mer radiolabeled duplex oligodeoxynucleotide DNA
substrate containing a DNA lesion in the presence of tissue extract.
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UDG incision assays were performed with increasing concentrations 0.25 pg,
0.5 ug and 1 ug of NMIBC whole tissue protein extracts to identify the optimum
protein concentration. UDG efficiently incised the U-containing double stranded
51mer substrate at the single U site at the position 26, generating the 25mer product
as expected (Figures 6A and 6B). This experiment showed that UDG activity was
increased while the protein concentration increases (Figure 6A, lanes 3-5). It
indicates that the measured activity is not contaminated or residual activity in tissue
extracts. The 0.25 ug of whole tissue protein extract which shows approximately
60% incision activity was selected as the optimum protein amount for the UDG
activity assay (Figure 6A, lane 3). A control (lesion-free) [y-2P]ATP-labeled-duplex
substrate was used as a negative control in each DNA glycosylase assay and no
product was observed (Figure 6B, lanes 16, 27 and Figure 7B, lane 16). UDG
incision assay for all NMIBC and corresponding normal samples were repeated three
times. UDG incision activities were quantified as percentage of incision, and the
results were evaluated according to the grades of tissue samples (Figure 6B, 6C and
6D). It was found that no significance difference (p=0.15) in the uracil incision
activity between low-grade NMIBC tissues and corresponding normal tissues (Figure
6C). However, the uracil incision activity was found significantly higher (p=0.0001)
in high-grade NMIBC tissues compared with corresponding normal tissues (Figure
6D).

4.3. NMIBC Tissues Have Similar OGG1 DNA Glycosylase Activities

OGG1 incision assays were performed with increasing concentrations (0.75 ug
and 1.5 ug) of NMIBC whole tissue protein extracts to determine the optimum
protein concentration. It was found that the activity of OGG1 was increased in a
concentration-dependent fashion (Figure 7A, lanes 2-3). The 1.5 pg of whole tissue
protein extract was selected as the optimum concentration and all NMIBC and
corresponding samples were repeated for three times in that concentration to perform
OGGL1 incision assay. OGG1 efficiently incised the 8-oxoG-containing double
stranded 51mer substrate at the single 8-0xoG site at the position 26, generating the
expected 25mer product (Figures 7A and 7B). OGGL1 incision activities were
quantified as percentage of incision, and the results were evaluated according to the

grades of tissue samples. As a consequence, for both low- and high-grade NMIBC
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and corresponding tissue samples, no significant difference (p=0.942 and p=0.646,
respectively) in the percentage of 8-0xoG incision activities was detected (Figure 7C
and 7D).
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Figure 6. The UDG incision activity on [y-’P]JATP-labeled duplex substrate containing U in the
presence of NMIBC and corresponding normal tissue extracts. Reaction products were ran on a 20%
denaturing polyacrylamide gel and visualized by a Phosphorimager. (A) Incision of U-containing [y-
2p]ATP-labeled duplex oligodeoxynucleotide was carried out with; lane 3, 0.25 ug, lane 4, 0.5 pg and
lane 5, 1 pg of NMIBC whole tissue extracts. Lane 1, [y-2P]ATP-labeled-1%-25mer single stranded
oligodeoxynucleotide without tissue extract. Lane 2, [y-“P]ATP-labeled duplex DNA substrate
containing U without tissue extract. (B) Incision of the [y-“P]JATP-labeled duplex U-containing
substrate was carried out 0.25 pg of NMIBC and corresponding normal tissue extracts. Lane 1, [y-
2p]ATP-labeled duplex DNA substrate containing U without tissue extract. Lanes 16 and 27, [y-
%2P]ATP-labeled duplex DNA control substrate with tissue extract. Lanes 3-15, and lanes 17-26 and
lanes 28-37 the incision activity of NMIBC and corresponding normal tissue samples. Percentage of U
incision activities of (C) low-grade (D) high-grade NMIBC and corresponding normal tissue extracts.
The percentage of incision activity is calculated as the amount of radioactivity present in the product
band relative to the total radioactivity.
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Figure 7. The OGG1 incision activity on [y-*>P]JATP-labeled duplex substrate containing 8-oxoG in the
presence of NMIBC and corresponding normal tissue extracts. Reaction products were ran on a 20%
denaturing polyacrylamide gel and visualized by a Phosphorlmager. (A) Incision of 8-oxoG-containing
y-*P]ATP-labeled duplex oligodeoxynucleotide was carried out with increasing concentrations (0.75
and 1.5 pg; lanes 3 and 2 respectively) of NMIBC whole tissue extracts. Lane 1, [y-2P]JATP-labeled
duplex DNA substrate containing 8-oxoG without tissue extract. (B) Incision of [y-P]ATP-labeled
duplex 8-0xoG-containing substrate was carried out 1.5 pg of NMIBC and corresponding normal tissue
extracts. Lanes 1 and 31, [y-2P]ATP-labeled duplex DNA substrate containing 8-0xoG without tissue
extract. Lane 16, [y-P]ATP-labeled duplex DNA control substrate with tissue extract. Lanes 2-15,
lanes 17-30 and lanes 32-37, incision activity of NMIBC and corresponding normal tissue extracts.
Percentage of 8-oxoG incision activities of (C) low-grade (D) high-grade NMIBC and corresponding
normal tissue extracts. The percentage of incision is calculated as the amount of radioactivity present in
the product band relative to the total radioactivity.
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4.4. Both Low- and High-Grade NMIBC Tissues Have Increased APE1 Activity

The activity of APEL that exists in whole tissue extracts of NMIBC and
corresponding normal tissues was measured by using an AP site counterpart THF-
DNA substrate (Table 4, section 3.4). THF site is cleaved by APEL, however it
cannot be cut by bifunctional DNA glycosylases, such as OGGL1 (Figure 8) (16).

“o-CHz “o-CHz “o—cHe
oH s OH .o
0, o, o,
Natural AP site THF-type AP site

Figure 8. Natural and THF AP sites structures (94).

THF-incision assays were performed with increasing concentrations (0.2 ug and
0.5 pg) of whole tissue protein extracts to determine the optimum protein
concentration and it was found that the activity of APE1 was increased in a protein
concentration-dependent fashion. (Figure 9A, lanes 3-4). The 0.2 pg of whole tissue
protein extract was selected as the optimum protein concentration and all NMIBC
and corresponding normal tissue extracts were repeated for three times in that
concentration to perform THF incision assay. A control (lesion-free) [y->*PJATP-
labeled-duplex substrate was used as a negative control in APE1 activity assay and
no product was formed (Figure 9B, lanes 15, 29). It was determined that APE1l
efficiently cleaved the THF-containing duplex 51mer substrate at the single THF site
at the position 26 and generated the expected 25mer product (Figures 9A and 9B).
AP site incision activities were quantified as the percentage of incision, and the
results were evaluated according to the grades of tissue samples. As a result, APE1
activity was found significantly higher in both low- (p=0.026) and high-grade
(p<0.0001) NMIBC than corresponding tissue samples as seen in Figures 9C and 9D.
In addition, it was found that AP-site incision activities of NMIBC tissue samples

were higher than low-grade samples (Figures 9C and 9D).
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Figure 9. The APE1 activity on [y-2P]ATP-labeled duplex DNA substrate with THF in the presence
of NMIBC and corresponding normal tissue extracts. Reaction products were ran on a 20% denaturing
polyacrylamide gel and visualized by a Phosphorimager. (A) Incision of THF-containing [y->2P]JATP-
labeled duplex DNA substrate was carried out with increasing concentrations (0.5 and 0.2 pg; lanes 3
and 4, respectively) of NMIBC whole tissue extracts. Lane 1, [y-2P]ATP-labeled-1%-25mer single
stranded oligodeoxynucleotide without tissue extract. Lane 2, [y-’P]JATP-labeled duplex DNA
substrate containing THF without tissue extract. (B) Incision of [y-*P]ATP-labeled duplex THF-
containing DNA substrate was carried out 0.2 ug of NMIBC and corresponding normal tissue extracts.
Lane 1 [y-*P]ATP-labeled duplex DNA substrate containing THF without tissue extract. Lane 14 and
28, the [y-?P]ATP-labeled-1"-25mer single stranded oligodeoxynucleotide. Lanes 15 and 29, [y-
2p]ATP-labeled duplex DNA control substrate with tissue extract. Lanes 2-13, lanes 16-27, and lanes
30-39, AP site incision activities of NMIBC and corresponding normal tissue extracts. Percentage of
AP site incision activities of (C) low-grade (D) high-grade NMIBC and corresponding normal tissue
extracts. The percentage of incision is calculated as the amount of radioactivity present in the product
band relative to the total radioactivity.
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4.5. NMIBC High-Grade Tissues Have Increased Pol p Activities

To test whether Pol B activity is altered in NMIBC and corresponding normal
tissues, the activity of single nucleotide gap filling that is the *P-dCTP nucleotide
incorporation into a 51mer duplex DNA substrate containing 1nt-gap at position 26

was measured (Figure 10).
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Figure 10. The schematic view of one nucleotide incorporation of Pol . The gap at position 26 of
51mer non-radiolabeled duplex oligodeoxynucleotide is efficiently filled by Pol 3, producing a 26mer
product.

Pol f incorporated *P-dCTP at position 26 of the 51mer substrate and generated
a product with 26mer as seen in Figures 11A and 11B. At the beginning, the assay
was performed using 0.125 ug, 0.25 ug and 0.5 pg of whole tissue lysates of NMIBC
and the corresponding normal tissues to determine the optimum protein
concentration (Figure 11A). The 0.5 pg of whole tissue protein extract was selected
as the optimum protein concentration and all NMIBC and corresponding normal
tissue extracts were repeated for three times in that concentration to perform Pol
single nucleotide incorporation assay. It was determined that Pol B efficiently
incorporates the **P-dCTP to the 1nt-gap site and generated a 26mer product (Figures
11A and 11B). The gap filling activities of Pol B were quantified as relative *2P-
dCTP incorporation with Phosphorimager units and the results were evaluated by
considering the grades of the tissue samples. As a consequence, for low-grade
NMIBC and corresponding samples, no significant difference (p=0.348) was
detected in relative 3P-dCTP incorporation activities of Pol § (Figure 11C). There is
a significant difference between high grade-NMIBC samples and corresponding

normal tissues, p= 0.041 (Figure 11D).
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Figure 11. The one nucleotide (*“P-dCTP) incorporation activity of Pol  on non-radiolabeled duplex
substrate containing 1 nt-gap at position 26 in the presence of NMIBC and corresponding normal
tissue extracts. Reaction products were ran on a 20% denaturing polyacrylamide gel and visualized by
a Phosphorlmager. (A) Incorporation of a single *P-dCTP into a 51mer duplex substrate containing
1nt-gap at position 26 was carried out with increasing concentrations (0.5, 0.25 and 0.125 pg; lanes 1,
2 and 3, respectively) of normal whole tissue extracts (lanes 4-6) of NMIBC whole tissue extracts. (B)
Incorporation of a single **P-dCTP into a 51mer duplex substrate containing 1nt-gap at position 26 was
carried out 0.5 pg of NMIBC and corresponding normal tissue extracts. Relative *P-dCTP
incorporation of (C) low-grade (D) high-grade NMIBC and corresponding normal tissue extracts. The
gap filling activities of Pol p were quantified as relative *P-dCTP incorporation with Phosphorimager
units.
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4.6. NMIBC High-Grade Tissues Have Increased Whole BER Capacity
Uracil-initiated BER capacity in NMIBC and corresponding normal tissues was
determined as both *P-dCTP nucleotide incorporation into a non-radiolabeled 51mer
duplex DNA substrate with U/G at position 26, and subsequent ligation of the
incorporated product. It was expected that UDG recognizes the existing U in the
substrate, leaving an AP site for APE1 to make 3’-OH for Pol $ and Pol B fills the
one nucleotide gap and the nick is ligated by Liglll and XRCC1 complex as seen in

Figure 12.
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Figure 12. In vitro whole BER process. The U at position 26 of 51mer non-radiolabeled duplex
substrate is recognized by UDG and further processed by APE1 to allow Pol B’s one nucleotide
incorporation and lastly the nick is sealed by Ligase Il and XRCC1 complex resulting with a 51mer
product.

At the beginning, the assay was performed using 0.25 ug and 0.5 ug of whole
tissue lysates of NMIBC and the corresponding normal tissues to determine the
optimum protein concentration (Figure 13A). The 0.4 pg of whole tissue protein
extract was selected as the optimum protein concentration (Figure 13A, lane 2). All
NMIBC and corresponding normal tissue extracts were repeated for three times in
that concentration to perform whole BER assay. It was determined that the U which
exists in the non-radiolabeled 51mer duplex DNA substrate was efficiently incised

and further processed, and then Pol B efficiently incorporates the **P-dCTP to the
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Int-gap site and generated a 26mer product (Figure 13B, lower band). It was also
detected that subsequent to incorporation of 3*P-dCTP, the product was ligated
efficiently and 51mer product was generated (Figure 13B, upper band). The ¥2P-
dCTP incorporation and ligation activities were quantified as relative **P-dCTP
incorporation with Phosphorlmager units and the results were evaluated by
considering the grades of the tissue samples. It was found that no significance
difference (p=0.13) in the incorporation of a **P-dCTP between low-grade NMIBC
and corresponding tissues (Figure 13C). However, *P-dCTP incorporation activities
were found significantly higher (p=0.048) in high-grade NMIBC tissues compared
with corresponding tissues (Figure 13D). On the other hand, ligation product activity
was found significantly higher in both low (p=0.026) and high-grade (p=0.002)

NMIBC than corresponding tissue samples as seen in Figures 13E and 13F.
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Figure 13. U-initiated BER capacity in NMIBC and corresponding normal tissues by using a non-

radiolabeled 51mer duplex substrate with U/G at position 26. Reaction products were ran on a 20%

denaturing polyacrylamide gel and visualized by a Phosphorimager. (A) Incorporation of a single 3P-
dCTP into a 51mer duplex substrate containing U at position 26 and subsequent ligation of
incorporated product were carried out with increasing concentrations (0.25 and 0.5 pg; lanes 1 and 2,
respectively) of NMIBC whole tissue extracts and increasing concentrations (0.25 and 0.5 pg; lanes 3

and 4, respectively) of normal whole tissue extracts. (B) Incorporation of a single *P-dCTP into a
51mer duplex substrate containing U at position 26 and subsequent ligation of incorporated product

were carried out 0.4 pg of NMIBC and corresponding normal tissue extracts. Relative *P-dCTP
incorporation of (C) low-grade (D) high-grade, and ligated BER products activity of (E) low-grade (F)
high-grade NMIBC and corresponding normal tissue extracts.
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4.7. Inter-individual Variations in BER

All of the analyzed facts (UDG, OGGL1, APEL, Pol 3 and whole BER capacity)
were evaluated as inter-individual variations to understand personalized therapy
approaches. In the case of U incision activity, out of seventeen normal tissue extracts
of individuals; one of them showed less than 10%, ten of them showed ~10%, three
of them showed ~20%, two of them showed ~40%, and one of them showed ~50% U
incision activities (Figure 14A). In addition to the different percentages of U incision
activities of normal tissue extracts, individuals NMIBC tissues also showed different
percentages of activities as follows: one of them showed ~10%, two of them showed
~20%, one of them showed ~30%, three of them showed ~40%, three of them
showed ~50%, two of them showed ~60%, four of them showed ~70%, and one
person showed ~90% U incision activities (Figure 14A). For 8-0xoG incision
activity, out of seventeen normal tissue extracts of individuals; seven of them
showed less than 5%, three of them showed ~5%, and seven of them showed ~8% 8-
oxoG incision activities (Figure 14B). Also their NMIBC tissues also showed
different percentages of activities as follows: three of them showed less than ~5%,
ten of them showed ~5%, one of them showed ~8%, two of them showed ~10%, and
one person showed ~15% 8-0xoG incision activities (Figure 14B). For AP site
incision activity, out of seventeen normal tissue extracts of individuals; seven of
them showed 50%, three of them showed ~70%, four of them showed ~20%, and
three of them showed ~30% AP site incision activities (Figure 14C). Besides
corresponding normal tissue extracts, inter-individual differences occur for NMIBC
tissue extracts of seventeen individuals as follows: one person showed ~40%, two of
them showed ~50%, three of them showed ~70%, seven of them showed ~80%, and
four people showed ~90% AP site incision activities (Figure 14C). In the case of Pol
[’s gap filling activity, out of seventeen normal tissue extracts of individuals; twelve
of them showed less than 5.0x10° units, two of them showed ~5.0x10°, and three of
them showed between 5.0x10° and 1.0x10° relative 3P-dCTP incorporation activities
as Phosphorimager units (Figure 14D). Individuals NMIBC tissue extracts Pol B’s
gap filling activities were differed as follows: nine people showed less than 5.0x10°,
two of them showed between 5.0x10° and 1.0x10°, four of them showed ~1.0x10°,

and two of them showed ~1.25x10° relative 3?P-dCTP incorporation activities as
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PhosphorIimager units (Figure 14D). In the case of whole BER activity according to
%2p_dCTP incorporation activities, out of seventeen normal tissue extracts of
individuals; except two individual, the others showed almost zero *2P-dCTP
incorporation activities as Phosphorlmager units (Figure 14E). However, each
individual’s NMIBC tissue extract showed variable value of *P-dCTP incorporation
activity between 0.0 and ~1.5x10° Phosphorlmager units (Figure 14E). Whole BER
activity was also analyzed as the subsequent ligation of the BER products. Out of
seventeen normal tissue extracts of individuals; each of person showed different
value of ligation activity which most of them were close to zero Phosphorimager
units (Figure 14F). Although each individual’s normal tissue showed almost zero
activity as Phosphorlmager units except two people; individuals NMIBC tissue
extracts ligation activities were differed between 0 and 6x10° Phosphorlmager units
(Figure 14F).
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Figure 14. Inter-individual variations in NMIBC and corresponding normal tissue extracts. Inter-
individual variations in NMIBC and corresponding normal tissue extracts. (A) Uracil incision. (B) 8-
oxoG incision. (C) AP-site incision. (D) Relative **P-dCTP incorporation. (E) **P-dCTP incorporation
product of U-initiated whole BER assay. (F) Subsequent ligated BER products of U-initiated whole

BER assay.
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5. DISCUSSION AND CONCLUSION

The unrepaired DNA damage is one of the most important factors that cause
carcinogenesis. It promotes accumulation of mutations and genomic instability,
hence, induces cancer development (28,49). The most common malignancy of the
urinary tract is BC (95). The mechanism involved in the development of BC has still
not been understood. It is suggested that accumulation of toxins occur in bladder
during excretion and these toxins generate further carcinogenic by-products that give
rise to DNA damage and thus carcinogenesis occurs (3,4). The majority of BCs at
diagnosis involve NMIBC (95). Especially, NMIBC patients with high-grade tumors
show enhanced recurrence risk, and to prevent recurrence and metastasis several
chemotherapeutic agents or BCG are used as an adjuvant therapy following TUR of
bladder tumor (5,6,95). These therapies show their cytotoxic effect by causing
alkylated, oxidized and deaminated DNA damages, and SSBs (6,7,8) which are
repaired by BER pathway (9). Since insufficient BER capacity leads to
carcinogenesis while extreme BER capacity leads to development of drug resistance,
therefore the balance of BER capacity in cells is very important to maintain genomic
integrity and stability (10). Therefore, it is important to investigate NMIBC in the
context of BER capacity to understand cancer susceptibility, progression, and
responses to chemotherapy, to develop predictive, prognostic and therapeutic
biomarkers, and for personalized therapy. The role of BER capacity in NMIBC has
still not been known. Thus, the goal of this thesis is to determine total BER capacity
as well as the activities of key BER proteins including UDG, OGG1, APE1 and Pol
in tumors and corresponding normal tissues of NMIBC patients. The results
demonstrate that high-grade NMIBC is associated with a significantly increased total
BER capacity as well as increased UDG, APEL and Pol B activities. Moreover, this
study clearly shows the inter-individual variations in the BER capacity of normal and
NMIBC tissues.

The BER is started with DNA glycosylases, which recognize and cut out the
damaged base. Previous studies demonstrated that alterations in the expression levels
or activity of major DNA glycosylases such as UDG and OGG1 were relevant to

drug resistance or cancer progression including lung, head, neck and colorectal
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cancers (54-57). However, their role in NMIBC is not known yet. Therefore in this
study, the activities of UDG and OGG1 were measured in whole tissue lysates of
NMIBC and corresponding normal tissues. As UDG and OGGL1 are the primary
DNA glycosylases which remove U and 8-0xoG lesions from DNA, respectively,
their activities were measured as the incision of double stranded
oligodeoxynucleotide substrates containing a single U or 8-0xoG lesions (Table 4) in
NMIBC and corresponding normal tissue extracts. In this study, it was found that U
incision activity was significantly higher in high-grade NMIBC tissues compared
with corresponding normal tissues while there was no significant difference between
low-grade samples (Figures 6C and 6D). Recently, Wei et al demonstrated that
rs3890995 in UDG gene was associated with NMIBC progression in patients
receiving BCG treatment (81). It was suggested that rs3890995 in UDG gene might
affect its transcription and protein level and thus might affect the activity of UDG,
thereby contributing the progression in NMIBC as seen in high-grade tumors. On the
other hand, no significant differences in the 8-oxoG incision activities were detected
in this study for both low- and high-grade NMIBC and corresponding tissue samples
(Figures 7C and 7D). The recent meta-analysis (82) reported no significant relation
between OGG1 gene polymorphisms and BC risk that supports this finding.

APEL1 is one of the key enzymes that play a role in BER. In several studies, it
has been demonstrated that APEL is overexpressed in a great deal of cancer types
such as prostate, breast, triple-negative breast, colon, ovarian, non-small cell lung,
head and neck squamous cancers (55,56,59-64). The overexpression of APE1 is
associated with resistance to chemotherapy and radiotherapy whereas down
regulation or inhibition of APE1 function increase sensitivity of a variety of
anticancer drugs (53,61-65). The elevated levels of APE1/Ref-1 protein were found
in serum and urine of NMIBC and MIBC patients, indicating the importance of
APEL1 function in bladder cancer therapy (86,87). Also, a recent study has been
indicated that high-grade tumors of NMIBC and MIBC patients showed increased
levels of APE1 (85). However, the identified expression and protein levels are not
directly reflecting the activity of APELl in NMIBC. Therefore, this study was
investigated for the first time, the activity of APEL1 in NMIBC and corresponding

normal tissue extracts by wusing a THF-containing double stranded
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oligodeoxynucleotide substrate (Table 4). In this study, it was found that both low-
and high-grade NMIBC tissue extracts had increased APE1 activity compared to
corresponding normal tissue extracts (Figures 9C and 9D). Additionally, it was
observed that AP-site incision activities of high-grade NMIBC tissue samples were
higher than low-grade ones (Figures 9C and 9D). The increased expression and
protein levels of APEL, which was shown in previous studies, are correlated with the
elevated APE1 activity and the severity of NMIBC observed in this study. Thus,
APEL bears a potential to act as a prognostic biomarker as well as a therapeutic
biomarker in context of choosing the treatment approach to minimize drug

resistance.

The main DNA polymerase, which plays role in BER, is Pol . Aberrant
forms and overexpression of Pol B has been identified in too many cancer types
involving breast, ovarian, colon, prostate, esophageal and colorectal cancers (66-71).
For BC case, a few variants of Pol  were identified (67) and one SNP, rs3136717, of
Pol B was associated with higher BC risk (9). Another recent study has been
demonstrated that high-grade tumors of NMIBC and MIBC patients showed
increased levels of Pol B in compared to low grade ones (85). However, the identified
expression levels and different forms of Pol B do not reflect its exact activity. Thus,
in this study the activity of Pol g in NMIBC and corresponding tissue extracts was
investigated by measuring single nucleotide gap filling activity on 1nt-gap containing
double stranded oligodeoxynucleotide substrate (Figure 11). In this study, it was
found that single nucleotide gap filling activity of Pol B was significantly higher in
high-grade NMIBC tissues compared with corresponding normal tissues while there
was no significant difference between low-grade samples (Figures 11C and 11D).
The increased Pol B expression levels in high-grade tumors of NMIBC and MIBC
patients, which were shown in a previous study (85), are correlated with increased
Pol B activity in high-grade tumors of NMIBC patients. It was suggested that
rs3136717 in Pol i gene might affect its transcription and thus might affect Pol 3

activity, for that reason contributing NMIBC progression.

Because alterations in BER capacity can influence both cancer progression
and responses to chemotherapy and radiotherapy, it is crucial to determine the

capacity of total BER pathway in different types of cancer (96). In this study,
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although the key BER enzymes activities, UDG, OGG1, APEl and Pol B, were
measured one by one, their results may not accurately reflect the total BER capacity
of NMBIC tissues, because they may not be the regulatory steps of BER pathway.
For NMIBC, the overall BER capacity has been not determined yet. Therefore, uracil
initiated total BER capacity in NMIBC and corresponding normal tissues was
analyzed as both *P-dCTP nucleotide addition into a non-radiolabeled duplex DNA
substrate (Table 4) and subsequent ligation of the incorporated product. In this study,
it was found that high-grade NMIBC tissues demonstrate significantly higher **p-
dCTP incorporation and ligation activities than their corresponding normal tissues
(Figures 13D and 13F) whereas low-grade ones only showed significant increase in
the ligation product activity (Figure 13E). The results indicate that NMIBC has
increased overall BER capacity. Although low-grade NMIBC tissue extracts
demonstrated significant increase in ligation activity, the increase in high-grade
NMIBC tissue extracts was higher. The finding that total BER capacity positively
correlated with the condition of UDG, APE1 and Pol B in high-grade NMIBC tissue
extracts supports the notion that increased total BER capacity was caused by the
increased activity of these three enzymes. In addition, the increased ligation activity
of high-grade NMIBC tumor extracts found in this study is consistent with the study
demonstrating that increased levels of XRCC1 were associated with high-grade
tumors of NMIBC and MIBC (85). Thus, these findings suggest that the increased in
BER capacity of NMIBC due to increased UDG, APEL and/or Pol B activities can
enhance the chemotherapeutic resistance to NMIBC and contribute to progression of
NMIBC.

Each individual has different DNA repair capacity and efficacy (97). DNA
repair capacity is a term that consists of several facts such as SNPs, gene expression,
stability and function of gene products as well as lifestyle and environmental
conditions (98). Some of the cancer cells are inherently resistant to DNA damaging
therapeutics, while the resistance during therapy is more common for most of the
cancer cells (99). Therefore, determining DNA repair capacity is crucial for choosing
the optimum therapy that minimizes the side effects of therapies and provides
maximum benefit to patients. Since therapies involved in NMIBC are related with
BER pathway, this study also investigated the inter-individual variations in BER
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capacity according to UDG, OGG1, APE1, Pol B and whole BER activity. In this
study, it was found that each patient’s normal and NMIBC tissue showed different
UDG, 8-0x0G, APE1, Pol B and overall BER capacity from each other (Figure 14).
Additionally, an obvious difference in UDG capacity was observed between high-
grade NMIBC tumors and corresponding normal tissues (Figure 14A). The increased
UDG capacity may associate with the severity of NMIBC. In addition to UDG
capacity, a remarkable increase of APE1l capacity was detected in most of the
patients regardless of the tumor grade (Figure 14C). Thus, APE1 and/or UDG may
act as a therapeutic biomarker(s) to predict and choose the most beneficial treatment
strategy. Another noteworthy point is that the observation of the extreme increases of
overall BER capacity in most of the patients NMIBC tumor tissues rather than their
corresponding normal samples regardless of the tumor grade (Figures 14E and 14F).
This condition is highlighting the role of enhanced BER capacity in NMIBC patients.
All in all, determining each patient’s own BER capacity will provide the selection of
most beneficial therapy option by predicting cancer cells reaction to treatment of
NMIBC patients.

In conclusion, in the present study the activities of key BER proteins and
overall BER capacity in NMIBC patients’ tumors and their corresponding normal
tissues were investigated. These results demonstrate that the elevated overall BER
capacity due to increased UDG, APEL and/or Pol B activities is associated with high-
grade NMIBC. Furthermore, this thesis emphasizes the inter-individual variations
occurring in BER capacity. All these facts contribute to the personalized therapy
approaches within the scope of developing predictive, prognostic and therapeutic
biomarkers to provide maximum benefit to NMIBC patients.
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