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Abstract

In humans, multi enzymatic processes are involved in maintaining DNA
stability and cellular homeostasis. Cells undergo several episodes to survive and
protect itself in daily basis. Accumulation of DNA errors and breaks are repaired
by dynamic machinery, such as mismatch repair (MMR), replication-related
process.

In presented diploma thesis, we report the studied MMR pathway and its
involvement in malignancy of epithelial ovarian cancer (EOC). Our working
hypothesis postulated that core genes of MMR, such as MLH1 and MSHZ are
down-regulated in malignant cells. Cells therefore become incapable to repair
accumulating DNA damage, undergo apoptosis or most likely uncontrolled
proliferation. Above mentioned genes may also be silenced in cancer patients at
transcription, translation or epigenetic levels.

Our aims were to clarify and to investigate the importance of MMR based
on mRNA transcription, protein stability and promoter hypermethylation on a
set of major MMR genes, particularly MLHI1, MSHZ2, PMS1, MLH3, MSHS6,
MSHS3, and PMS2.

In our study, we analysed samples from 63 epithelial ovarian cancer
patients and 12 non-malignant reference tissues using RT-qPCR, MS-HRM, and
Western Blotting methods. Consequently, our results show down-regulation of
all MMR genes except for MSHZ2 (up-regulated) in tumor tissues as compared to
reference tissues. By comparing clinical data (stages I+II vs. III+IV), MLHI and
PMS1 were significantly up -regulated in stages III+IV (MLHIP <0, 017; PMS1
P < 0,042), MSHZ in stages I+II (P< 0.033). The regulatory link between
promoter methylation and mRNA down-regulation was not observed, since none
of the tested tumor tissue sample exhibited enhanced methylation status. The
in vitro studies showed significant G2 arrest in MLH1 deficient cell line after

neocarzinostatin mediated DNA damage.



Taking together, these results suggest that regulation of MMR pathway
in ovarian tumors might be correlated with microsatellite instability (MSI),

miRNA regulation, or other endo-exogenous stress induced pathways.

Keywords: mismatch repair, ovarian carcinoma, MLH1, MS-HRM



Abstrakt

Udrzovani stability genomu a bunééné homeostazy je v lidském organismu
zajistovano mnohatirovinovymi a mnohacetnymi enzymatickymi déji. Bunky se
musi kazdodenné vyporadat s radou udalosti, pri kterych dochazi k poskozeni
DNA, s cilem pfeziti a udrZeni integrity genetické informace (DNA).
Nahromadéné chyby ve strukture DNA a zlomy DNA jsou opravované pomoci
dynamického aparatu, jako je napriklad draha opravy nespravné prirazenych
nukleotidd (MMR).

V predkladané diplomové praci byla studovana MMR draha a jeji podil
na malignizaci epitelidlni rakoviny vajeénikd (EOC). Pracovni hypotéza byla,
ze exprese hlavnich genit MMR drahy, jako jsou MLHI a MSH2, je v
rakovinnych bunkach utlumena. Tyto bunky jsou pak neschopny opravit
nahromadéné chyby v DNA, coz vede bud k apoptdéze nebo s wvyssi
pravdépodobnosti k jejich nekontrolovanému pomnozeni. Dale byl podroben
testovani predpoklad, ze vyse zminované geny jsou utlumeny u pacientek
trpicich EOC rakovinou na transkripéni, translacni nebo epigenetické trovni.

Cilem prace bylo objasnit a prozkoumat vyznam MMR drahy na utlumeni
exprese mRNA, nestabilité proteinid a hypermetylaci promotord skupiny
hlavnich genit MMR drahy, a to konkrétné u MLHI1, MSH2, PMS1, MLHS3,
MSH6, MSH3 a PMS2.

V ramci studie bylo analyzovano 63 vzorkti EOC a 12 zdravych vajecnika
pomoci metod RT-qPCR, MS-HRM a Western blotu. Vysledky ukazuji na atlum
exprese u vsech sledovanych genit MMR drahy vyjma MSHZ, kde exprese byla
zvysena ve srovnani se zdravou tkani. Pokud vztahneme sledované zmény na
klinicka data a porovname stadium I a II se stadii III a IV, exprese MLHI a
PMS1 byla vyznamné zvysena u stadii IIT a IV, (MLH1 p < 0,017; PMS1 p <
0,042) a exprese MSHZ2 ve stadiu I a II (p < 0,033). Vz4djemny vztah mezi
metylaci promotoru a poklesem hladiny mRNA nebyl pozorovan. U zadné
zesledovanych pacientek nebyla namérena zvysena metylace v promotorovych

oblastech MMR genu.



In vitro studie vyjevily vyznamy narust Gz zastavy bunécného cyklu u
bunék s chybéjicim MLH1 po podani neocarzinostatinu, jez vede ke vzniku DNA
poskozeni.

Obdrzené vysledky souhrné naznacuji, ze regulace MMR drahy u nadora
vajeénikl mlze souviset s nestabilitou mikrosatelitéi (MSI), regulaci miRNA,

nebo s jinymi stresovymi drahami vnéjsiho a/nebo vnitiniho ptvodu.

Kli¢ova slova: mismatch opravy, ovarialni karcinom, MLH1, MS-HRM
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Abbreviations

Abbreviations

18S ribosomal RNA

9-1-1 Rad9-Rad1-Husl complex; cell-cycle checkpoint response
complex

ACTB beta-actin; highly conserved protein that is involved in cell
motility, structure, and integrity

Alt-EJ alternative end joining

Artemis an essential factor of recombination in the repair of DNA double-
strand breaks and non-homologous end joining

ASCR the Academy of Science Czech Republic

ATM ataxia telangiectasia mutated; serine-protein kinase; which
activates checkpoint

ATP adenosine triphosphate

ATPase an enzyme that catalyses the formation of ATP from ADP

ATR ataxia telangiectasia and Rad3-related protein;
serine/threonine-protein kinase

B2M Beta-2-Microglobulin

BER base excision repair

BRAF B-Raf proto-oncogene, serine/threonine kinase

BRCA1 breast cancer type 1 susceptibility protein; E3 ubiquitin-protein
ligase that plays a important role in DNA repair

BRCA2 tumor suppressor proteins; involved in DNA repair

BrdU bromodeoxyuridine; the thymidine analog that incorporating
into newly synthetized DNA, S-phase idicator

C cytosine

CA-125 cancer antigen 125; surface protein found on ovarian tumor cells;
tumor marker

CDC25 Cdc25 family of phosphatases; dephosphorylate inhibitory Tyr
and Thr residues on cyclin-dependent kinases

Cdk mammalian cyclin-dependent kinases; cyclin-dependent kinases
(CDKs) are activated by the binding to a cyclin

Chk1 serine/threonine-protein kinase; required for checkpoint
mediated cell cycle arrest in response to DNA damage

Chk2 serine/threonine-protein kinase; regulates cell cycle checkpoints
and apoptosis in response to DNA damage

c-NHEJ Classical non-homologous end joining
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Abbreviations

Cs

CtIP

DAPI

DBSs

DDR

DNA polymerase III
DNA

DNA-PK

DSB(s)
EFG

EOC
EXO1

FACS
FEN1

FSC-A
FSC-H

G1
G2
GAPDH

gDNA
GATC
geNORM

GFP
GG-NER
GUS
H2A
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cycle threshold; defined as the number of cycles required for the
fluorescent signal to cross the threshold

CtBP-interacting protein, DNA endonuclease, cooperates with
the MRN complex and processing mitotic double-strand breaks

4',6-Diamidino-2-Phenylindole, blue-fluorescent DNA stain used
for cell viability assessment

DNA double strand breaks

DNA Damage Response Pathways

the enzyme that performs the 5'-3' polymerase function
deoxiribonucleic acid

DNA-dependent protein kinase; serine/threonine-protein kinase;
involved in DNA non-homologous end joining (NHEJ) required
for double-strand break (DSB) repair

DNA double-strand break(s)

epidermal growth factor; a potent mitogenic factor that plays an
important role in the growth, proliferation

epithelial ovarian cancer

exonuclease I; EXO1 cooperates with MSH2, involved in
mismatch repair and recombination

fluorescence-activated cell sorting

Flap Structure-Specific Endonuclease 1; removes 5' overhanging
flaps in DNA repair and processes the 5' ends of Okazaki
fragments

forward scatter—area

forward scatter—height plotted against FSC-A (area) to gate
singlets

cell cycle growth phase 1
cell cycle growth phase 2

glyceraldehyde-3-phosphate dehydrogenase; has
glyceraldehyde-3-phosphate dehydrogenase and nitrosylase
activities; plays a role in glycolysis and nuclear functions

genomic DNA
bacterial GATC sequences

an algorithm to determine the most stable reference genes for
qPCR application

green fluorescent protein
global genome NER sub-pathway
B-Glucuronidase; internal control for gene expression analysis

a type of histone; a part of nucleosome core particle



H2AX

HNPCC

HPRT

HR

HRP

HUS1

IKK-8

Ki67

KRAS

Ku70/80

Ligase I
Ligase III
LRP
MCF7
MCM9

miRNA

MLH1

MLH3

MMR

MRE11

MRN

mRNA

Abbreviations

histone that replaces conventional H2A in a subset of
nucleosomes

hereditary nonpolyposis colorectal cancer; hereditary cancer
syndrome; result of defective mismatch repair proteins

hypoxanthine phosphoribosyltransferase 1; a transferase, which
catalyses conversion of hypoxanthine to inosine and guanine to
guanosine monophosphate; reference gene

homologous recombination

Horseradish Peroxidase; enzyme used in immunoblotting; used
as the reporter enzyme for SuperSignal-Chemiluminescent
substrates

checkpoint protein; component of the 9-1-1 cell-cycle checkpoint
response complex, involved in DNA repair

protein plays role in activation of NF-kB; phosphorylates NF-kB
inhibitor

proliferation marker, Ki-67 protein 1s associated with cell
proliferation

Kirsten rat sarcoma viral oncogene homolog; a member of the
small GTPase;

heterodimer that is a main component of the non-homologous
end-joining pathway that repairs DNA double-strand breaks

ATP-dependent DNA ligase

ATP-dependent DNA ligase

long-patch repair; sub-pathway of base excision repair
human breast adenocarcinoma cell line

minichromosome maintenance 9 homologous recombination
repair factor; essential protein for replication initiation; binding
to chromatin and recruiting he MCM2-7 helicase to replication
origins

microRNA; small non-protein coding RNA about 21-25
nucleotides in length; regulating gene expression by directly
targeting mRNAs

mutL homolog 1; plays a central role in DNA mismatch repair

MutL: Homolog 3; is a member of the MutL-homolog family of
DNA mismatch repair genes

mismatch repair

meiotic recombination 11; double-strand break repair protein;
component of the MRN complex, which plays a central role in
double-strand break (DSB) repair, DNA recombination

heterotrimeric protein complex consisting of Mrel1l, Rad50 and
Nbs1

messenger ribonucleic acid
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Abbreviations

MSH2
MSH6
MS-HRM

MSI
MSI-H
MSI-L
MutL

MutLy
MutSa

MutSB

NER
NHEJ
NIPH
NCS

NDZ

NormFinder
NSB1

p21
p53

p53pSer?s
p65

PARP
PARP1
PBS
PCNA
PMS2
PolB
Pol§/e
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mutS homolog 2; DNA mismatch repair protein
mutS homolog 6; DNA mismatch repair protein

methylation-sensitive high resolution melting; an approach for
estimating promoter methylation

microsatellite instability
microsatellite instability-high
microsatellite instability-low

component of mismatch repair complex in F. coli, physicaly
interacts with MutS; stimulates the loading of helicase 11

forming heterodimeric (MLH1/MLHS) protein complexes

forming heterodimeric MSH2/MSH6, component of mismatch
repair complex

forming heterodimeric MSH2/MSHS3, component of mismatch
repair complex

nucleotide excision repair
non-homologous end joining;
the National Institute of Public Health

neocarzinostatin, an antitumor antibiotic induces SSB and DSB,
an ionizing radiation mimetic

nocodazole, interferes with the polymerization of microtubules,
Gz- or M-phase indicator

software using for normalization of reference gene stability

nibrin; cell cycle regulatory protein p95; Nijmegen breakage
syndrome protein 1; component of the MRE11/RAD50/NBN
(MRN complex); plays a critical role in the cellular response to
DNA damage and the maintenance of chromosome integrity

cyclin-dependent kinase inhibitor 1; CDK-interacting protein 1

tumor suppressor in many tumor types; involved in cell cycle; the
p53 gene has been mapped to chromosome 17

p53 phospho-serine-15

subunit of NF-kB; the protein is in the complex with p50 forming
nuclear NF-kB

poly (ADP) ribose polymerase

poly(ADP-ribose) polymerase 1

phosphate buffered saline; commonly used biological buffer
proliferating cell nuclear antigen; DNA sliding clamp protein
mismatch repair component; forms heterodimer with MLH1
DNA polymerase B; its major role is in base excision repair as

DNA polymerase & and e; the main function is involvement in
DNA replication



PPIA
qPCR
Rad50

RFC

RNA
ROS
RPA

RT-PCR
RT-qPCR

S
SDS-PAGE
p53pSer!s
SRP

SSB
ssDNA

Ta
TC-NER
TIFF

TOP1

TopBP1

Tris

Triton-X-100

Tween20

U
UBC

UvrD

Abbreviations

Cyclophilin A; regulates protein folding and trafficking
Real-Time quantitative Polymerase Chain Reaction

DNA repair protein; component of the MRN complex, which
plays a role in double-strand break (DSB) repair, DNA
recombination

replication factor C; DNA-dependent ATPase; subunit of DNA
polymerases; protein is important for DNA replication and repair

ribonucleic acid
reactive oxygen species; variety of molecules containing oxygen

replication protein A; required for DNA recombination, repair
and replication

Reverse Transcription Polymerase Chain Reaction

Real Time quantitative Reverse Transcription Polynucleotide
Chain Reaction

cell cycle synthetic phase

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
p53 phospho-serine-15

short-patch repair; sub-pathway of base excision repair
single-strand break

single stranded DNA

melting temperature

transcription-coupled nucleotide excision repair

Tagged Image File Format; a lossless raster file format for digital
images; standard graphics format for high colour depth and b/w
graphics

DNA topoisomerase I; important for the topologic states of DNA

DNA topoisomerase 2-binding protein 1; required for DNA
replication; plays a role in the rescue of stalled replication forks
and checkpoint control

tris(hydroxymethyl)aminomethane; 2-Amino-2-hydroxymethyl-
propane-1,3-diol; a component of buffer solutions

polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether; a
nonionic surfactant-detergent

polyoxyethylene (20) sorbitan monolaurate; a common detergent
used in biology, in cell lysis and membrane protein solubilisation

uracil

ubiquitin C; is associated with protein degradation, DNA repair,
reference gene

DNA-dependent ATPase I and helicase II; facilitate DNA repair
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Abbreviations

WB

XLF/Cernunnos
XRCC4

YWHAZ

a-tubulin

B8-ME
YH2AX

western blot; used for identification proteins with specific
antibodies that were separated by gel electrophoresis

non-homologous end-joining factor 1; major factor for NHEJ

gene functions together with DNA ligase IV; enquired for repair
of double-strand breaks by the end-joining pathway

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein zeta; product of YWHAZ belongs to 14.3.3zeta
protein family; reference gene

alfa-tubulin, loading control usage
B-mercatpoethanol

phosphorylated form of H2AX histone; marker of DNA double
strand breaks

Definitions of terms were taken from following databases: NCBI (2016);

http://www.genecards.org and Reference.MD (2016).
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Introduction

1 Introduction

During the DNA replication process, sometimes a non-complementary
nucleotide incorporation occurs that results in the production of defective
proteins. These errors introduced to the DNA strands by polymerases must be
immediately repaired in order to maintain the fidelity of genetic information.
Cells possess the repair systems in place, consisting of a group of proteins that
proceed along the replication fork and restore the error. One of these
mechanisms enables to correct the errors in replication is mismatch DNA repair
(MMR) pathway. The MMR products form complexes/heterodimers of nuclear
enzymes that participate in the process of error recognition. These heterodimers
localize and bind to the DNA biosynthetic errors and initiate their removal.
Deficiency in MMR mechanism can lead to the presence of the mutations and
the phenotype of genomic instability. The end result of defects in MMR 1is that
cell can overcome the proofreading or be silenced; which lead to cell apoptosis or
unregulated proliferation resulting in tumor development.

In humans, there have been discovered nine genes involved in the MMR,
five of which may be of a clinical importance. The loss of proper function one of
these genes is correlated with increased susceptibility to the lifetime risk of
developing cancer. For example, the mutations in MLH1 and MSHZ2 genes are
studied mainly in relation to the colorectal carcinoma, where the carriers of the
mutations have 70% increase in the risk of developing tumors when compared
to the wild type. Recent studies point out to the importance of MLHI1 and MSHZ2
genes in various tumors such as ovary, endometrium, stomach, urinary tract, as
well as brain tumors. Ovarian carcinoma belongs to malignancies with the
highest mortality rates among women, mostly because of the lack of early
warning symptoms.

In the present diploma thesis, the unravelling of the molecular basis of
repair mechanisms in the epithelial ovarian tumors was aimed at better
understanding of the processes behind the DNA repair and cancer development.

The primary objective of this study was to identify the candidate genes within

21



Introduction

MMR pathway related to ovarian cancer patients. Secondary objectives were to
identify the molecular mechanisms of down- or/and up-regulated candidate

genes, taking to the account their regulation through the promoter silencing.
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Aims of the thesis

2 Aims of the thesis

Estimation of mRNA expression profile of MMR genes
Analysis of MLHI1 promoter methylation
Detection of protein levels of MMR proteins

Estimation of the role of MLHI in ovarian cancer cell lines
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Literature review

3 Literature review

3.1 DNA damage

Thousands and thousands DNA damage events occur in our cells on a daily basis
and, these events can trigger to serious 1issues, such as malignant
transformations. Many different mechanisms safeguard the DNA integrity and
maintain the cell homeostasis. Living cells are well equipped to cope with the
occurrence of potentially harmful events, such as DNA damage. When damage
occurs, the cell faces decision between direction of life or death by activating
highly conserved DNA damage pathway or cell death pathway. To improve its
chances of survival, the cell has an exclusive system to halt the division until
the repair 1s completed. This response can be described as a collective
cooperation among many key players and protein partnership activations to
detect and eliminate the DNA damage. The events included in this response
involve the delay cell cycle progression, deal with DNA repair and engineer DNA
replication (Mladenov et al., 2016).

Currently, several damaging agents that constantly attack the DNA
molecule causing threatening errors/breaks such as, DNA lesions, bulky
adducts, intra-inter strand crosslinks or single and double strand breaks are
well known. Some of these agents come from the environmental exposure
(exogenous source such as irradiation, UV light, alkylating agents, and tobacco
smoke), but some of them occur naturally during the cell cycle (endogenous
source such as reactive oxygen species (ROS), hydrogen peroxide, products of
lipid peroxidation (Sharma et al, 2016; Kurfurstova D et al, 2016). Each of
these agents’ poses recognizable mutagenic potential by attacking the DNA,
resulting in incorrect base insertion, substitution, deletion or structural
changes. Once DNA damage occurs, cells have to preserve the stability of
genome by employing the repairing mechanisms (Helleday et al, 2014).

The type of repair mechanism depends closely on the type of the arising
damage. In case that only one base pair is damaged it can be processed by base
excision repair (BER). BER is employed upon changes caused by deamination,

alkylation, depurination/depyrimidination and oxidative damage. Sometimes
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Literature review

two adjacent nucleotides are damaged by sticking together. In this case, the cell
employs more complex repair mechanism available, called nucleotide excision
repair (NER), this mechanism consists of a set of proteins removing a short
stretch of nucleotides (up to 24 nucleotides) and replacing them with the new
ones while using non-damaged DNA strand as a template. NER is involved in
the replication errors that interfere with the proper DNA helix conformation,
such as bulky adducts, intra-inter strand crosslinks and UV photoproducts
(Minocherhomji et al., 2015; Bélanger et al., 2016). Mismatch repair mechanism
belongs to the excision repair pathways that replace inaccurate nucleotide
pairing arising during DNA replication. The MMR pathway is initiated by the
recognising of the incorrectly incorporated nucleotide in DNA, followed by its
displacement and finalized by re-synthesis and ligation of DNA (Houlleberghs
et al., 2016; Hassen et al., 2016).

Different type of DNA damage stimuli, such as X-Ray or anti-tumor
agents, can lead to breaks in one or both DNA strands. Double strand breaks,
biologically the most dangerous, are repaired by two most common mechanisms:
non-homologous end joining (NHEJ) and homologous recombination (HR)
(Vriend et al, 2016; Iliakis et. al, 2015; Jeggo and Lébrich, 2015.).Non-
homologous end joining utilizes an undamaged DNA strand as a template,
followed by the coverage of damaged strand by proteins and the replacement of
damaged strand sequence by the undamaged one. Finally, the missing gaps are
then completed according to complementary rule and repaired DNA results with
two segments. HR repair is homology-directed repair of broken chromosomes
arms, where the formation of DNA heteroduplex and annealing reactions are
required. Multiple protein complexes are responsible for the resection of DNA
ends, homologous DNA pairing, and synthesis-dependent strand annealing.

One of the consequences of DNA damage is the introduction of mutation
into newly formed DNA strand. Some of the DNA errors are of a transient nature
with the high probability to be repaired; others are creating structural
alterations in the DNA. The most extreme outcome and ultimate of DNA

damage is the tumor formation or establishment of disease, such as Xeroderma
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pigmentosum, Ataxia-telangiectasia, Bloom's and Werner's syndromes

(Ambrose and Gatti, 2013; Bischof et al. 2001; Lozada et al, 2014 ).

3.1.1 DNA single strand break

DNA single-strand break (SSB) is the most common damage to the DNA,
occurring tens of thousands times per cell per day. SSBs are physical
discontinuities in one of the DNA strands and it is usually a single nucleotide
loss and 5'- and/or 3'-termini damage at the site of the break (Caldecott, 2008).

The source of the endogenous cellular SSBs is mainly due to intracellular
metabolites directly attacking the DNA such as reactive oxygen species (ROS)
or free radicals from hydrogen peroxide. Another source of the damage can arise
from the abortive activity of the replication enzymes complex, like DNA
topoisomerase 1 (TOP1). Caldecott described the role of DNA topoisomerase 1
as “TOP1 creates a 'cleavage complex' intermediate containing a DNA nick in
order to relax DNA during transcription and DNA replication. These
intermediates are normally transient and are rapidly resealed by TOPI1.
However, collision with RNA or DNA polymerases, or close proximity to other
types of DNA lesion, can convert cleavage complexes into TOP1-linked SSBs
(TOP1-SSBs) or TOP1-linked DSBs (TOP1-DSBs), in which TOP1 is covalently
linked to the 3'-terminus of the DNA strand break” (Caldecott, 2008; Wang,
2002; Pommier, 2003).

3.1.2 DNA double strand break

DNA double-strand break activates two main pathways: Non-homologous end
joining (NHEJ) divided into i) classical-non-homologous end-joining, c-NHEJ; ii)
alternative NHEJ (or simply alternative EJ) and Homologous recombination
(HR).

Classical non-homologous end joining is an error-prone pathway. The
broken DNA duplex is processed by the complex of enzymes, where each site of
the break is recognised and processed by Ku70/80 and DNA-dependent protein
kinase catalytic subunit (DNAPKcs) (Rivera-Calzada et al, 2007). The initial
recognition of DSBs is established through the binding of Ku70/80 heterodimer
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to the broken ends. Ku70/80 then leaves the broken ends exposed and recruits
DNAPKcs, resulting in the recruit of the nuclease Artemis and is capable of
phosphorylating H2AX on serine 139 within the nucleosomes. Phosphorylated
H2AX is acting as a DSB marker with the role in DDR pathway and chromatin
remodelling (Turinetto and Giachino, 2015). Artemis trims single nucleotides at
the break site and ligase IV XRCC4 ligates the broken ends together, result in
the re-connection of the duplex (Lieber, 2010). This reaction is enhanced by
XLF/Cernunnos, which interacts with XRCC4 (Iliakis et al, 2015) (Figure 3.1).
In alternative joining, the processing of DSBs is arranged by PARP1 and
MRE11-Rad50-NBS1 complex (simply called MRN complex) and free DNA ends
are repaired to rescue DNA replication forks (Costantino et al, 2014; Iliakis et
al., 2015). MRN complex is the main protein involved in the multiple processes
including the homologous recombination repair as well as in the DNA damage
response.

Homologous recombination occurs in the process of meiosis but it can also
repair double strand breaks during S and G2 stages of the cell cycle. HR is highly
evolutionary conserved, error-free repair mechanism. DSB creates 3’-single
overhangs on DNA, through a process called resection. Resection is mediated by
MRN complex with dual endo- and exonuclease activities; the endonuclease
activity is stimulated by CtIP protein. The formation of 3'-tailed overhangs is
coated by RPA protein and serves as a substrate for the recombinase protein
Rad50 coiled-coils. Recent hypothesis on the importance of Rad50 coiled-coils in
HR is to tether the two DNA ends together (Lafrance-Vanasse et al, 2015)
(Figure 3.1).
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Figure 3.1. Schematic model of main pathways of DSB A) non-homologous end
joining, 1it’s summary of resection, initial steps through binding
KU70/80/DNAPKcs complex, Artemis DNA processing and final step of DNA
end ligation B) homologous recombination, recruitment of MRN complex
following DNA resection. After resection, HR continues by formation of DNA
heteroduplex that resulting in strand exchange followed by it ligation. (Figure
is adapted from Leyns and Gonzalez, 2012)

3.1.3 DNA damage response

In Eukaryotes, the cellular response to DNA damage is orchestrated by DNA
damage response pathway. This cell response to DNA damage danger and its
ability to repair damage stimulates the cell cycle checkpoint activation that
results in the cell cycle arrest.

Single stranded DNA 1is rapidly coated by RPA protein. DNA coated by
RPA can recruit ATRIP (ATR interacting protein)/ATR (ATM and Rad3-Related)
and promotes ATR trans-autophosporylation (Marenchal and Zou, 2013). RPA
also recruits Rad17 (Rad17-replication factor C) clamp loader and 9-1-1 proteins
have the affinity to the protein TOPBP1 - direct activator of ATR. Activated ATR
phosphorylates Chk1l kinase substrate, resulting in the activation of
downstream effectors such as the cell division cycle 25 (CDC25) phosphatase,

that is further involved in many cellular processes (Sulli et al, 2012).
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On the other hand, DSB is sensed by MRN complex and activated through
the phosphorylation of ATM (Ataxia-telangiectasia mutated) that subsequently
phosphorylates the downstream kinases Chk2, p53, BRCA1l and H2AX
(phosphorylated form is known as YH2AX). The initial activation of ATM by
DSB triggers the accumulation of YH2AX within the minutes the damage event
(Marenchal and Zou, 2013). Phosphorylated variant of H2AX is recognized by
an important mediator Mdc1 that directly to binds YH2AX. Mdc1 has an ability
to interact with both yH2AX and ATM, and enables ATM to target nucleosome.
Afterwards, the p53 protein can be phosphorylated at Ser15 directly by ATM or
indirectly via Chk2; and this phosphorylation leads to the activation of p21
transcription, that is Cdk inhibitor (Sengupta and Harris, 2005; Leyns and
Gonzalez, 2012). Encoded p21 binds and inhibits Cdk2/4 complexes, functioning
as a regulator of G1 cell cycle progression. Similar to Chk1, the active Chk2 also
leads to the degradation of CDC25 phosphatase a key player needed for Cdk2
phosphorylation that is further required for G1/S phase transition.

Importantly, the ATR and ATM specific inhibitors become available for
the cancer treatment, already with the promising clinical outcomes (Benada and
Macurek, 2015, Kwok et al., 2016; Albarakati N et a/, 2015; Vendett et al.2015;
Knittel G et al, 2015; Abu-Sanad et al., 2015).

3.2 DNA damage repair

DNA repair is the collective process by which cell can identify and correct of the
DNA damage introduced by the endo- and/or exogenous insults. Each step
during the repair processes requires the verification in order to increase its
specificity. DNA repair safeguards the genome stability resulting in the

protection of many essential biological processes.

3.2.1 Base excision repair

Base excision repair (BER) to repairs DNA errors induced via the miscoding
base lesions from the oxidation, deamination, and alkylation processes. During

the initial step, DNA glycosylase recognises and excises a single damaged base
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followed by the removal of damaged nucleotide by AP endonucleases and the
insertion of the correct base that is executed by DNA polymerase B. The final
step 1s concluded by the utilisation of DNA ligase, which seals the DNA strand.

The BER has two sub-pathways, short-patch repair (SPR) and long-patch
repair (LPR), while in SPR is single nucleotide correction, repair machinery is
based on the cooperation of Pol B and ligation of the DNA strands via XRCC1
and Ligase II1. Meanwhile, LPR is utilised for the repair of multiple nucleotides
via PCNA, Pol 6/e and FEN 1 complex, where the transient DNA ends are again
sealed together by Ligase I (Rahmanian et al, 2014) (Figure 3.2).
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Figure 3.2. Model of Base excision repair. The initial recognition in BER is
done by DNA glycosylase; followed by base removal; and the choice between
short and long patch depends on the 5’terminus. Final step is sealing of the
DNA ends by ligase III (left) or ligase I (right) (Figure is adapted from Leyns
and Gonzalez, 2012)

3.2.2 Nucleotide excision repair

Nucleotide excision repair (NER) is a key cellular process employed in the
response to the DNA damage that protects the genomic integrity against
endogenous and exogenous insults such as mutagenic chemicals, UV radiation,

or chemotherapeutic drugs.
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NER has two cellular pathways: i) transcription-coupled NER (TC-NER)
— which removes lesions from the transcribed strand of active genes and ii)
global genome nucleotide excision repair (GG-NER) which removes the lesion
from non-transcribed strand. Formation of DNA adducts results in the
recruitment of NER machinery for its removal, ssDNA is covered by the RPA
protein and specific endonucleases are used to cut and remove the bulky
structures. The occurrence of the momentarily opened DNA strand calls for the
repair synthesis, followed by the gap sealing with DNA ligase; resulting in the

chromosome restoration (Sertic, 2012) (Figure 3.3).

Global genome NER Transcription-coupled NER

N — -

XPC-hHR23B v RNA polymerase

Vv
UV-DDB (XPE) a
N ’d
CSA,CSB, XAB2, HMGN1
mw:nm R RARE,
TFIIH

v

Synthesis and ligation

Figure 3.3. Model of Nucleotide excision repair. Two main NER pathways
including XPC-HR23B and UV-DDB recognize damaged nucleotide and
initiate GG-NER. TC-NER RNA polll is blocked and followed by merged
pathway orchestrated by RPA, TFIIA and XPA complex unwinding the DNA
strand. Next step includes excision of damaged nucleotide by XPF/ERCC1.
Final step covers DNA synthesis and ligation by ligases. (Figure is adapted
from Leyns and Gonzalez, 2012)
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3.2.3 Mismatch repair pathway

Mismatch repair (MMR) is a cellular response to DNA mispaired errors arising
during the DNA replication and genetic recombination. It is a highly conserved
editing system that corrects misincorporation of nucleotide, controls the
mutation rates in response to various types of DNA damage including
environmental changes or chemotherapy treatment. During the DNA
replication, DNA polymerases integrate erroneous bases with the frequency of
1:10,000 to 1: 100,000 (Jiricny, 2013; Arana and Kunkel, 2010). Moreover, all
replicative polymerases are efficient in providing of the exonuclease
proofreading and have the ability to remove nucleotides from the 3’end of the
daughter strand. Those miss-paired nucleotides that have escaped the DNA
polymerase proofreading are then recognised by the MMR proteins (Jiricny,
2013).

The machinery of MMR includes core enzymes, in humans, the mis-paired

bases are

recognised by the & 3 3
heterodimers MutSa (MSH2/MSHS6), '
MutSB8 (MSH2/MSHS6). The canonical

MMR cascade is replication based, MLA1 l ms2

and covers four steps 1) mismatches

Translocation ATPase activity of

along DNA . MSH2/MSH6

detection by heterodimeric MutSa

(MSH2/MSHS®6), MutSB

(MSH2/MSH®6) (Groothuizen and o |

Sixma, 2016). ii) Mismatch detection j.b:
triggers  ATP-dependent  sliding :f;:::msea l
clamp proteins which result in (C;

mismatch release and diffusion along
the DNA helix (Hingorani, 2016). iii)
MLH1/PMS2 complex formation with
endonuclease  activity. iv) the

mcorrect nucleotide replacement

(Tham, 2015) (Figure 3.4).
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The key proteins of MMR are evolutionarily conserved and consist of the
heterodimeric sensors and ATPases. A well-established model for understating
of the MMR pathway mechanism is known from the bacteria Escherichia coli
and involves five repair processes.

First, the MutS protein recognizes and binds to the base-base mismatch
DNA sequence. Second, the MutS binds to ATP and forms ATP-induced sliding
clamp. Third, the MutS undergoes the conformation changes and as a sliding
clamp binds to MutL,, which promotes the endonuclease and helicase activity.
Four, the MutS is released from DNA and hydrolyses ATP. Endonuclease
activity is regulated by endonuclease MutH (humans homologs PMS2 or MLH3),
which is capable of recognising newly synthesised strand by the absence of
adenine methylation (GATC) at daughter strand. MutH is able to make a nick
in the daughter strand and the helicase UvrD activated by MutL,, unwinds the
DNA from the nick. Five, the DNA is resynthesized by the DNA polymerase III,
following DNA ligation by ligase (Groothuizen, 2016).

° -

| H3K36me3

IMLHL PMS2

\ l(PMSl)

E. coli human (yeast)

Figure 3.5. Schematic model of MMR protein interactions A) E.coli B) Human
grey proteins represent replication machinery and red colored MMR effector
proteins (figure is adapted from Friedhoff, 2016)

In Eukaryotes, the mis-paired errors are recognised by the five
di/heteromeric proteins, namely MutSa (composed of MSH2/MSH6 in humans),
MutS8 (MSH2/MSH3), MutLa (MLH1/PMS2), MutL8 (MLH1/PMS1) and
MutLy (MLH1/MLH3). In humans, a heterodimer MSH2/MSHG6 recognizes a

mis-paired base, in the same manner as MSH2/MSH3 recognizes the longer

33



Literature review

insertions and deletions. MLH1/PMS2 is a part of the MutLa complex and
MLH1/MLH3 has a redundant function (Groothuizen, 2016) (Figure 3.5, Table
3.6). The interaction between MutSa and MutLa has been studied and a new
enzyme, the helicase MCM9, was discovered to play an important role in human
MMR system. Furthermore, interaction of MMR machinery with replication
machinery has been demonstrated (Traver et al., 2015).

In recent studies, MutSa and MutLa have been confirmed to interact with
the replicative DNA polymerases, PCNA and the MutSa forms a clamp protein
that slides alongside the DNA strand. This process requires the use of ATP on
MutSa. The homodimeric clamp protein and PCNA are loaded into free 3’end of
DNA strand by polymerase III and/or replication factor C (RFC). These
complexes then help to establish the DNA-protein-substrate interactions,
through the highly conserved motifs. Initially, in S-phase PCNA recruits MMR
enzymes to the replication fork, PCNA in endowed high affinity to MSH3 and
MSHG6, which is required to down-stream processes and is involved in activation
of MutLa endonuclease. Following experiments lead to the discovery of a new
player in the MMR pathway, exonuclease 1 (EXO1) with the 5’-3’exonuclease
activity. MutLa endonuclease activity generates the additional breaks in the 3’-
nicked strand between the nick and ~ 150 nucleotides downstream the
mismatch site. These additional breaks form a loading site for EXO1 that is able
to erase the DNA in a 5’-3’ direction and the resulting single strand gap is filed
in with the polymerase § and ligase I (Jiricny, 2012).

Additionally, the phosphorylation of tyrosine 211 on PCNA by the
epidermal growth factor receptor (EGFR) inhibits the MMR by introducing the
inadequate interaction between phosphorylated PCNA and MutSa. Activation
of MutSa depends on PCNA and this binding ensures proper MMR down-stream
response (Friedhoff, 2016).
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Table 3.6. Overviews of human mismatch repair proteins

Protein Heterodimer Function Reference

Mismatch recognition;
MutS MSH2/MSH6 ATP-binding sliding
MSH2/MSH3 clamp protein formation  Jeon et al., 2016

MutL MLH1/PMS2 MMR downstream Kadyrova and
MLH1/PMS1 processes activator Kadyrov, 2016
MLH1/MLH3

Binds MMR machinery to
PCNA PCNA replication fork Kanu et. al, 2015
EXO1 EXO1 5 — 3’ excision Myler et. al., 2016
MCM9 MCM9 Helicase activity Jeffries et. al,, 2013
RFC RFC complex B- clamp loading Sakato et. al, 2012

3.2.4 Cancer associated mismatch repair

Correctly functional mismatch repair reduces the mutation rate and prevents
the cancer development through the maintenance of the genome stability or the
induction of the cell death. The mutations in the MMR genes decrease the
genome stability and are etiological factors for the occurrence of certain cancers.
The germline mutation of MMR genes is involved in the Lynch syndrome, known
also as the hereditary non-polyposis colorectal cancer (HNPCC). The majority of
the mutations are found in MLH1 (42%), MSHZ2 (33%), MSH6 (18%), or PMS2
(7.5%) genes and are leading to these genes dysfunction (Begum and Martin,
2016). Furthermore, frameshift mutations resulting in truncated form of the
proteins, inhibit the MMR protein function. Moreover, the nonsense and
missense mutations affecting a single amino acid in MMR proteins are
frequently seen in the pathophysiological cancer conditions. Patients usually
have a mutation in one allele and upon somatic loss of the wild-type allele,
MMR-homozygote mutated cells undergo malignant transformation. Gene
silencing is not always due to the loss of heterozygosity, but due to an epigenetic
alterations such as the promoter methylation. Transcriptional inactivation via
the promoter hypermethylation of MLH1 gene causes microsatellite instability
(MSI), which is commonly diagnosed in the colorectal tumors (Haraldsdottir et

al., 2016; Kidambi et al, 2016; Sahnane et al., 2015).
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Microsatellites, short tandem repeats, are widely spread across the DNA,
loss of MMR gene function lead to replication errors, resulting in the higher rate
of the microsatellite instability often found in the tumors. Microsatellite
instability 1s a result of hypermutable phenotype and the standard panel of at
least of 5 microsatellites is analysed by PCR, where the introduction of the
instability is detected by either loss or gain in microsatellite length. In case that
more than two microsatellites are mutated, the tumor i1s classified as a
microsatellite-high (MSI-H), if only one microsatellite in mutated - the tumor is
microsatellite-low (MSI-L). Tumors with the mutation in MLHI or MSHZ2 are
usually categorized as MSI-H, whereas the mutations in MSH6 or PMS2 are
referred as MSI-L (McConechy et al., 2015; Duraturo et al, 2015).

Moreover, another epigenetic event, i.e. regulation by non-coding RNAs
seems to be important in the process of developing a carcinoma. Recent studies
elucidated that miRNAs are regulating thousands of genes by facilitation of the
mRNA degradation. mRNA of MLH1, MHSZ, and MSHG6 genes are targeted and
deregulated by miRNAs, specifically by miRNA-21 and miRNA-155 (Begun and
Martin, 2016). Interestingly, microsatellite instable tumors and microsatellite
stable tumors appear to be targeted by different miRNAs, thus this knowledge
can be essential for the clinical diagnosis (Pefia-Diez and Rasmussen, 2016).

Above all, recent studies claim that the defects in the MMR pathway
increase the risk of developing endometrium, ovaries, and stomach cancers

(Hemminki et al., 2003).

3.3 Epigenetic mechanisms

3.3.1 Promoter methylation

Currently, one of the most important and most studied epigenetic mechanism is
DNA methylation. DNA methylation is a covalent attachment of a methyl group
(-CH3) that occurs on the cytosine residues to form 5-methylcytosine (5mC)
(Schofield and Hsieh, 2003). Specific small DNA regions enriched with the GC
dinucleotides, known as CpG islands, are usually methylated by the DNA

methylases. These islands are often clustered nearby the regulatory regions

36



Literature review

such as gene promoters. While the CpG islands in the promoter regions remain
unmethylated in the healthy tissues, silencing the promoter CpG islands by
methylation affects the transcriptional regulation and might play a role in the
tumor development (McCabe et al, 2009; Curradi et al., 2002).

Importantly, many changes in DNA methylation patterns in tumors are
associated with the wuse of the chemotherapeutic treatments. The
chemoresistance to chemotherapeutics such as cisplatin commonly used in the
treatment of ovarian cancers is the critical response to DNA methylation (Zeller
et al, 2012). Multiple DNA epigenetic changes including promoter region
methylation were observed in cisplatin-resistant cancer cells with the gene
silencing effect. For example, the gene with the chemoresistance response is
MLH1 mismatch repair, is observed in about 25—-35% of ovarian cancer patients.
DNA repair deficiency due to the promoter methylation silencing leads to the
chemotherapy resistance, gene mutation and poor survival prognosis (Zeller et

al., 2012; Shilpa et al., 2014; Farkas et al, 2014; Gao et al., 2016).

3.4 Molecular pathology of Ovarian cancer

Approximately, 90% of all ovarian cancers are characterized as epithelial
ovarian cancer (EOC) and up to 75-80% are diagnosed in the late the stages of
the disease development. According to the histopathological criteria’s four
different subtypes are distinguished comprising serous, mucinous, clear cell,
and endometrioid carcinoma (Prat, 2014).

The majority of EOC tumors are classified as Grade I - III, where Grade
I is characterised as tumors with low chromosomal instability and with a high
frequency of mutations in KRAS and BRAF genes. The Grade II tumors have
high frequency of p53 mutations and high chromosomal instability. The Grade
III 1s characterized as a metastatic with tendency to grow and spread quickly.

Up to 10 % of EOC tumors are diagnosed as those bearing BRCAI and
BRCAZ mutations. Both BRCAI and BRCAZ are important proteins involved in
the repair pathways and are critical for the repair of DSBs by HR (Prakash

et al., 2015). A loss of their functions result in increased cancer risk in general.
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Furthermore, BRCA dependent cancers, including ovarian cancers, are
potentially predisposed to targeted treatment through induced cell death.

According to FIGO (The International Federation of Gynecologists and
Obstetricians), the standard classification used for ovarian cancer staging is
shown below.

Stage I: - Tumor confined to ovaries or fallopian tube(s)

Stage II: - Tumor involves one or both ovaries or fallopian tubes with
pelvic extension (below pelvic brim) or primary peritoneal cancer

Stage III: - Tumor involves one or both ovaries or fallopian tubes, or
primary peritoneal cancer, with cytologically or histologically confirmed spread
to the peritoneum outside the pelvis and/or metastasis to the retroperitoneal
lymph nodes (Prat, 2014)

Stage IV: - Distant metastasis excluding peritoneal metastases

Knowing the molecular pathogenesis of EOC and the signalling
background is the promising approach for increasing and identifying the
effective treatment. The high mortality is due to advanced stages of ovarian
cancer. The absence of effective screening, biomarkers, and late diagnosis, lead
to the high mortality caused by EOC. The 5 years survival time after diagnosis
1s caused by the lack of specific symptoms in early stages, late diagnosis and
chemoresistance towards drugs. Identifying non-invasive biomarkers specific
for early stages is crucial for the increase in the survival rate.

The most well-studied and clinically used biomarker of EOC is a
glycoprotein Carbohydrate antigen (CA-125). Well-established CA-125 is
overexpressed in EOC and can be identified in patients bloodstream, despite the
detection in EOC the CA-125 is elevated in many benign states as well as in
endometriosis and uterine fibroids (Gloss, 2012). The specificity of CA-125 is
97% is in advanced epithelial cancer (type III and IV), but it’s decreased in grade
I. Therefore, CA-125 alone is unacceptably unsuited as a diagnostic marker and
improved additional screening with higher specify, is necessary (Sélétormos et

al., 2016; Bottoni and Scatena, 2015; Dikmen et al, 2015). In addition, novel
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non-invasive biomarkers, specific for each subtype of EOC are required to

increase early detection.
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4 Material & methods

4.1 Material

4.1.1 Chemicals and material

Table 4.1. List of chemicals and material

Chemical

Source

10 mM dNTPs (deoxynucleotide triphosphates)
Acrylamid/Bis 30%

Agarose
Ambion® Nuclease-Free Water
Amersham Hyperfilm ECL

APS (ammonium persulfate)

BCA assay kit (Bicinchoninic acid kit)
Chloroform

Designed Primers

DNasy Blood® & Tissue Kit

DNeasy® Blood & Tissue Kit
Dulbecco’s modified Eagle’s medium
EpiTect® Bisulfite Kit

Ethanol 96%

Ethidium bromide

Fetal bovine serum

GeneRuler™ 1 kb DNA Ladder
High-Capacity cDNA Reverse Transcription Kit

Loading Dye Solution 6x
MagNA Lyser Instrument

MagNA Lyser Green Beads

Fermentas International Inc., Burligton, USA

Serva Electrophoresis GmbH, Heidelberg,
Germany

Serva Electrophoresis GmbH, Heidelberg,
Germany

Thermo Fisher Scientific Inc, Waltham, MA
USA

GE Healthcare; BioTech a.s., Prague, Czech
Republic

Sigma Aldrich, St. Louis, USA
Pierce, Rockford, IL, USA
Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Qiagen, Hilden, Germany
Qiagen, Venlo, Netherlands
Sigma Aldrich, St. Louis, USA
Qiagen, Hilden, Germany
Penta, Prague, CR

Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Fermentas International Inc., Burligton, USA

Thermo Fisher Scientific Inc, Waltham, MA
USA

Fermentas International Inc., Burligton, USA

Roche Diagnostics GmbH, Mannheim,
Germany
Roche Diagnostics GmbH, Mannheim,
Germany
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Table 4.2. Continued from previous page

Material & methods

Chemical

Source

Methanol

NaCl (Sodium chloride) 99%

Nonfat dry milk

PageRuler prestained protein ladder

PBS (Phosphate buffered saline)
Penicillin

Ponceau S

Protease inhibitor cocktail tablets
RNase inhibitor

RNeasy Plus Mini Kit
RNAlater® Solutions

SDS (sodium dodecyl sulfate)
Streptomycin

TagMan® Expression Assay

TagMan® MicroRNA Reverse Trancription Kit
TagMan® Universal PCR Master Mix

Tri Reagent
Tris (Tris(hydroxymethyl)aminomethane)
Triton X-100

Whatman Protran® nitrocellulose membrane

Penta, Prague, CR

Pliva — Lachema a.s., Brno, Czech Republic
Migros, Zurich, Switzerland

Fermentas International Inc., Burligton, USA

Media preparation unit, IMG ASCR, v.v.i.,
Prague, CR

Thermo Fisher Scientific Inc, Waltham, MA
USA

Bio-Rad Laboratories, Hercules, USA

Roche Diagnostics GmbH, Mannheim,
Germany

Thermo Fisher Scientific Inc, Waltham, MA
USA

Qiagen, Hilden, Germany

Thermo Fisher Scientific Inc, Waltham, MA
USA

Serva Electrophoresis GmbH, Heidelberg,

Germany

Thermo Fisher Scientific Inc, Waltham, MA

USA

Thermo Fisher Scientific Inc, Waltham, MA

USA

Thermo Fisher Scientific Inc, Waltham, MA

USA

Thermo Fisher Scientific Inc, Waltham, MA

USA

Sigma Aldrich, St. Louis, USA
Fluka, St. Gallen, Switzerland
Fluka, St. Gallen, Switzerland
Maidstone, United

Whatman plc, Kent,

Kingdom
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Table 4.3. List of used primary antibodies

Antibody Host Source Cat.No. WB
MLH1 m/mono Cell Signaling, Technology Inc., #3515 1000x
Denvers, USA
MSH2 rb/mono Cell Signaling, Technology Inc., #2017 1000x
Denvers, USA
PMS1 rb/poly Cell Signaling, Technology Inc., #3996 1000x%
Denvers, USA
a-tubulin m/mono Santa Cruz Biotechnology Inc, Santa sc-8035 1000x
Cruz, USA
anti-BrdU BD Biosciences, San Jose, USA # 347583 500x
FITC
pH3 rb/poly Merck Millipore, Darmstadt, Germany  #06-570 500%

Abbreviations: rb- rabbit; m - mouse; poly — polyclonal; mono — monoclonal; WD
- working dilution for western blot from original stock

Table 4.4. List of used secondary antibodies

Antibody Host Source Cat.No. WB
Anti-mouse IgG, Goat Cell Signaling, Technology Inc., #7076 5000x%
HRP-linked Denvers, USA
Anti-rabbit IgG, Goat Cell Signaling, Technology Inc., #7074 5000x
HRP-linked Denvers, USA
Anti-mouse Alexa Goat Thermo Fisher Scientific Inc, #A21236 500x%
Fluor® 647 Waltham, MA USA
conjugate

Abbreviations: HRP - horseradish peroxidase; IgG — immunoglobin WD -
working dilution for western blot from original stock

4.1.2 List of used instruments and other equipment

Table 4.5. List of used instruments and other equipment

Instrument Manufacturer
ABI Prism 7300 Real-Time PCR System Applied Biosystems, Foster City, USA
BioSafety Cabinet (laminar hood) Bio-II-A Telstar, Barcelona, Spain
Centrifuge 5424 Eppendorf Eppendorf,Hamburg, Germany
Gilson PIPETMANSs Neo® Set Gilson, Inc., Middleton, USA
Hettich® MIKRO 120 centrifuge Sigma Aldrich, St. Louis, USA
HRM cycler Eco Illumina, San Diego, USA
Laminar Flow Biosafety Cabinets Bristol, USA
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LightCycler 480 Roche Diagnostics GmbH, Mannheim,
Germany

Methyl Primer Express Software 1.0 Applied Biosystems, Foster City, USA

MdJ Research PTC-200 PCR thermocycler GMI, Ramsey, USA

Multi-Spin MSC-3000 Biosan, Riga, Latvia

NanoDrop® ND-1000 Spectrophotometer Thermo Fisher Scientific Inc., Waltham, USA

Proline® Plus mechanical pipette Biothit, Helsinki, Finland

UV Transilluminator East Port, Prague, Czech Republic

Vortex Lab dancer VWR, Darmstadt, Germany

4.1.3 Collection of biological material

In this study, the analysis was performed using the same set of samples of 63
ovarian epithelia tumors and 12 healthy ovary tissues that were collected in
assistance of Radka Vaclavikova, Ph.D. from The National Institute of Public
Health (NIPH); Prof. Lukas Rob, M.D, Ph.D. from Motol University Hospital.
Samples were obtained from patients diagnosed with ovarian carcinoma with
surgical resection of tumor tissue. The control samples were collected from
independently from healthy female donors. Collections of biological material
have been approved by the ethical committees in the framework of the relevant

projects. All tissue samples, isolated RNA and DNA were stored in at -80 ° C.

4.2 Methods

4.2.1 DNA and RNA isolation

Tissues were added and stored at RNAlater® stabilization solution at -80°C for
long storage.

Approximately, 6 mm3 of the tissue was used for DNA and/or RNA
1solation. Tissue was disrupted and homogenized by MagNA Lyser Green Beads
using the MagNA Lyser Instrument.

The genomic DNA (gDNA) extracted by using DNeasy® Blood & Tissue
Kit according to manufacturer’s protocol using QIAGEN anion-exchange
technology. The principle of the method is denaturation of proteins, such as

nucleases, histones, DNA binding proteins, metabolites, cytoplasmic and
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membrane proteins by provided lysis buffer. Under the pH and low-salt
conditions DNA binds to the column while the rest of the lysate flow through
the column. Isolated DNA was washed and eluted in Ambion® Nuclease-Free
Water.

Total RNA was isolated by using RNeasy® Plus Mini kit according to the
manufacturer’s protocol. Completely homogenized tissue was lysed by RLT
Buffer containing B-mercaptoethanol (B-ME) and transferred to gDNA
eliminator spin column. After centrifugation 30s at > 8000x g RT, the lysate was
transferred into RNeasy spin column and washed twice with washing buffer
contained 96% ethanol. Next, the RNeasy spin column was placed in a new
collection column centrifuged 1 min at = 8000x g RT to let the membrane dry.
Then, the RNase-free water added directly to the spin column; centrifuged 1 min
at = 8000x g RT to elute the RNA. The pellet was incubated at 58 °C for 5
minutes.

The concentration of samples was measured via NanoDrop® ND-1000
Spectrophotometer. The ratio of absorbance at 260 nm and 280 nm was used to
assess the purity of DNA and RNA. A ratio of ~1.8 is generally accepted as “pure”
for DNA; a ratio of ~2.0 is generally accepted as “pure” for RNA. All our samples

passed these criteria’s for further analysis.

4.2.2 RT-qPCR
Reverse transcription PCR (RT-PCR)

The conversion from RNA to cDNA using reverse transcriptase and dNTPs
included in High-Capacity cDNA Reverse Transcription Kit. In the first step,
RT master mix was prepared according to the manufacturer’s protocol (Table
4.6). Total RNA in concentration of 200 ng per 20 pul was converting for each
sample to cDNA. The RT PCR was performed on PTC-200 PCR thermocycler
(Table 4.7) and secondly, cDNA stored at -80°C for long term storage.
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Table 4.6. RT-PCR master-mix and RNA samples mixture (per one reaction)

Component Volume/reaction (ul)
10x RT Buffer 2

25x ANTP Mix (100mM) 0.8

10x RT Random Primers 2
MultiScribe™ Reverse Transcriptase 1

RNase inhibitor 1
Nuclease-free water 3.2

RNA (100 pg/ul) 2

Total volume 20

Table 4.7. RT-PCR program setting

Step Temperature (°C) Time(min)
1 25 10
2 37 120
3 85 5
4 4 forever

Quantitative reverse transcription PCR (RT-qPCR)

Two-step quantitative reverse transcription PCR was performed on ABI Prism
7300 using TagMan® Gene Expression Assays (Table 4.8). The PCR master mix
and cDNA mixtures were prepared as described in the Table 4.9. In this step,
the DNA polymerase amplifies target cDNA using sequence-specific primers
and the TagMan® probe in program settings in the Table 4.10. The relative
cDNA amount was estimated by a standard curve, data normalized to, UBC,

YWHAZ and PPIA.

45



Material & methods

Table 4.8. TagMan® Gene Expression Assays. MMR genes quantification
assays used for qPCR

Gene Probe ID Transcript
MLHI Hs00179866_m1 7 RefSeqs (NM)
MLH3 Hs00271778_m1 2 RefSeqs (NM)
MSH2 Hs00953523_m1 1 RefSeq (NM)
MSH3 Hs00989003_m1 1 RefSeq (NM)
MSH6 Hs00264721_m1 2 RefSeqs (NM)
PMS1 Hs00922262_m1 3 RefSeqs (NM)
PMS2 Hs00241053_m1 1 RefSeq (NM)
TOPI1 Hs00243257_m1 7 RefSeqs (NM)
ACTB Hs99999903_m1 1 RefSeq (NM)
GAPDH Hs02758991_g1 2 RefSeqs (NM)
B2M Hs00984230_m1 1 RefSeq (NM)
YWHAZ Hs03044281_g1 6 RefSeqs (NM)
UBC Hs00824723_m1 1 RefSeq (NM)
HPRTI Hs02800695_m1 1 RefSeq (NM)
GUSB Hs00939627_m1 1 RefSeq (NM)
188 Hs03003631_g1 -
EXO1 Hs01116195_m1 3 RefSeqs (NM)
PPIA Hs04194521_s1 1 RefSeq (NM)

Table 4.9. PCR master-mix and RNA samples mixture (per one reaction)

Component Volume/reaction (ul)
2x TagMan®Universal Master Mix 10
20x TagMan®Gene Expression Assay 1
cDNA template (50ng) + nuclease-free water 9
Total volume 20

Table 4.10. RT-qPCR program setting including dissociation analysis

Step Temperature (°C) Time(min)
1 50 2
2 95 10
3 95 0:15
4 60 1
5 40x repeated the step 3 and 4
7 4 forever
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4.2.3 Methyl-sensitive high resolution melting MS-HRM

CpG islands or CpG sites were identified by using Methyl Primer Express
Software 1.0 (Applied Biosystems, Foster City, CA). The same software was used
for primer design of DNA bisulfite conversion. The criteria of primer design were
the number of CpG sites in the PCR amplicon, as well as the melting
temperature (T.). Verification of the correct length of the PCR products and

undesirable primer-dimers, the 2% of agar gel was prepared.

Bisulfite conversion of DNA

The DNA in 30 ng/ul of concentration was used for bisulfite conversion which
deaminates unmethylated cytosines (C) to form uracil (U), but does not affect
methylated cytosines. The column based EpiTect Bisulfite Kit enable complete
conversion of unmethylated cytosine to uracil in reactions.

According to the manual EpiTect® Bisulfite Handbook, the following steps
are required, bisulfite-mediated conversion of unmethylated cytosines; binding
of the converted single-stranded DNA to the membrane of an EpiTect spin
column; washing; desulfonation of membrane-bound DNA; washing of the
membrane-bound DNA to remove desulfonation agent; and elute the DNA in

nuclease-free water. Bisulfite thermal cycling is illustrated in the Table 4.11.

Table 4.11. Bisulfite conversion program setting according to the
manufacture’s protocol

Step Temperature (°C) Time (min)
1 95 5
2 60 25
3 95 5
4 60 85
5 95 5
6 60 175
7 20 forever
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MS-HRM method

The signal detection and analysis of methylation were obtained by using
commercially available kits EpiTect® HRM™ PCR Kit and EpiTect® Control
DNA ™ (100% methylated and unmethylated 100% control DNA) (Figure 4.12),
and run by MS-HRM by using LightCycler 480. MS-HRM master-mix and
converted DNA samples mixture (per one reaction) are illustrated in (Table 4.13)
The 2% of agarose gel was prepared and gels were run in the TAE buffer (Tris-
acetate-EDTA; pH 8.0) at constant voltage 100 V. DNA was visualized by
ethidium bromide and UVtransluminator.
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Figure 4.12. Melting curves of standards. Methylation level in % distinguished
by different colours: - 100%, , - 75%, , , - 15%, - 0%. The
color represents analyzed samples

Table 4.13. MS-HRM master-mix and concentrations

Component Volume/reaction (ul)
HRM Master Mix 5
Primer_forward (10pM) 0.3
Primer_reverse (10pM) 0.3
RNase-free water 3.4

Template (DNA/standard) 1
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4.2.4 Cell culture techniques

Mammalian cells were manipulated according to the standard cell culture
protocols Freshney (2005). Cells were cultivated in D-MEM (Dulbecco’s modified
Eagle’s medium), supplemented with 10% fetal bovine serum and Penicillin
(100 U/ml) — Streptomycin (100 ng/ml).

Neocarzinostatin (NCS) mediated DMA damage were examined in two
ovarian cancer cell lines 1) A2780 adherent ovarian MLH1 — proficient cell line
and ii) cisplatin-resistant cell line A2780/CP adherent ovarian MLHI —deficient
cell line (caused by hypermethylation of the gene promoter).

Cells were kept at 37 °C under 5% CO2 atmosphere. Cells were counted
using Birker counting chamber according to the standard protocol Freshney
(2005). Asynchronic cells were plated in 1-106 per 10 cm plate, cells at 70%
confluence. Following day, BrdU (bromodeoxyuridine) in a final concentration
of 10 pM, and 1pM of Nocodazole (NDZ) were added to cell culture 1 hour before
Neocarzinostatin treatment for causing DSBs. Medium with NCS was removed
after 1 hour, and the cells were washed free of NCS. The BrdU is incorporated
into newly synthetized DNA, thus indicating cells were in S-phase and NDZ
treated cells arrest in Ga- or M-phase. The cell viability was determined by DAPI
staining in concentration 1 ug/ml. Cells were harvested for FACS analysis and

WB after 6 and 24 hours after NDZ treatment.

Cell harvest

Cells were washed with cold 1x PBS, and add cold cell lysis buffer with protease
inhibitor cocktail. Incubate for 30 minutes on ice, and then centrifuged for 10
minutes at 12,000 RPM, at 4°C. Supernatant was transferred fresh tube and
store at -20°C or -80°C. For FACS analysis, cells were washed with cold PBS
and stored in 70% ethanol at 4°C.

4.2.5 Fluorescence-activated cell sorting (FACS) analysis of cell cycle

Alcohol-fixed cells were permeabilized (Triton X-100) for the intracellular
staining. Cells treated with BrdU were stained with specific fluorescent anti-

BrdU antibody conjugated with FITC. Nocodazol treated cells were utilized Anti
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Histone H3 (pSer28)-Alexa Fluor® 647 as the pH3 antibody to investigate
M phase. Incubations were followed with a set of washes with 1x PBS and
spinning 300g/3min/4°C. For cell wviability 4',6-Diamidino-2-Phenylindole
(DAPI) was used.

In addition, cell cycle gates were adjusted to include Go/G1, S, and Go/M
populations. In summary, percentage of events in the cell gate, and percentage
of cells in Go/G1, S, and Go/M populations were evaluated from flow cytometry
analysis. Single cell analysis software FlowdJo (Tree Star) was used for analysing

flow cytometry data.

4.2.6 Western blot
BCA assay

The total amount of protein in cell lysates was quantified using BCA assay to
ensure identical loading in western blot Smith et al. (1985). The BCA assay was
performed according to the manufacturer instructions. The concentration of

protein using a spectrophotometer.

SDS-Polyacrylamide Gel Electrophoresis

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed in the
standard two-gel system developed by Laemmli (1970). Proteins were loaded on
gradient gel and separated using electronic current on constant voltage. We
used BioRad Mini-PROTEAN Tetra Cell apparatus.

The separated proteins were transferred from gel onto a nitrocellulose
membrane through a wet transfer western blot. The gel/membrane sandwich
was placed into buffer filled chamber; the western blot was run at constant
voltage of 100 V for 1.5 hours. The quality of protein transfer was verified using
Ponceau S staining of the membrane.

Before antibody is added, membrane was blocked in % [w/v] of nonfat dry
milk in 1x PBS/0.05% Tween20 for 60 minutes. In the next step, the membrane
was probed with specific primary antibody of the protein of our interest
overnight at 4°C. Incubations were followed with a set of washes (1x PBS/0.05%

Tween20), which helped non-specific antibody binding.
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After washing out the unspecific binding, the membrane is incubated
with secondary antibody for 1,5 hours, which recognises the primary antibody
followed by series of washes. Final step was incubation of the membrane with
mix of equal volume of chemiluminescent ECL reagent 1 and 2 and exposed to
the medical X-ray film.

The western blot densitometry analysis was performed in Imaged
software (Abramoff et al., 2004; Rasband, 1997-201)1. No image adjustments
were made prior to densitometry analysis. The results were normalized to the

loading control (a-tubulin) from the same gel.

4.2.7 Statistical analysis

Statistically significant differences in the methylation levels were evaluated by
non-parametric Mann-Whitney U test and in the gene expression evaluations
were used One-Way test, Pearson test and Kolmogorov-Smirnov test. For cell
cycle profile Two-Way ANOVA test was performed. The GenEx followed by the
GeNorm and NormFinder software determined expression stability of the
reference genes.

Statistical analyses were performed using the GraphPad Prism 4.0 (La
Jolla, CA, USA). Differences were considered significant at P<0.05.
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5 Results

In this study, we analysed the set of 63 ovarian epithelial tumor samples and 12
healthy ovary tissues, that were collect within a project with PI Radka
Vaclavikova, Ph.D. from The National Institute of Public Health; and
collaboration of Prof. Lukas Rob, M.D, Ph.D. from Motol University Hospital.

5.1 Validation and preparation of tools

In the beginning, we validated tools for further studies, especially panel of
reference genes for the gene expression, specificity of mono/polyclonal antibodies
binding MMR proteins. Moreover, designing methylation specific primers and

their validation was needed.

5.1.1 Validation of housekeeping genes for gene expression

Ten reference genes were using for optimization of the expression stability in
tumor ovarian samples and healthy tissue, namely ACTB, GAPDH, UBC, B2M,
YWHAZ, 18S, TOP1, EXO, HPRT, GUS. One reference gene PPIA was selected
on the basis of literature (Li et al, 2009). The total RNA was isolated and cDNA
reverse transcription was performed by following manufacture protocol,
individual ¢cDNA samples and a random pool of ¢cDNA were used for
optimization.

The GenEx software, employing geNORM and NormFinder
normalization was used for data analysis and processing. We found that the
expression of UBC and YWHAZ were constant in both tumors and healthy
tissues. Finally, geNorm identified GAPDH and YWHAZ as the most stable
expressed, while NormFinder indicated UBC with best stability (Figure 5.1).

Therefore, UBC, YWHAZ, and PPIA seem to be reliable for RT-qPCR

analysis in ovarian cancer (Figure 5.1).
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Figure 5.1. Reference genes optimisation. Expression levels of the most stable
reference genes are represented in red colour A) B) Reference gene
normalization using geNorm algorithm C) D) Reference gene normalization
using NormFinder algorithm

5.1.2 Design and validation of MS-HRM

Primers specific for bisulfite-converted DNA were designed using Methyl Primer
Express Software v1.0 (Thermo Fisher Scientific Inc., Waltham, USA). The
sequence of the primer used is shown in Figure 5.2 and Table 5.3. The
fluorescence was measured once per cycle to monitor template amplification.
DNA melting curves were acquired by measuring the fluorescence during a
linear temperature transition from 55 °C to 95 °C at 0.1 °C/s with initial

denaturation started at 95°C for 15 s.
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TTTAGTCGCGATTTTTTAAGGTTAAGAGGCGGTAGAGTTCGAGGTTTGTACGAGTAGTTTTTTTTTTAGGAG
TGAAGGAGGTTACGGGTAAGTCGTTTTGACGTAGACGTTTTATTAGGGTCGCGCGTTCGTCGTTCGTTATAT
ATCGTTCGTAGTATTCGTGTTTAGTTTCGTAGTGGCGTTTGACGTCGCGTTCGCGGGTAGTTACGATGAGGC
GGCGATAGATTAGGTATAGGGTTTTATCGTTTTTCGGAGGTTTTATTATTAAATAACGTTGGGTTTATTCGG
GTCGGAAAATTAGAGTTTCGTCGATTTTTATTTTGTTTTTTTTGGGCGTTATTTATATTTTGCGGGAGGTTA
TAAGAGTAGGGTTAACGTTAGAAAGGTCGTAAGGGGAGAGGAGGAGTTTGAGAAGCGTTAAGTATTTTTTTC
GTTTTGCGTTAGATTATTTTAGTAGAGGTATATAAGTTCGGTTTCGGTATTTTTGTTTTTATTGGTTGGATA
TTTCGTATTTTTCGAGTTTTTAAAAACGAATTAATAGGAAGAGCGGATAGCGATTTTTAACGCGTAAGCGTA
TATTTTTTTAGGTAGCGGGTAGTAGTCGTTTTAGGGAGGGACGAAGAGATTTAGTAATTTATAGAGTTGAGA
AATTTGATTGGTATTTAAGTTGTTTAATTAATAGTTGTIGTTGAAGGGTGGGGTTGGATGGIGTAAGTTATA
GTTGAAGGAAGAA.GTGAGTA.GAGGTATTGAGGTGATTGGTTGAAGGTATTTTCGTTGAGTATTTAGACGT
TTTTTTGGTTTTTTTGGCGTTAAAATGTCGTTCGTGGTAGGGGTTATTCGGCGGTTGGACGAGATAGTGGTG
AATCGTATCGCGGCGGGGGAAGTTATTTAGCGGTTAGTTAATGTTATTAAAGAGATGATTGAGAATTGGTAC
GGAGGGAGTCGAGTCGGGTTTATTTAAGGGTTACGATTTAACGGGTCGCGTTATTTAATGGCGCGGATACGT
TTTTTTGTTCGGGTAGAGGTATGTATAGCGTATGTTTATAACGGCGGAGGTCGTCGGGTTTTTTGACGTGTT
AGTTAGGTTTTTTTTTTTTTCGTAGATCGTGTGTTTTTTTATCGTTTTTTTTCGAGATTTTTTAAGGGTTGT
TTGGAGTGTAAGTGGAGGAATATACGTAGTGTTGTTTTAATGGTATCGTTAATTAAGTAAGGAAGTTATTTA
ATTTAAAATTATGTATGTAGAATATGCGAAGTTAAAAGATGTATAAAAGTTTAAGATGGGGAGAAAAATTTT
TTTTTAGAGGGTATTGTGTTATTGTTTTTTTGTTTTTTATTTATTTTAGAAATTATTTGTTTATATTTAAAG
GTATAATTTATTTTGAGTT

Figure 5.2. Primer design of MLH1 Bisulfite convereted DNA for MS-HRM. The
HRM primers are represented in green color

Table 5.3. The primer sequences used for MS-HRM

Primers Sequence (5'—3') PCR product size (bp)

MLH1 forward GAGTTGAGAAATTTGATTGGTATTT 194
MLH1 reverse = AACCAATCACCTCAATACCTC

5.2 Estimation of expression profile of MMR genes in

ovarian tumors and healthy control tissue
The expression profile of MMR genes was performed in the two-step process
using florescent-labeled TagMan® probes (Thermo Fisher Scientific Inc.,
Waltham, USA. First, the cDNA synthesis produced by reverse transcriptase
was measured and diluted on 25 ng/ul in reaction. Second, the relative
quantification of Ct was analyzed by using GeneEx programme.

We concluded that expression of mRNA of following genes MLH1, MLHS3,

MSHS3, MSH6, PMS1, PMSZ2 is down-regulated in tumor tissue compared to
healthy controls, whereas, MSHZ2 was the only gene up-regulated in tumors

(Figures 5.4). There is also a high interindividual variability between samples
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and among the groups. For statistical analysis of mRNA expression three tests
were performed:

1. Kolmogorov-Smirnov test — significance 2 0.05 in all genes

2. One-Way ANOVA test — significance 2 0.05 in all genes

3. Pearson test - significance 2 0.05 in all genes

Based on the clinical data of patients, by comparing stages I+II and
IIT+IV, we observed statistically significant up-regulation in genes MSHZ
(P<0,032) in earlier stages (I+1I), and MLH1 (P <0.017), PMS1 (P<0,033) in the
latter stages III+IV.

The comparison between mucinous serous ovarian tumor type with others
such, serous, endometrioid, undifferentiated or unclassifiable revealed that
statistically significant decrease in expression of gene MLH1 (P <0.032) in the
high grade serous ones.

In samples with elevated Ki67 proliferation marker (> 13%) we observed
MLH1 down-regulation (P < 0,033) indicating that increased expression of Ki67
correlates with decreased MLH1I expression.

Three candidate genes were selected, MLHI1, MSHZ, and PMS]1, on the
basis of clinical features of the patient.

MLH1 gene — with higher tumor grade the MLH1 expression decreases;
in respect to serous ovarian tumors (the highest grade) were the MLH]I
expression was significantly lower.

MSH?2 gene — the MSHZ2 expression is down regulated in tumor samples
with positive CA125 marker and before ovary surgery with respect to end of the
chemotherapy.

PMS1 gene — PMS1 expression decreases with increasing tumor grade
and disease progression; the. PMS] is related to grade and disease progression.

In conclusion, two candidate genes MLH1 and MSHZ2 were selected for
further detailed studies. Protein level analysis (Table 5.5) was further
performed on tissue samples from patients with highest and lowest mRNA

expression.
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Figure 5.4. Relative MMR gene expression. All MMR genes are down-regulated in
tumor samples expect MSHZ, where is up-regulation in tumor compared to healthy
tissue. Statistically no significant A) Relative MMR gene expression using PPIA as a
reference gene B) the UBC'served as the reference gene C) the YHWAZ served as the

reference gene.

Table 5.5. Individual patients with highest and lowest mRNA expressions of
MLHI1, MSHZ2 and PMS1. R=sample source identification; Number= patient

order in database; T=tumor

Gene Highest mRNA Lowest mRNA

expression expression
MLH1 R55T R6T

R62T R76T

RI0OT R33T
MSH?2 R55T R22T

R38T R4T

R43T R6T
PMS1 R55T R33T

R61T R15T

R53T R4T




Results

5.3 Detection of MLH1 and MSH2 protein levels

Based on the mRNA expression data, we have focused on the protein analysis
by using western blot of MLH1 and MSH2 in patients with most pronounced
decrease in mRNA levels. Protein analysis was performed on patients with

highest MLH1 or MSH2 mRNA level and the lowest (Table 5.6).

Table 5.6.Protein analysis based on the highest and lowest mRNA expressions of
MLH1, and MSH2. R=sample source identification; Number= patient order in database;
T=tumor

Gene Highest mRNA Lowest mRNA
expression expression
MLH1 R55T R6T
R62T R76T
R90T R33T
MSH2 R55T R22T
R38T R4T
R43T R6T

We could not evaluate properly these results and further investigation is
warranted. Ponceau staining of loaded protein in MLH1 seems to be at the same
concentration, but the specificity of a-tubulin have not detected the same protein
amount. We could not evaluate properly these results and further investigation
1s warranted. Similarly, the protein loading and antibody specificity was not
satisfactory for MSH2 protein either (Figure 5.7).

In conclusion, these results indicate high intra-individual variability
among patients that might be associated with the different disease stage, tumor

grade and type as well as several different therapies and treatments.
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Figure 5.7. Protein expression of MLH1 and MSH2 in ovarian tumors and healthy
tissue — A) Ponceau staining of protein loading control for MLH1 B) Protein levels
of MLH1 in patients with highest and lowest mRNA expression C) a-tubulin
staining as loading control D) Ponceau staining of MSH2 protein level E) Protein
levels of MSH2 in patients with highest and lowest mRNA expression F) a-tubulin

loading control

5.4
genes

In this study, the level of
MLH1 promoter methylation
was determined by using MS-
HRM method. Genomic DNA
was 1solated using DNeasy®
Blood & Tissue kit (Qiagen,
Venlo, Netherlands) following

bisulfite conversion. This
treatment enables to
deaminate unmethylated

cytosine to produce uracil in
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DNA. Methylated cytosines are protected from the conversion to uracil, allowing
determining unmethylated cytosines and 5-methylcytosines. A set of primers
was designed for promoter region of the MLHI gene and the optimal conditions
for MS-HRM were set up. PCR products were verified by gel electrophoresis
using 1.5% of agar gel.

Table 5.9. The percentage of MLHI methylation status in epithelial ovarian
tumors (black) and ovary healthy tissue (green).

Tumor No. MLH1 Tumor No. MLH1 Healthy No. MLH1

Patient % Patient % tissue  Control %

T 95 0 T 128 0 K 1 0

T 96 0 T 131 0 K 2 0

T 97 0 T 132 0 K 3 0

T 98 0 T 136 0 K 4 0

T 99 0 T 137 0 K 5 0

T 100 0 T 138 0 K 6 0

T 101 0 T 141 0 K 7 0

T 102 0 T 142 0 K 8 0

T 105 0 T 143 0 K 9 0

T 107 0 T 145 0 K 10 0

T 109 0 T 146 0 K 11 0

T 110 0 T 149 0 K 12 0

T 111 0 T 150 0

T 112 0 T 151 0

T 113 0 T 153 0

T 114 0 T 154 0

T 115 0 T 155 0

T 116 0 T 156 0

T 117 0 T 157 0

T 118 0 T 158 0

T 119 0 T 159 0

T 121 0 T 160 0

T 122 0 T 162 0

T 123 0 T 163 0

T 125 0 T 164 0
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In all samples, there was no evidence of increased MLHI promoter
methylation level (0% in all samples tested for methylation status) (Figure 5.8,
Table 5.9).

In conclusion, our set of tumor and control may not be sufficiently large

to disclose the aberrant methylation status.

5.5 Analysis of cell cycle progression after DNA damage

To clarify the role of MLH1 in cell cycle progression, we compared two ovarian
cell lines i) MLH]1 proficient cell line called A2780 and ii) MLHI deficient
cisplatin resistant ovarian cell line called A2780/CP.

We compared the cell response to DNA damage after 6 and 24 hours,
suggesting that MLH1 deficiency affect the cell progression and cell will be
arrested in Gz phase due to incomplete replication.

Cell lines with damage agent arrested in the Gz compared to non-treated
control cells, with significant difference between MLH1 proficient and deficient
cells (35% vs. 42%, P < 0.05). The Gz arrest was increased 6 hours after damage
in both cell lines compared to 24-hour time point. After 24 hours treated cells
showed same cell cycle pattern as control cells. The decreased Gz arrest in MLH1
proficient cells (A2780) compared to those deficient (A2780/CP) (35% vs.46%,
P<0.01) suggest MLHI importance in DNA damage induced replication stress
(Figure 5.10).

The comparison between the 6 hour and 24 hour time point was
significantly decreased of Gg cells after 24h, suggesting that cell undergo the
check point recovery. The A2780 MLH1 proficient ovarian cell line with shows
decrease from 35 % in 6 hours to 16% in 24 hours after damage (P <0.01), in
A2780/CP MLH1 deficient cells we observed similar pattern of decrease from
42% to 9% (P <0.01) (Figure 5.11).

The number of cells in M phase has significantly increased (4.0% vs. 8.0%
P<0.01) between cell lines in 6h time point (Figure 5.12), suggesting that cells
are exposed to continual replication stress or they undergo apoptosis. More
importantly, we have not observed differences in treated and non-treated cells

in M phase after G2 check point arrest regardless of any experimental condition.

60



Results

60
B G1
— 0 BE s
= ] l:
= P =)
s B o HE -
g I: =l J il
=l
R
20 = ulki =
i E
l!::'
o O A o
A A A
R M NN S N RN
v A v A v A v A
2@ @ 2@ 2
v v v v
NCS + + + + - -
] ) L )
| |
6h 24 h
60 -
s B A2870 NCS 6h
. B A2870/CP NCS 6h
o pl
ohl: E3 A2870 6h
ST =
" ] ! H E== A2870/CP 6h
0 mplz £
-k H W A2870 NCS 24h
| T
I8 % | %% A2870/CP NCS 24h
| T
mERE | A2870 24h
T T
=kl £ E=S A2870/CP 24h
okl i
o % oV Q

Figure 5.10. Comparison of cell cycle profile between two ovarian cell lines 6h
and 24h after damage. A2780 cell line is MLH1 proficient and A2780/CP is
MLH1 deficient A) Cell cycle progression B) Statistical significance (P<0.05) in

G2 phase between both cell line 6h after DNA damage occurred
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Figure 5.12. the M cell cycle analysis of two ovarian cell lines A2780 - MLH1
proficient and A2780/CP — MLH1 deficient cell lines M cell cycle analysis A)
B) Detailed analysis of M phase after DNA damage

<plaxa Fluor 84743

0 T T T
[ 50K 100K 150K 200K 250
FSCA

T T T T T
o SIK 100K 150K 200K 250K T T T T T
<DAPk-A> o 50K 100K 150K 200K 250K

<DAPLA>

Figure 5.13. Flow Cytometry analysis of cell lines. A) SSC-A vs. FSC-A

indicates singlets gating B) FITC vs. DAPI indicates G1, S and G2 phases C)
Alexa 647 vs. DAPI indicates pH3 staining for M phase
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5.6 Detection of MLH1 and MSH2 protein levels in cell
lines

To investigate whether depletion of MLHI has an influence on MMR
heterodimer partners, we performed western blot analysis for detection of MSH2
and PMS1. We prepared cell lysates from A2780, A2780/CP and MCF7 (antibody
specificity binding control). Protein expression of MSH2 could be detected in the
same level in the cell lines and all experimental conditions. No difference in

protein level was observed in both 6h and 24h after DNA damage (Figure 5.15).

1 2 3 4 5 6 7 8

1 A2780 NCS 6h
MLH1 — — 2 A2780/CP NCS 6h

3 A2780 NCS 24h
4 A2780/CP NCS 24h
5 A2780

- tubulin == — D T Ny e S— — 6 A2780/CP
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o- tubulin “—— — — — — — — —

Figure 5.15. Protein levels measured after neocarzinostatin mediated DNA
damage.
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6 Discussion

To understand the importance of mismatch repair pathway and MLH1 status
in the ovarian carcinogenesis, we have investigated the role of MMR gene
expressions, epigenetic alteration of MLH1, cell cycle progression in the cellular
model systems with an ultimate goal to identify the link between MMR and
malignant transformation and cancer progression.

Recently, approximately in 6% of the cases abnormal function in MMR
genes was identified with regard to epithelial ovarian tumors (Bennett et al,
2016). More specifically, over 31% of cases exhibited a loss of expression in MMR
genes (Kobayashi et al, 2015). On the bases of our data set we have recorded
down-regulation of the majority of MMR genes in tumors except for MHS2 that
is up-regulated in tumors. However, we have not observed a total loss of
expression. Surprisingly, we noted the highest mRNA expressions of MLHI,
MSHZ2and PMS1in one patient, most likely in correlation with individual tumor
characteristics, based on the stage and grade. Concerning clinical data, our data
also showed relevance of up-regulation of MLH1, MSH2 and PMS1 with tumor
type and grade. The MLHI might be correlated with higher tumor grade where
we consistently observed significant increase in expression. In recent studies,
the authors observed significantly increased levels of MSHS3 gene expression in
tumor colonic tissue in comparison with non-neoplastic tissues. Interestingly,
all of the MMR genes were expressed differentially in dependance on the
location of the tumor. Especially colon cancer showed increased MSHZ2, MSHS3,
MSH6 and PMS2 gene expression compared to rectal tumors (p = 0.02)
(Vymetalkova et al, 2014). Additionally, in our study (or in our hands) the
MLH1 and MSH2 protein did not correlate with mRNA expression due to
technical problem of loading control or due to high tissue variability.

These, although somehow controversial, results could confirm the
important consideration of correlation between the tumor stage distributions
and tumor location. Therefore, the study population has to be optimally

representative of exact tumor location. Unfortunately, our clinical data was
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lacking this particular information and this direction might be interesting for
further studies.

On a basis of obtained data we may ask a question, whether apparent
down-regulation of MMR genes may be also due to epigenetic mechanism, such
as methylation of promoter regions of individual genes. As shown in the
literature (Okugawa et al., 2015), gene silencing through promoter methylation
can cause MMR genes dysfunction. Up to now, Shilpa and co-authors showed
promoter methylation status in MLH1, MSHZ, and PMS2 where the promoter
of MLHI was methylated in 37.5% cases, MSHZ2 in 8% and PMSZ2 in one out of
87 patient with ovary tumor (Shilpa et al, 2014). We evaluated 63 ovarian
tumors and 12 healthy referent tissues to disclose information about MLHI
hypermethylation status. Hence, our results do not support published data,
since we did not discover any increased levels of MLH1 promoter methylation.
None of the cases showed aberrant methylation in MLH1 gene. The general
Iimitation of several studies was that tumor samples from patients were
compared to a small number healthy donors what might be an additional cause
of variability, including our study. Another reason may be a high intra-
individual variation and group diversity due to the tumor grade, ethnicity, age,
and treatment prior to the study. However, more knowledge is emerging on the
topic of tumor heterogeneity, which may grossly impact the outcomes from
various studies.

We also performed model in vitro experiments on appropriate cell lines
(for details see Materials and Methods) to understand the role of MLH1 as a
candidate gene in molecular mechanism underlying ovarian carcinogenesis. In
our study, we used two epithelial ovarian cell lines, the MLH]1 proficient and
deficient, to determine whether MLH] is involved in neocarzinostatin (NCS)-
mediated DNA damage and mediates a response in Gz arrest. We show that
MMR, particularly MLH1, might be involved in regulation of G2 cell cycle check-
point by extending the G2 arrest. Both cells lines were arrested in G2 phase 6
hours after the damage, what might be the consequence of incomplete
replication. The MLH1I deficient cells were significantly (P<0.01) more arrested
in Gz phase; in accord with general belief that a MLH1 proficient cells had an
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ample time and capacity to repair the DNA damage prior to the entering to M,
as compared to deficient ones which need longer time to go over. In contrast to
our observation, it was previously reported that MLHI-deficient human colon
carcinoma HCT116 cells as well as A2780/CP cells demonstrated reduced and
shorter Gz arrest as a response to irradiation (Yan et. al, 2001). This observation
is in concordance with the assumption that Go arrest is triggered by multiple
mechanisms, and depending on the type of the damage.

Surprisingly, the M phase has similar progression pattern between
treated and non-treated cells, whereas the cells with MLH1 deficiency show
unexpectedly increased % of cells in M phase compared to proficient cells at both
time points. On the other hand, the M phase of the MLH1 deficient cells are at
the same level irrespective of DNA damage condition. This observation can be
explained that cells with lack of ability to arrest in G2 subsequently die.

With this knowledge we looked at the presence of other MMR gene,
MSH2, for support to a more direct role in Go arrest. The MSH2 expression
seemed to be identical in MMR- deficient and proficient tumor cell lines as well
as in those treated versus non-treated. The comparable results were observed in
colon carcinoma HCT116 (MLH1 ") (Yan et. al, 2001) with no increased MSH2
expression after DNA damage induced by IR.

In summary, our result show that MMR might play the role in G2 arrest
response after DNA damage and raise a demand for further studies on how
MMR participate in DNA damage response by regulating Gz2/M progression in
ovarian (and perhaps other malignancies as well) cancer. From the clinical point
of view, MMR pathway might be regulated also by additional pathways, such as
miRNA regulation, mutation based microsatellite instability, single nucleotide
polymorphisms etc. Increased progress in this field suggests that MMR defects

could play an important role in tumor development, including ovary.
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7 Conclusions

The Diploma Thesis deals with the monitoring of mismatch repair genes in the
pathogenesis of ovarian cancer, with following aims and conclusion.

¢ Estimation of mRNA expression profile of MMR genes
The expression profile of MMR genes, namely MLHI1, MLH3, MSHS3,
MSH®6, PMS1, PMSZ2, were analyzed on set of 63 ovarian tumors and
12 healthy ovary tissues. All genes were down-regulated in tumors,
except for MSHZ2 exhibiting an up-regulation in tumors compared to
healthy tissue. We selected two candidate genes (MLHI and MSH2)
for further investigation. We observed unambiguous correlation of
MMR genes with grade and type of tumors

e Analysis of MLH1 promoter methylation
The promoter methylation status was analyzed on the same set of
samples. We have not detected any increased methylation level in
promoter region of MLHI1 candidate gene. In conclusion: the down-
regulation of MLHI might be due to other regulation mechanisms,
such as miRNA protein degradation.

e Detection of protein levels of MMR proteins
The level of candidate proteins in patient samples are not conclusive
due to i) large heterogeneity of the samples based on tumor grade,
type, therapy, ii) or due to technical error on western blot method

e Estimation the role of MLH1 in ovarian cancer cell lines
We investigated the importance of MLHI throughout cell cycle
progression following DNA damage. MLH1 might have a role in G2
check point arrest. MLHI1 deficient cell are significantly more

frequently arrested at G2 phase as compared to MLH1 proficient cells.
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