Charles University

Faculty of Medicine in Pilsen

Anatomy, Histology and Embryology

Molecular prognostic and predictive markers in colorectal cancer

Dissertation

Supervisor:
Dr. Pavel Pitule

Consultant:

Res. Prof. Pavel Vodicka

Pilsen 2023 Nazila Navvabi



ABSTRACT

Colorectal cancer is currently one of the three major causes of cancer-related death
worldwide. Despite the fact that the incidence of CRC has been regularly rising globally
over the last few decades, mainly in developing countries, the overall survival rate has
increased given the advances in targeted agents and cytotoxic chemotherapy.
However, patient survival is highly dependent on the tumor stage at the time of
diagnosis.

Thus, in order to help clinicians to treat colorectal cancer, it is necessary to introduce
more effective tools that will improve not only early diagnosis, but also prediction of the
progression of the disease and response to chemotherapy. In that way, they will be
able to decrease both morbidity and mortality of their patients. In accordance with that,
colon cancer research has described numerous biomarkers for diagnostic, prognostic
and predictive purposes that either alone or as part of a panel would help improve
patient's clinical management. The thesis introduction describes the proposed CRC
biomarkers divided based on the clinical specimen that is examined. The new insight
in CRC monitoring is discussed, presenting promising emerging biomarkers
(telomerase activity, telomere length and micronuclei frequency). In relation to my
research, the thesis also focuses on alternative splicing that has emerged as an
important regulator and potential treatment target in CRC. Alterations in gene
expression leading to colorectal carcinogenesis results in dysregulated levels of
nucleic acids and proteins, which can be utilized for the identification of modern,
minimally invasive molecular biomarkers. Alternative splicing factors regulate
alternative exon repression or activation which allows one pre-mRNA to code for
multiple protein isoforms. One of the alternative splicing factors are MBNL proteins, a
family of three members - MBNL1, MBNL2 and MBNL3 - that was primarily linked with

the development of myotonic dystrophy.

The goal of my work that is presented here was to analyze gene expression of the
MBNL family of regulators of alternative splicing in various stages of colorectal cancer
development, together with the MBNL-target splicing events in FOXP1 and EPB41L3

genes and tumor-related CD44 variants.

The study was done using samples of tumor tissue and non-malignant mucosa from

108 CRC patients. After RNA isolation and reverse transcription, the relative gene



expression of a selected gene panel was tested by quantitative real-time PCR, followed

by statistical analysis.

We observed that MBNL expression was decreased in tumor tissue compared to non-
tumor mucosa. In addition, lower expression was observed for the variants of FOXP1
and EPB41L3, while higher expression in tumor tissue was detected both for total
CD44 and its cancer-related variants 3 and 6. Transcript levels of the MBNL genes
were not found to be related to any of the studied clinicopathological characteristics.
Multiple significant associations were identified in the target gene panel, including
higher transcript levels of FOXP1 and CD44v3 in patients with distant metastases and
connections between recurrence-free survival and altered levels of FOXP1 and
CD44v3.

Our results identified for the first-time deregulation of MBNL genes in colorectal cancer.
Given the physiological role of MBNL proteins, we hypothesized that down-regulation
of their transcripts in tumor tissue compared to matched non-tumor mucosa can lead
to transition of alternative splicing patterns towards a less differentiated phenotype,
that consequentially induce further tumor development. We believe that our research
highlights the importance of alternative splicing regulation for tumor growth and
propagation. Furthermore, an utilisation of biomarkers involved in the repair of

oxidative DNA damage and in epigenetics in CRC patients is discussed as well.
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1 Abbreviations

AA Alternative acceptor

ACTB Actin beta

APC Adenomatous polyposis coli

AS Alternative splicing

ASCO American Society of Clinical Oncology
ASS Alternative splicing sites

BLAST Basic Local Alignment Search Tool
CDH17 Cadherin 17

cDNA Complementary DNA

CDX2 Caudal type homeobox 2

CEA Carcinoembryonic antigen

CF Cell-free

cfDNA Circulating cell-free DNA

ctDNA Circulating tumour DNA

CIN Chromosomal instability

CIMP CpG island methylator phenotype
CKs Cytokeratins

CpG Cytosine preceding guanine

CRC Colorectal cancer

DPEP1 Dipeptidase 1

DNA Deoxyribonucleic acid

DNase Deoxyribonuclease

DSB Double strand-breaks

EGFR Epidermal growth factor receptor
EMT Epithelial-to-mesenchymal transition
EGF Epidermal growth factor (EGF
ESRP1 Epithelial splicing regulatory proteins 1
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ESRP2 Epithelial splicing regulatory proteins 2
EPB41L3 Erythrocyte Membrane Protein Band 4.1 Like 3
ES Exon skipping

ESEs Exonic splicing enhancers

ECM Extracellular matrix

FDR False discovery rate

FGF Fibroblast growth factor

FIT Fecal immunochemical test

FTMS Fourier transform mass spectrometry
FOBT Fecal occult blood test

FOXP1 Forkhead Box P1

FTMS Fourier transform mass spectrometry
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
gFOBT The guaiac fecal occult blood test

GSK-313 Glycogen synthase kinase 3-3

HARS Histidyl-TRNA Synthetase

hnRNPs Heterogeneous nuclear ribonucleoproteins
HPRT1 Hypoxanthine phosphoribosyltransferase1
HDI Human Development Index

HOGG1 Human oxoguanine glycosylase 1

ELISA Immunosorbent assay

IGFBP-2 Insulin-like growth factor binding protein 2
IGF Insulin-like growth factor

ILK Integrin-linked kinase

IncRNAs Long noncoding RNAs

MALDI Matrix-assisted laser-desorption ionization
MAPKs Mitogen-activated protein kinases

MASP1 Mannan binding lectin serine protease 1
MEF Mouse embryonic fibroblast




PhD thesis Nazila Navvabi

miR-140 MicroRNA 140

MMPs Matrix metalloproteinases

MS Mass spectrometry

MBNL Muscleblind-like

MDS Myelodysplastic syndromes

M Metastasis

miRNAs MicroRNAs

MMR Mismatch repair

MSI Microsatellite instability

MSS Microsatellite instability

mRNA Messenger RNA

NCBI National Center for Biotechnology Information
N Node

NI New intron

NLR The neutrophil-to-lymphocyte ratio
OS Overall survival

PCR Polymerase chain reaction
PI3Ks Phosphatidylinositol 3-kinases
PPT Polypyrimidine tract

gPCR Quantitative real-time PCR
RBPs RNA-binding proteins

RE Retained exon

RefSeq Reference Sequence Database
RFS Recurrence-free survival

RNA Ribonucleic acid

RBP RNA binding proteins

RNP RNA-protein

RNAseq RNA sequencing

RT Reverse Transcriptase
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snRNP Small ribonucleoprotein

shRNA Small hairpin RNA

SATB2 Special AT-rich sequence binding protein 2
SRE Splicing regulatory elements

SR Serine—Arginine

STK4 Serine/threonine kinase 4

TGF transforming growth factor

T tumor

TP53 tumor protein p53

TSGs tumor suppressor genes

uICC Union for International Cancer Control
VEGF vascular endothelial growth factor

wit wild type

ZnF Zinc finger

ZFAS1 ZNFX1 antisense RNA1

3'SS 3' splice site

5'SS 5' splice site
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2 Introduction

Despite the latest progress in methods of screening and diagnosis, colorectal cancer
(CRC) is still one of the most important leading causes of cancer related death
worldwide, and it remains the third most commonly diagnosed malignancy in males
and the second most commonly diagnosed cancer in females [1]. Many factors
including somatic mutations in KRAS, adenomatous polyposis coli (APC), Epidermal
growth factor receptor (EGFR) and TP53 serve as positive prognostic markers in
patients with colorectal tumor progression [2]. The incidence of CRC in inhabitants less
than 50 years of age (early onset disease) has seen an alarming rise worldwide over
the past two decades. Furthermore, early-onset CRC administer to offer with higher
pathologic grade, distant disease, and a greater incidence of recurrence and
metastatic disease. The reason for this global trend is poorly understood [3]. However,
currently established prognostic and predictive markers are not sufficient for a next
dramatic change in the CRC outcome. Novel markers are needed, and recent studies
add growing evidence of aberrant alternative splicing (AS) importance as prognostic,
diagnostic, and predictive biomarker in development and progression of colorectal
cancer, metastasis, therapeutic resistance, and other oncogenic processes [4].
Alternative splicing may bring a promise of faster diagnosis and prognosis in cancer
field in general, not only in CRC [5]. Alternative splicing is efficiently regulated by
splicing regulatory factors such as muscle blind-like (MBNL) protein family. In addition
to directly change effector proteins, any mutations or changes in expression of splicing
factors themselves could lead to the activation of oncogenes and cancer pathways or

the loss-of-function in tumor suppressors [4].
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Figure 1. Anatomy of the colon,Colon cancer and polyp
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Figure 1. The human colon is arbitrarily divided into four sections, including ascending, transverse,
descending, and sigmoid colon. Benign polyps develop when DNA damage occurs in the inner lining of
the colon cell (Right). Over the years, polyps in the colon are able to develop into colon cancer (Left).
lllustration from Medicine Net. Inc

https://www.medicinenet.com/image-collection/colon_cancer_picture/picture [6].

2.1 Introduction to Colorectal Cancer

2.1.1 CRC Epidemiology

Colorectal cancer (CRC), also known as colorectal adenocarcinoma, generally
originate from the glandular and epithelial cells of the large intestine when some of the
epithelium cells undergo a series of genetic changes that transform them into
adenocarcinomas [7] (Figure 1). Along with the abnormal accumulation of epigenetic
changes in colon epithelial cells, these hyper-proliferative cells generate rapidly
growing benign adenoma, which may later develop into carcinoma and over decades

into development of metastases [8,9].

According to GLOBOCAN 2020 data, CRC is the third most common cause of cancer
related death in the world with about 1 million deaths per year [10]. Almost 2 million
new cases and about 1 million deaths are expected to happen yearly in the next 10
years [1,11]. Nevertheless, it has consistently been shown that due to population

growth and ageing, CRC incidence and the number of cancer deaths is increasing

-6-
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rapidly in the entire world (Figure 2), especially in medium to high Human Development
Index (HDI) countries particularly in Eastern Europe, Asia and South America that are
undergoing rapid transition in societal and economic and adopting western way of life
associated with using up more red meat, obesity, sedentary lifestyle, alcohol and
tobacco consumption, that are mostly considered as the driving factors behind the
growth of CRC [8,12]. According the latest data, CRC accounts for the deadliest cancer
among males in three countries - Saudi Arabia, Oman, and UAE, and the deadliest
among females in five countries including Algeria, Belarus, Japan, Spain, and Portugal
[13]. The country with the highest mortality rates of CRC per 100,000 population is
Hungary among both males and females [11,14]. According to GLOBOCAN 2020 data,
total CRC incidence and mortality rates have been significantly decreasing in a number
of the highest indexed HDI countries, for example in the USA, Australia, New Zealand
and western European countries. In contrast to declining of CRC mortality in these
countries, however, the incidence of CRC in inhabitants less than 50 years of age
(early-onset disease) has been increasing. Early-onset CRC incidence in the U.S. is
going up by an average of 1.8% annually from 1992-2012, and is estimated to account
for 10% to 25% of newly-diagnosed CRC by 2030 [3]. In 2020, CRC is reported for
10% of global cancer incidence and 9.4% of cancer deaths, quite lower than lung
cancer that represents 18% of deaths. The global number of new CRC cases is
predicted to reach 3.2 million in 2040, based on the prediction of population growth,
aging, and human development. The increase in CRC incidence is mainly ascribed to
the increase exposure to environmental risk factors resulting from lifestyle changes
and diet toward western way of life. The International Agency for Research on Cancer
(IARC) evaluates that the global burden of CRC will grow by 56% between 2020 and
2040, to more than 3 million new cases per year [15]. The predicted increase in the
number of deaths from the disease is even more, by 69%, to about 1.6 million deaths
worldwide in 2040 [10]. Number of predicted deaths and mortality rate for the year
2020 in comparison with 2015 displays Table1. There are approximately 450,000
people newly diagnosed with CRC each year in Europe [11].

Colorectal cancer predicted mortality rates for 2020 were 15.8 per 100 000 men

(-6.7%) and 9.2 in women (-7.5%) and their declines have been reported in all age

-7-
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groups [12]. As it is presented in Figure 3, the averaged crude mortality rate between
2015 and 2020 has been found substantially reduced by 5% in men and 4% in women.
The reasons for the recent declining trends in mortality in these countries may be
partially explained by improvements in early detection, diagnostic techniques,

screening programs and prevention through polypectomy [6].

Number of mortality and death rates for year 2020

Table 1. Number of predicted deaths and mortality rate for the year 2020, comparison figures for 2015, for the EU, with 95% prediction intervals (Pls) and the
percentage differences between 2015 and 2020
Observed number of Predicted number of Observed Predicted ASR % difference
deaths 2015 deaths 2020 (95% P1) ASR 2015 2020 (95% PI) 2020/2015
Men
Stomach 34 666 33 700 (32 971—34 485) 6.28 553 (5.38-5.67) =119
Colorectum 93 241 98 500 (96 750—100 316) 16.06 15.38 (15.08—15.68) -4.2
Pancreas 42 462 45 900 (45 350—46 534) 791 7.76 (7.65—7.87) —1.9
Lung 183 943 182 600 (179 799—185 440) 34.83 31.62 (31.02—32.21) -9.2
Prostate 74 998 78 800 (77 646—80 026) 10.71 9.95 (9.78—10.11) =71
Bladder 31 938 32 800 (32 036—33 618) 4.99 452 (4.38—4.65) —-9.4
Leukemias 23 713 25 100 (24 489—25 707) 4.39 387 (3.73—4.02) -11.8
All cancers (malignant and benign) 760 111 798 700 (791 039—806 298) 137.53 130.09 (128.63—131.55) -5.4
Women
Stomach 22 162 20 300 (19 698—20 900) 291 251 (2.42—-2.6) 13.7
Colorectum 77 122 76 100 (74 944—77 260) 9.40 8.62 (8.48—8.75) 8.3|
Pancreas 42 201 46 200 (45 494—46 975) 5.53 5.60 (5.49-5.7) 1.2
Lung 88 502 99 800 (98 658—100 983) 14.28 15.13 (14.95—15.32) 6.0
Breast 93 903 95 900 (94 637—97 187) 14.54 13.48 (13.31-13.66) 7.3
Uterus (cervix and corpus) 29 691 31 300 (30 656—31 974) 4.84 4.78 (4.67—4.89) 1.2
Ovary 30 213 29 000 (28 330—29 6%96) 4.78 4.23 (4.11—-4.36) 11.5
Bladder 10 900 11 400 (11 114—11 656) 117 1.15 (1.12-1.18) 1.9
Leukemias 19 137 19 800 (19 390—20 184) 2.63 227 (2.17-2.37) 13.7
All cancers (malignant and benign) 603 957 6530 100 (625 252—634 898) 85.68 82.16 (81.59—82.73) 4.1

ASR, age-standardised mortality rates using the world standard population

Table 1, the averaged crude mortality rate between 2015 and 2020 has been found substantially
reduced in both men and female https://doi.org/10.1016/j.annonc.2020.02.009[16].
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Figure 2. number of new cases in 2020, worldwide, all ages

Number of deaths in 2018, both sexes, all ages

Number of new cases in 2018, both sexes, all ages
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1276 106 (7.1%) 358 989 (3.8%) 782 685 (8.2%)
Cervix uteri Stomach Pancreas Liver
569 847 (3.2%) 1033701 (5.7%) 432 242 (4.5%) 781631 (8.2%)
Oesophagus Liver Qesophagus Breast
572034 (3.2%) 841 080 (4.7%) 508 585 (5.3%) 626 679 (6.6%)
Total: 18 078 957 cases Total: 9 555 027 deaths

Figure 2. Global colorectal cancer incidence and mortality of all ages in the world.

Source: GLOBOCAN 2020: New Global Cancer Data | UICC https://www.uicc.org/news/globocan-2020-

new-global-cancer-data [17]

Figure 3. EU age-standardised mortality rates observed for 2015 and predicted for
2020 with corresponding 95% Pls for total cancers and the 10 major cancer sites in

men and women
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Figure 3. Bar-plots of age-standardized death rates per 100,000 people a year in 2015 and predicted
rates in 2020 for all cancers and 10 major cancer sites in EU men and women. Source: Annals of

Oncology https://doi.org/10.1016/j.annonc.2020.02.009[16]
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2.1.2 Biomarkers in CRC

The ideal molecular marker can be defined as a substance that can be quickly, reliably,
reproducibly and quantitatively measured, with high sensitivity and specificity, that is
consistently detected across genders and ethnic groups while its concentration is
reflecting the stage of the disease and/or the response to the therapy used [18]. Thus
protein biomarkers are considered as a robust indicators of physiological biological
processes, pathogenic processes, or pharmacologic responses in establishment of
effective treatment strategy [19]. In addition, peripheral blood biomarkers that illustrate
an individual's risk for developing CRC or other cancers, risk related Single nucleotide
polymorphisms (SNPs) and the determination of DNA methylation in white blood cell
DNA as a marker of cancer risk as well as other molecular markers can be used to
assess the risk of future disease, the aggressiveness of the malignancy over the time,
and the probability that a patient will respond to a particular treatment, thereby helping
the clinician to make personalized treatment decisions. Recently, translational
research in CRC has produced a wide spectrum of potential molecular biomarkers in
CRC tumor tissues which illustrate the clinical applications of biomarkers in early
detection of the disease and their essential role in prognostic stratification, diagnosis,
surveillance, and treatment of CRC [20]. However, it must be taken into account that
due to high heterogeneity of CRC and poor prognosis associated with late diagnosis,
there is an essential need for new diagnostic, prognostic and predictive biomarkers to
avoid CRC related deaths [21]. CRC is specific by its high inter and intra tumor
heterogeneity with various mutational landscapes, that arise via the genomic
microsatellite instability (MSI), chromosomal instability (CIN), aberrant DNA
methylation, and DNA repair defects [22]. Most CRC cases are due to sporadic genetic
or epigenetic changes, with up to 10% to 20% of all CRC cases have a familial history
of the disease [22] and only 2% [23,24] of all CRC cases have described germline
mutations associated with hereditary cancer syndromes [15]. It must be considered
that genetic and epigenetic changes characterizing the carcinogenesis of CRC are
essential for the identification and development of a suitable biomarker [23]. Sporadic
colorectal carcinogenesis is the term given to complex multifactorial processes
resulting in the alteration of normal epithelial cell cycle that occurs in individual cases
with no known familial history of a hereditary CRC syndrome [24]. The acquisition of

genomic instability is considered a key hallmark in tumor development. Based on the

-10 -
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major driving mechanisms behind its development, they can be characterized by
chromosomal instability (CIN), which is the most common pathway to sporadic CRC
(Table 2), the CpG island methylator phenotype (CIMP), microsatellite instability (MSI),
and a KRAS-mutated and BRAF wild type (wt) gene [25,26]. The CIN, MSI and CIMP
pathways result in lesion pathology and progression transition to malignancy, which is
going along with deregulated gene expression of oncogenes and tumor suppressor
genes. CIN is the most common subset of genomic instability, responsible
approximately for 80%—85% of colorectal tumors. This subset shows different forms of
genomic instability, specified mainly by chromosomal rearrangements and numerical
abnormalities at a large increased rate compared with normal cells. At the outset, the
CIN phenotype employed to characterize tumors with a high degree of intercellular
heterogeneity in chromosome number, specified by counts for a restricted set of
chromosome-specific centromeres. CIN is further used to hallmark cancers with either
imbalance in chromosome number (aneuploidy) or polyploid DNA content as
measured by cytometry or cytogenetics, or multiple gains or deletions of chromosomes
or chromosome arms, high frequency of loss of heterozygosity (LOH). MSI CRC occurs
in nearly 7%—-12% of sporadic colorectal cancers. This subtype results from an impair
of DNA mismatch repair function or partial MMR inhibition, for example by incomplete
hypermethylation of MMR genes or due to a production of alternative variants of MMR

genes [25].
Another pathway of tumorigenesis, the CpG Island Methylator Phenotype (CIMP) that

also occur through an epigenetic instability pathway, is characterized by vast
hypermethylation of promoter CpG island sites, resulting in the inactivation of several
(at least 5) tumor suppressor genes or other tumor-related genes. The molecular
features of these pathways can potentially be used clinically in the diagnosis, screening
and management of patients and families with colorectal cancer. On that account, the
substantial genetic heterogeneity in colorectal tumors must be considered when

developing novel molecular diagnostic methods [27].

Recent advances in molecular and biological characteristics of CRC have provided
useful knowledge about its pathogenesis. It leads to the development of biomarkers
that help with the identification of patient responses with respect to cancer diagnosis,
management, and surveillance. The detection of biomarkers that can result in CRC

early detection or monitoring would enable the development of proper prevention,

-11-
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personalized medicine and improve survival rates [26]. Cancer biomarkers could be
divided according to their different functions on diagnostic, predictive, or prognostic
[27].

Diagnostic biomarkers are known as a biological characteristic that can be used in
early detection of the cancer in a noninvasive way and thus have the secondary
function for a prevention of the cancer [28,29]. Prognostic markers provide prognostic
information, independent on therapy, on patient outcomes at the time of diagnosis,
such as overall survival (OS) and relapse-free survival (RFS). In contrast, predictive
biomarkers are usually used to provide information about treatment response and

therefore could be used to guide therapy decisions [20,30].

Selected Genes That Regulate Chromosomal Instability

Pathway Deregulated gene Gene alteration
Chromosome segregation BUBI; BUBRI Somatic mutations
hZwl0; hZwilch; hRod Somatic mutation
AURKA Gene amplification and overexpression
PIK] Gene overexpression
PTTG Gene overexpression

CENP-A; CENP-H; HECI1; INCENP (Gene overexpression

APC Germline and somatic mutations
Telomere regulation TERC Overexpression
DNA damage response ~ ATM; ATR Germline mutation
BRCA 172 Germline mutation
TP53 Germline mutation and somatic mutations
MREI] Germline mutation

Table 2. Responsible Genes that regulate chromosomal instability https://www.slideshare.net/spaliz/a-the-

chromosomal-instability-pathway-in-colon-cancer-184158841[31]

-12 -
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2.1.3 Importance of Biomarkers in CRC

It is important to detect new CRC biomarkers with high specificity, sensitivity and
reproducibility. Despite the fact that in some cases these putative markers appear as
good diagnostic parameters, in general it has been shown that a single protein marker
is not enough to get high sensitivity and specificity values for CRC diagnosis [30,32].
Therefore, employing a panel of several biomarkers might be useful to achieve a

greater diagnostic accuracy.

In addition to the diagnostic biomarkers, clinical management of CRC patients can
further benefit from implementation of variety of prognostic and predictive biomarkers.
A prognostic biomarker is a clinical or biological characteristic which is specified to a
special tumor type by defining the occurring polymorphism, mutation or the change in
DNA methylation or gene expression, or by detecting the presence of specific
microRNA (miRNA) molecules or circulating tumor cell (CTCs) in the peripheral blood
and provide information on patient health outcome regardless the treatment, while a
predictive biomarker presents information on the possibility of obtaining a response to
treatment and indicates the likely benefit the patient get from a specific treatment,
compared to their condition at baseline [30,33]. The most important predictive
biomarkers with a recognized clinical value in the molecular diagnostics in oncology
are somatic mutations, of both the point mutation and chromosomal aberration types,
in the following genes: EGFR, KRAS, BRAF, PDGFRA, KIT, HER2, BCR-ABL, and
EML4-ALK [34,35].

In the following chapters, we review the present status of newer diagnostic, prognostic,
and predictive biomarkers in CRC and provide perception of their implementation in
clinical management. All biomarker types will be divided according to sample origin

into Tissue biomarkers, Blood Biomarkers and Stool Biomarkers [36].

2.1.4 Diagnostic biomarker

As mentioned above, diagnostic biomarkers can be identifying the presence of a
disease or condition of interest, in some cases also a specific subtype of the disease,
optimally prior to occurrence of symptoms, allowing for early detection of the disease.
Latest discoveries have been demonstrating developments of CRC screening
modalities including invasive and non-invasive biomarkers. Both minimally-invasive

and non-invasive biomarkers are required to encourage use by clinicians and increase
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compliance of patients (Table 3). To obtain these properties, biomarkers in blood,

urine, saliva, feces or pancreatic juice samples must be investigated.

1. Tissue Biomarkers
1) Cytokeratins

Cytokeratins (CKs) are intermediate filaments forming proteins found in the
intracytoplasmic cytoskeleton of epithelial tissue, provide mechanical support and fulfil
a variety of additional functions in epithelial cells [37]. CK staining models are the most
helpful procedures for discovery of metastatic adenocarcinoma of unknown primary
origin [38]. To differentiate metastatic CRC from other tumors, tissues are stained for
CK7 and CK20. CRC specimens mostly stain positive for CK20 and negative for CK7
[39,40]. CK20 selectively exist in Merkel cells and normal gland cells of the colonic
mucosa, while CK7 is expressed in urinary bladder and female genital tract epithelia,
mesothelium, and normal lung and is not present in the colonic mucosa. Detecting the
CK7—-/CK20+ pattern is a typical method for metastatic CRC diagnosis. A reported 65%
to 95% of CRC cases show a CK7—/CK20+ pattern [41].

2) Caudal type homeobox 2

Caudal type homeobox 2 (CDX2) codes for a homeobox protein which is involved in
the regulation of normal cell differentiation in the Gl tract and tumor suppression in the
colon [42]. While CRC is frequently associated with abundant CDX2 expression, loss
of CDX2 is linked with adverse prognosis. Werling et al. highlighted tumor-suppressor
role of CDX2 expression in CRCs. Their study showed the correlation between loss of
CDX2 expression in CRCs with tumor differentiation, proximal tumor location,
microsatellite instability (MSI), CpG island methylator phenotype (CIMP) and BRAF
mutation [43].

Many studies have evaluated that high CDX2 expression levels were found in CRC,
while intermediate CDX2 expression levels were found in other adenocarcinomas of
the Gl tract. Other than CK pattern, assessing CDX2 expression is also a very sensitive

and specific manner of identifying CRC [44].

-14 -



PhD thesis Nazila Navvabi

3) Special AT-rich sequence binding protein 2 (SATB2)

Special AT-rich sequence binding protein 2 (SATB2) is known as part of the nuclear
matrix attachment region DNA binding transcription factors family [45]. Although the
exact role of SATB2 in the Gl tract is unknown, Magnusson et al. found that SATB2
being highly expressed in the epithelium of the lower Gl tract including the appendix,
colon, and rectum [46]. SATB2 could be used as a single marker of CRC with shown
positivity of 87.8% (943/1,074). Many studies have reported the benefit of the addition
of SATB2 to the standard panels of CK7, CK20, and CDX2, however no clear
consensus has been reached [47]. Dragomir et al. described that the addition of SATB2
to standard panels has no significant improvement in sensitivity or specificity in the
diagnosis of CRC, which is in contrast with recent studies reporting that SATB2 might
be a specific marker for differentiating metastatic CRC from primary ovarian
carcinomas [48]. Before the identification of SATB2, CDX2 was the most specific
marker available [49]. However, CDX2 tested positive in 18% of ovarian carcinomas,
whereas SATB2 was expressed in 95% of metastatic CRC and 0% of ovarian
carcinomas. Therefore, SATB2 could be used as a marker to exclude ovarian

carcinomas [50].

4) Cadherin 17

Cadherins are cell-cell adhesion molecules and have critical roles to keep proper
tissue structure under physiological conditions. Molecular defects in cadherin
expression are involved in many human diseases including carcinomas [51]. Cadherin
17 (CDH17), a member of the cadherin superfamily, was first identified in the rat liver
and intestine. Later on, 3 immunohistochemical studies consisting of a large number
of human tissues found that CDH17 was expressed on the surface epithelium of the
duodenum, ileum, appendix, and colon [52]. Recent studies illustrated the role of
CDH17 as immunohistochemical marker for the diagnosis of adenocarcinomas of the
Gl tract [63,54]. CDH17 is reportedly expressed in 96% to 100% of primary and 100%
of metastatic CRC [55,56]. CDH17 is also expressed in other Gl tumors such as
gastric, pancreatic, and biliary cancer but it is rarely found outside the Gl tract. Although
CDHA17 is transcriptionally regulated by CDX2, some studies indicated that CDH17 is

more sensitive and specific than CDX2 for the identification of CRC [51].
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5) Telomerase

Telomerase, also called terminal transferase, is a ribonucleoprotein that maintains
telomeres by adding TTAGGG repeats onto telomeres that are located at the ends of
chromosomes [57,58]. Telomerase uses intrinsic RNA as a template for reverse
transcription. Under physiological conditions, telomeres shorten with each cell division.
When telomeres become critically shortened, a signal of DNA damage is induced that
results in replicative senescence [58]. Cancer cells bypass DNA damage-induced
inhibitory signaling pathways by upregulating telomerase. Telomerase is found in 85%
to 90% of all malignant tumors [59]. The activity level of telomerase reflects dysplasia
progression in the respective tissue. Telomerase can be introduced as a novel
diagnostic biomarker in CRC using the new methods of Telomerase Biosensor
Technology [60]. For example, Heidenreich and Kumar discussed the importance of
telomerase in human cancers, described the mechanisms of telomerase rehabilitation
with focus on cancer specific noncoding mutations in the core promoter of the TERT
gene that result in creating of new binding sites for E-twenty-six (ETS) transcription
factors. The telomerase reverse transcriptase (TERT) promoter mutations marked the
first case of driver mutations within the so named dark matter of the genome which act

through aberrant expression rather than alteration of a gene products[61].

6) GPA33

The GPA33 (A33) gene encodes protein A33, a membrane-bound glycoprotein
homologous to the immunoglobulin superfamily [62,63]. Immunohistochemical studies
have found that A33 is expressed by epithelial cells in the stomach, small intestine,
colon, and rectum. It is expressed in more than 95% of human CRC cases, especially
in well-differentiated tumors, informing that it could be a potential target for CRC
treatment [56]. An immuno-histological study comparing A33 and CDX2 determined
that A33 showed sensitivity similar to that of CDX2 but specificity higher than that of
CDX2 as an immunomarker of CRC [64].
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2. Blood Biomarkers
1) Chromosomal instability associated alterations

Chromosomal instability (CIN) is known as gain or loss of whole or large portions of
chromosomes leading to karyotypic variability, resulting in sub-chromosomal genomic
amplifications, changes in chromosome numbers, and a high loss of heterozygosity
(LOH) rate [65,66]. CIN is the most common form of genetic instability observed in
CRC (65%-70%) [67]. Mutations in tumor suppressor genes (TSGs) and oncogenes
such as APC, CTNNB1, KRAS, PIK3CA, and TP53, and LOH of chromosome 18q
were the key events that lead to the development of CIN CRC [68,69]. Various cases
of colorectal cancer result through CIN pathway, which is typical by general imbalances
in chromosome number (aneuploidy) and loss of heterozygosity (LOH) [65,66].
Interestingly, it was recently shown that CIN may occur as early as in low grade
dysplasia colon adenomas [70]. The CIN that underlies most of all colon cancers, can
induces carcinoma through the loss or mutation of tumor suppressor genes such as
APC, TP53 and also through activation of oncogenes such as RAS family. RAS family
includes HRAS, NRAS and KRAS genes. Among RAS family, KRAS gene plays the
most important role. KRAS gene encodes GTP (guanosine 5'-triphosphate)-binding
proteins, and they function as self-inactivating intracellular signal transducers for
surface receptors such as epidermal growth factor receptor. The activation of RAS
genes results in cell survival promotion and suppress apoptosis[69]. As well as KRAS,
v-raf murine sarcoma viral oncogene homologue B1 (BRAF) genes encode
serine/threonine protein kinase that is regulated by KRAS protein [68]. It must be also
considered of Adenomatous polyposis coli (APC) gene role in the Wnt/Wingless
pathway which makes this gene as critical gatekeeper of colonic epithelial cell
proliferation. APC gene is responsible for controlling the underlying oncoprotein called
B-catenin. The loss of function in APC gene results in transition of adenoma from
normal colonic mucosa due to the up-regulation of B-catenin. Blood sample analysis
can detect presence of CRC-related germ-line mutations. Germline APC mutations
mostly give rise to familial adenomatous polyposis (FAP) which is an inherited cancer-
associated derangement. Such as KRAS, APC mutations occurs in the early stage of
the progression from adenoma to carcinoma. Therefore, mutations in the KRAS and
APC gene are good biomarkers and can be used to identify individuals associated with
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high risk of CRC in patients’ families so is used as guidelines for the frequency of CRC

surveillance and the recommendation of prophylactic surgery [71].

2) Circulating cell-free DNA

Circulating cell-free DNA (cfDNA) is defined as a type of cell-free nucleic acid that is
released from apoptotic or necrotic cells into blood circulation [31,72,73].The lengths
of cfDNA strands differ among processes by which they are made. In healthy
individuals, cfDNA is released from apoptotic cells, and the DNA fragments are about
180 bp long [74,75]. However, in tumor cells, cfDNA is released as much larger
fragments by necrosis. Quantitative analysis of circulating cfDNA in CRC patients and
healthy controls was associated with relatively low sensitivity (73.5%) but acceptable
specificity (91.8%) for CRC [56]. Moreover, integrity index reflecting ratio of longer and
shorter DNA fragments displays better diagnostic accuracy compared to absolute

cfDNA concentrations.

In addition to cfDNA only, methylation status of cfDNA can be used as a diagnostics
marker, although currently it appears to be less specific for CRC compared to

circulating tumor DNA (ctDNA) only.

Although methylated cfDNA represents one of the most promising candidates for blood
based markers with good sensitivity for early-stage CRC, further research is required
to find which methylated cfDNA markers are the most accurate when applied to large

cohorts of patients.

3) MicroRNA

MicroRNAs (miRNAs) are 18-25 bp-long small noncoding RNAs that regulate gene
expression by binding to mRNA [76]. The miRNAs are reportedly correlated with
different cancers including CRC by acting as oncogenes or tumor suppressor genes
(TSGs). Compared to mRNA, miRNAs show higher stability in the blood since they
avoid degradation by endogenous RNase and are resistant to extreme pH changes
[77]. For these reasons, miRNA is likely-looking noninvasive biomarkers in cancer [48].
Studies have distinguished their diagnostic ability for CRC using both single miRNA as

well as specific miRNA panels [78].
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Many studies illustrated that main serum miRNAs such as miR-92, miR-141, miR-29a,
miR-21, miR-221, miR-601 and miR-760, might be used as a promising diagnostic
marker for CRC. For example, some researchers reported that miR-21 showed 90%

specificity and sensitivity for CRC detection [79,80].

4) Long noncoding RNAs

Long noncoding RNAs (IncRNAs), that consist of more than 200 nucleotides but are
not coding for a protein, are involved in various biological processes such as epigenetic
regulation, immune responses, cell differentiation, and chromosome dynamics [81].
More than 150 human diseases were linked to IncRNAs, including colon cancer, breast
cancer, leukemia, and psoriasis. Studies have highlighted their diagnostic ability for
CRC using single or panel IncRNAs [82,83]. According to the targeting regulatory
mechanisms of INcCRNAs, these potential biomarkers provide following four functions:
signal function which regulate the spatiotemporal expression of target genes, scaffold
function which act as adapters in functional protein complexes, guide function which
act by binding to specific proteins and direct the localization of the resulted complex,
and bait function which prevent other RNAs or proteins from binding to their natural
targets [84]. IncRNAs can act as effectors to direct biological processes. Namely, there
is a considerable number of IncRNAs such as NEAT1, ZNFX1 antisense RNA1
(ZFAS1), and GAS5 with hopeful potential function which participate in both normal
and aggressive disease state as CRC diagnostic or prognostic biomarkers [85]. For
example, it was demonstrated that CRC patients have higher levels of long non-coding
Homeobox Transcript Antisense Intergenic RNA in the blood compared to healthy
controls. Moreover, high level of its expression in blood and primary tumor were

associated with worse prognosis in these patients [86].

5) Insulin-like growth factor binding protein 2
Insulin-like growth factor binding protein 2 (IGFBP-2) is a binding protein that

modulates the interaction between insulin-like growth factor (IGF) ligands and IGF-1
receptors[87]. Despite of unknown physiological role of IGFBP-2, several studies have
assessed that elevated serum levels of IGFBP-2 are associated with malignancies of
the colon, ovary, and prostate as well as other advanced solid tumors [88]. Liou et al.
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found that elevated serum and plasma IGFBP-2 levels could distinguish patients with
CRC or colon polyps from healthy controls [88,89]. Although the sensitivity and
specificity of IGFBP-2 alone is unsatisfactory for early CRC and colon polyp detection,
its combination with other biomarkers such as CEA could increase the sensitivity [90].
Also, higher plasma IGFBP-2 levels were associated with larger tumor size and worse
overall survival (OS) rates, indicating that IGFBP-2 might serve as a diagnostic and

prognostic biomarker for CRC [91].

3. Stool Biomarkers

Stool-based assays are considered the most useful type for many reasons. According
to numerous authors, CRC and polyps exfoliate many neoplastic cells and their debris
into the mucocellular layer of the colonic lumen [92]. The detectable molecular changes
that are caused by CRC cells are reportedly present in the stool earlier than in the
blood [93]. The actual unfolded surface area of the epithelial monolayer of cancers and
polyps could be 200 times larger than that predicted by gross findings [94]. Therefore,
the detection of components of the exfoliated cells, such as DNA, miRNAs, and

proteins, might represent a potent approach in CRC diagnosis.

1) Fecal occult blood and immunochemical test

The guaiac fecal occult blood test (gFOBT) and fecal immunochemical test (FIT) are
known as common non-invasive techniques for screening for CRC [95,96]. Based on
randomized control clinical trial reports, gFOBT as a CRC diagnostic test led to
mortality reduction by 11%-33% over the last 20 years [97]. Although it can be used
as a biomarker, it could not recognize origin of bleeding between the upper and lower
Gl tract. Accordingly, it shows only 30% to 40% sensitivity for CRC detection. In
detecting adenomas over 1 cm in diameter, FIT showed only 20% to 30% sensitivity
[98,99]. Furthermore, the occult blood test can detect left-sided lesions in the colon
much more than right-sided lesions [100-102]. This is considered as most severe
limitation since the incidence of right-sided CRC has been increasing during last
decades. Therefore, neither gFOBT nor FIT can be considered as independent
diagnostic tools [103,104].

-20-



PhD thesis Nazila Navvabi

2) Stool DNA

The stool DNA test, also called a stool DNA-fecal immunochemical test, is a
noninvasive laboratory test that identifies DNA changes in the cells of a stool sample.
The stool DNA test is a novel method to screen for diagnosing CRC [105,106]. Less
than 0.01% of the total DNA in the stool is human DNA, while the other 99.99% is
derived from intestinal bacteria or from the diet [56]. For diagnosis of the CRC, not only
the presence of particular sequence is important, but also its modification [107-109].
Analysis is mostly focused on methylation status of detected DNA, and the genes
tested are for example APC, ATM, BMP3, CDH1, KRAS, CDKN2A, CDH13, VIM, and
WIF1, which have been analyzed in fecal DNA for the early detection of CRC [109—
111].

3) Stool miRNA

MicroRNA (miRNA) patterns in colorectal tissues could be reproduced in fecal
samples. Since the environment of the Gl tract is much more complicated than that of
the blood, marker stability within it is a major concern [112,113]. Many studies have
illustrated that, unlike rapid degradation of mMRNA and protein, miRNA transcripts were
more stable in different conditions. Although there are less reports about miRNA in the
stool compared to those in the blood, dysregulation of miRNA expression was
discovered in the stool of CRC patients [114]. Saray Duran-Sanchon et al. have
assessed that miR-92a, miR-21, miR144, miR-106a, miR17-92 cluster, and miR135
had increased expression in CRC while miR-143 and miR-145 were downregulated in
CRC [115]. However, none of the miRNAs showed adequate predictive value for use
as a CRC diagnostic test alone, and more information are needed to increase the
diagnostic value of miRNA by combining several miRNAs into the detection panel
[116,117].
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Summary of Diagnostic Biomarkers

Biomarker

Explanation

Tissue biomarker

Cytokeratins (CKs)

65%-95% of CRC cases show a CK7-/CK20+ pattern.

Caudal type homeobox
2 (CDX2)

Sensitivity and specificity of CDX2 expression in CRC diagnosing is greater than 90%. As CDX?2 expression alone cannot differentiate among adenocarcinomas
of the GI tract, [13,14] it is useful as an adjunct to CKs.

Special AT -rich
sequence binding
protein? (SATBE2)

The addition of SATB2 to standard panels showed no significant improvement in sensitivity or specificity in the diagnosis of CRC. As SATBZ expression
was positive in 95% of metastatic CRC and 0% of ovarian carcinoma cases, it could be useful as amarker to exclude ovarian carcinomas

Cadherin 17 (CDH17)

Cadherins are cell-cell adhesion molecules that play important roles in maintaining tissue structure under normal conditions
expressed in 96%-100% of primary and 100% of metastatic CRC.

CDH17 is reportedly

Telomerase

Telomerase is a ribonuclecprotein that maintains telomeres by adding TTAGGG repeats onto them. Cancer cells bypass DNA damage-induced inhibitory
signaling pathways by upregulating telomerase. Using TBT, telomerase showed 95% sensitivity and 95% specificity in CRC.

GPAZZ (AZ3)

A33is expressed in the stomach, small intestine, colon, and rectal epithelial cells. It is expressed in more than 95% of human CRC. Also, an
immunochistological study comparing A33 and CDX? revealed that A33 showed similar sensitivity as but a higher specificity than CDX?2 as an immunomarker
of CRC.

Elood biomarker

Circulating cell-free
DNA (cfDNA)

The cfDNA is released as much larger fragments in tumor cells than in normal cells Quantitative analysis of circulating ¢fDNAs by measuring the ratio of
longer and shorter DNA fragments, in other words, measuring cfDINA integrity mumber during the diagnosis of CRC, showed sensitivity of 73%-90% and
specificity of 97%-85%.

MicroRNA (miRNA)

The miFNAs are 18-25 bp-long small noncoding RNAs that regulate gene expression by binding to mRMNA Compared to mRNA, miRNAs show higher
stability in the blood. Different combinations of miRNA showed high sensitivity and specificity for detecting CRC

Long noncoding RNA
(IncRITA)

HIF1A-A51 showed high diagnostic ability of CRC with an AUC of 0.960. CRC patients with high HIF1A-AS1 expressions were associated with shorter S-year
survival rate than those with low HIF 1A-AS1 expression.

CRNDE-h showed better diagnostic value compared to CEA. When combined with CEA, he diagnostic value improved.

Other markers such as NEAT 1, ZFAS 1, and GASS showed promising results for potential use as a diagnostic or prognostic marker

Insulin-like growth
factor bincing protein
2(IGFBP-2)

An elevated serumn IGFEP-2 level is associated with malignancies of the colon, ovary, and prostate as well as other advanced solid tumors. [62-65] Although the
sensitivity and specificity of IGFBP-2 alone is unsatisfactory for early CRC and colon polyp detection, the combination of IGFBP-2 and CEA could increase its
sensitivity.

Stool biomarker

Guaiac fecal occult
blood test (gFOBT)

Use of the gFOBT as a CRC screening test reduced mortality by 11%-33% over 20 years of follow-up. However, it cannot distinguish upper GI bleeding

from lower Gl bleeding or human heme from non-human heme. '

Fecal immunochemical
test FIT)

The FIT detects lnuman globin using a luman hemoglobin-specific immunoassay. | It has higher sensitivity and specificity than gFOBT for detecting CRC and

advanced adenomas.

Stool DNA (sDNA)

The Cologuard test (multi-target stood DNA test for CRC) showed higher sensitivity than gFOBT and FIT but also a higher false positive rate

Stool miRNA

miR-92a, miR-21, miR144, miR-106a, miR.17-92 cluster, miR135 were up-regulated in CRC, while miR.-143 and miR-145 were down-regulated in CRC
However, none of the miRNAs showed adequate predictive value for use as a standalone CRC diagnostic test

Table 3. CRC,

colorectal cancer; TBT, Telomerase Biosensor Technology; mRNA, messenger RNA;

HIF1A-AS1, hypoxia-inducible factor 1alpha-antisense RNA 1; AUC, area under the curve; CRNDE-h,

colorectal neoplasia differentially expressed-h. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7206347/ [56]

2.1.5 Prognostic Biomarkers

The prognostic biomarker is defined as a biological molecule that provides information

of patient's overall cancer outcome, independent of therapy [118].

1. Tissue Biomarkers

Recently, additional parameters have been used to specify the prognosis. Recent
studies have highlighted the role of the DNA repair mechanisms in CRC and other
malignancies and suggested potential role of associated factors as prognostic
biomarkers [119].

A prominent example of DNA damage is represented by oxidative stress, where
production of reactive oxygen species (ROS) leads to oxidative damage of DNA base
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structure, formation of AP sites and breaks in DNA strands, all contributing to
chromosomal instability. The ROS are prooxidative substances generated from
diatomic oxygen. Their endogenous production occurs primarily in the mitochondria
and they are involved within multiple cellular signalling pathways. The overproduction
of ROS is associated with several pathological factors elevating risk of malignant
transformation, such as chemical carcinogens, radiation, inflammatory bowel disease
and obesity. Moreover, excessive ROS formation is observed in tumour
microenvironment, including cancerous cells themselves. The accumulated damage
due to high levels of ROS might lead to apoptotic pathways induction or necrosis in
tumour cells. Thus, oxidative damage might be important in malignant transformation
and early stages of tumour formation, as well as influence cellular proliferation and

survival in the later stages of malignant process.

Under the physiological conditions, the oxidative damage is counterbalanced by
activity of multiple pathways representing cellular DNA damage response. The various
environmental factors associated with ROS overproduction interact with genetic

variants within DNA repair pathways to modulate CRC susceptibility [120].

An important component of DNA repair mechanisms is base excision response
pathway (BER), where activity of DNA glycosylases exerts removal of the bases
marked by oxidative damage. The multiple DNA glycosylases active in human tissues
include hOGG1, which drives excision of 8-oxo-dG, the highly mutagenic form of
oxidized guanin. The activity of the hOGG1 is complemented with MUTYH, which is
instrumental in removing the mis-incorporated adenines in opposite to 8-oxo-dG.
Together, activity of hOGG1 and MUTYH prevents G:C > T:A transversion and

enhances genomic stability.

We have recently reported decreased expression of hoGG1 and MUTYH genes in
sporadic CRC tissues compared to healthy mucosa, suggesting decreased DNA repair
capacity in tumor cells [121]. In another study [122], the BER-specific DNA repair
capacity (BER-DRC) in non-cancerous mucosa was positively associated with OS and
RFS of CRC patients. Furthermore, the prognosis was particularly favourable in subset
of patients with high BER-DRC in non-cancerous mucosa with concurrent low BER-
DRC detected in tumor tissue. In addition, the ratio of BER-DRC in mucosa and tumor
tissue positively correlated with tumor staging. These results are consistent with the

idea where decreased DNA repair capacity contributes to cancer pathogenesis, while,
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on the other hand, the capacity of the DNA repair mechanisms also influences further
survival and proliferation of the malignant cells, manifesting abundant ROS formation
and oxidative damage. This is consistent with another study [123] showing that high
BER genes expression in CRC tissue is associated with poor prognosis. Altogether,
these results suggest that evaluation of DNA repair capacity might represent promising
prognostic biomarker in colorectal cancer. Some additional parameters which have

been used to determine the prognosis are mentioned below.

1) BRAF

The mitogen-activated protein kinase pathway, including RAS-RAF-MEK-ERK, is
associated with migration, cell differentiation, angiogenesis, and proliferation. The
dysregulation of this pathway leads to carcinogenesis. Approximately 8% of advanced
CRC and 14% of localized stage Il and Ill CRC cases have BRAF-activating mutations.
KRAS and BRAF mutations are mutually exclusive. BRAF mutation significantly
correlate with a tumor location in the proximal colon, poor differentiation, tumor size,
and female sex. Patients with localized stage Il and Ill CRC with BRAF mutations have

also shown poorer OS rates compared to those with wild-type BRAF [30,124,125].

2) Microsatellite instability

Microsatellites are short and repetitive DNA sequences of 1—6 bp that can be found in
both coding and noncoding regions. These regions are prone to replication errors that
should be normally corrected by the mismatch repair (MMR) system [126,127].
Microsatellite instability (MSI) results from inactivation of the MMR genes through
sporadic MLH1 promoter hypermethylation (80% of MSI CRC cases) or germline
mutations in MMR genes such as MLH1, MSH2, MSH6, or PMS2 (20% of MSI CRC
cases) [127,128]. The presence of deficient MMR leads to the aggregated somatic
mutations and induces genomic instability, resulting in cancer-associated alterations.
Lynch syndrome, also named hereditary non-polyposis colon cancer, results from
germline mutations in MMR genes that lead to MSI. MSI with occurrence rate about
40% of right-sided CRC tumors is also associated with sporadic CRC. In sporadic MSI
CRC, hypermethylation of the MLH1 promoter region causes MLH1 silencing. MMR
status testing is recommended for patients with CRC for prognostic stratification. The

MSI presence has been linked to better prognosis [128—130], which mostly reflects
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robust immune response that has been shown to be triggered by MSI-related

phenotype [131].

3) Cytosine preceding guanine island methylator phenotype

Cytosine preceding guanine (CpG) islands are regions that are common in promoter
sites rich in CpG dinucleotides. Abnormal DNA methylation has been observed in
almost all CRCs. CpG island methylator phenotype (CIMP) CRC (10%—-20% of cases)
have extremely high proportions of aberrantly methylated CpG loci [132,133].
Hypermethylation in CpG islands silences gene activity and results in dysregulated
gene expression [112]. CIMP is often defined as hypermethylation of at least 3 loci in
a selected panel of 5 genes (hMLH1, p16, MINT1, MINT3, and MINT31) that are
associated with CpG islands [134,135]. The prognostic potential of this marker is yet
to be fully elucidated, with existing studies mostly indicating relationship of CpG

hypermethylation with poorer prognosis [136,137].

4) APC

Adenomatous polyposis coli (APC) gene mutation is associated with familial
adenomatous polyposis and most sporadic CRC cases. APC has an important role in
Wnt signaling, which is associated with cytoskeletal integrity, cellular proliferation,
motility, and apoptosis by p-catenin regulation [138—140]. APC mutation can increase
B-catenin levels, leading to increased c-myc expression, which is associated with cell
proliferation. Therefore, APC mutation can cause the unregulated transcription of many
oncogenes. It was recently reported that in advanced-stage CRC, patients with APC
mutation and high miR-21 had shorter OS, indicating that APC mutation is associated

with clinical outcomes of CRC [141].

5) p53

Fifty% to 70% of CRC have mutations in the TSG p53 [142,143]. When DNA is
damaged, p53 plays a prominent role as a facilitator of DNA repair by halting the cell
cycle to allow time for the repair machineries to restore genome stability. If DNA
damage cannot be repaired, apoptosis is induced. Many studies have examined p53

mutations and their prognostic value in CRC patients. Some studies reported that p53

-25-



PhD thesis Nazila Navvabi

overexpression is linked with lower DFS, relapse-free survival (RFS), and OS rates
[142,143,144].

6) SMAD4

SMAD4 is encoded by a gene located on chromosome 18. Alterations in the TSG
SMAD4 can be categorized as loss of function of chromosome 18 gene function in
protein expression. SMAD4 mediates the transforming growth factor-$ superfamily
signaling, which is frequently altered in human cancers. It is associated with cell
proliferation, differentiation, apoptosis, and cell migration. A reported 30% to 40% of
CRC cases show SMAD4 mutations. The loss of SMAD4 expression has been linked

to worse clinical outcome [146,147].

2. Blood Biomarkers
1) CEA levels

Carcino-embryonic antigen (CEA) is a protein that is physiologically found on the cells
of developing fetus and in pathological situation it is present on the surface of many
types of cancer cells and high levels of CEA can be also detected in the blood of some
cancer patients. Measuring CEA levels is recommended by the ASCO 2006 for the
management of CRC patients. CEA testing every 3 months’ post-surgery is
recommended for patients with stage Il or Il CRC to detect possible disease
recurrence. In addition to patient surveillance during the treatment, many studies have
also recognized elevated preoperative CEA levels as a negative prognostic factor
[148].

2) Neutrophil-to-lymphocyte ratio

The neutrophil-to-lymphocyte ratio (NLR) was first studied as a marker for immune
responses to various stressful conditions. Lymphopenia is associated with impaired
cell-mediated immunity, while neutrophilia is associated with systemic inflammation.
Other studies found potential for NLR as a prognostic marker for pancreatic cancer,
gastric cancer, and hepatocellular carcinoma. High level of the ratio (NLR >5) was
significantly associated with elevated CEA level. Tsai et al. reported similar results after
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analyzing 15 studies including 7,741 CRC patients. CRC patients with a NLR less than
5 before treatment were more likely to reach 5-year OS and DFS [149,150].

3) Concentration of cfDNA

A higher cfDNA concentration is reportedly related to significantly shorter OS in CRC
patients. Furthermore, CRC patients with higher cfDNA levels showed a higher risk of
disease recurrence. Similarly, Wang et al. observed APC, KRAS, and p53 mutations
in the serum and found that patients with detectable cfDNA showed significantly higher
rates of postoperative metastasis/recurrence than those without detectable cfDNA.
Another study reported that patients with the KRAS mutation in the plasma and tissue
showed shorter OS, indicating that the KRAS mutation in the plasma could be a

prognostic marker for a poor outcome [151].

Studies have shown that the cfDNA concentration was reduced after primary resection,
but upon CRC relapse, cfDNA levels dramatically increased. Another study found that
when circulating tumor DNA was detected after CRC surgery, patients generally
relapsed within 1 year [152]. These results indicate that postoperative cfDNA
measurement can be used for monitoring the effects of therapy in cancer patients

[153].

Summary of Prognostic Biomarkers in tissue and blood sample

Biomarker Explanation

Tissue

biomarker

ERAF Comprises the mitogen-activated protein kinase pathway, which is associated with cell differentiation, migration, angiogenesis, and proliferation, BRAF mutation is
associated with poorer PF5 and O5 The analysis of its prognostic role is recommended

MSI MSI-high tumors have better prognosis than M5I-low tumors. MSI CRC patients showed longer ©5 and DFS than M55 CRC patients.

CIMP The prognostic role of CIMP is unclear. However, the majority of studies reported that CIMP+ /CIMP-high CRC patients showed poorer prognosis than CIMP-/CIMP-high CRC
patients

APC APC is associated with FAP and most cases of sporadic CRC APC mutation can cause unregulated transcription of many oncogenes Patients with APC mutation
and high miR-21 reportedly had shorter OS.

ps3 Some studies reported its association with lower DFS, . RFS, and 05 rates, but others reported no evidence of a prognostic role.

SMAD4 SMAD4 mediates the TGF-P superfamily signaling pathway, which is frequently altered in lnunan cancers Loss of SMAD4 was associated with poor DFS and OS.

Elood

biomarker

CEA CEA level is reportedly significantly associated with patient outcomes. "Preoperative CEA level was significantly associated with prognosis in patients with CRC
metastasized to the liver

NLR Patients with elevated NLR were significantly associated with shorter O5 and shorter PFS after treatment: CRC patients with a pretreatment NLR. < 5 were more likely to
hawe S—year OS and DFS Also, elevated pretreatment NLE was significantly related with poor OS and BF5S in patients with liver metastasis

cfDMNA CRC patients with higher cfDNA concentrations showed a higher risk of recurrence and shorter OS Detectable APC, KRAS, and p53 mutations in the serum were

significantly associated with a higher rate of postoperative metastasis/recurrence.

Table 4. PFS, progression-free survival; OS, overall survival; MSI, microsatellite instability; CRC,
colorectal cancer; DFS, disease-free survival; MSS, microsatellite stable; CIMP, cytosine preceding
guanine island methylator phenotype; FAP, familial adenomatous polyposis; RFS, relapse-free
survival; TGF-B, transforming growth factor-B; NLR, neutrophil-to-lymphocyte ratio.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7206347/ [56]
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2.1.6 Predictive Biomarkers

The predictive biomarkers can be used to identify the response to a particular
treatment. Until now, the most important indicator of response in patients with
colorectal cancer corresponds to the DNA mismatch repair system deficiency [118].
The majority of chemotherapeutic agents exert their action to cause direct or indirect
damage to DNA molecules, thereby substantially compromising survival and
proliferation of cancerous cells [122]. The functional capacity of DNA repair pathways
determines ability of tumour cells to overcome such damage and effective DNA repair

mechanisms might contribute to chemoresistance.

Several chemotherapeutics, such as oxaliplatin, induce DNA cross-links, which may
be associated with double-strand breaks (DSBs) formation. The MRN protein complex,
consisting of MRE11, RAD50 and NBS1, is instrumental in initial stages of DSBs repair.
Decreased expression of MRE11 and RADS0 in CRC cells was observed to predict

better response to chemotherapy and longer progression-free survival [154].

Moreover, expression of MRE11 is regulated by activity of miRNAs, which was shown
to modulate risk of CRC development [155]. In particular, miR-140 represents miRNA
predicted to interact with MRE11 and with implied role in CRC development. In a recent
study, we observed that the overexpression of miR-140 in CRC cells leads to
decreased levels of MRE11 and increased accumulation of DSBs DNA damage
marker YH2AX[156]. Furthermore, increased expression of miR-140 was associated
with enhanced sensitivity of CRC cells to oxaliplatin. Notably, miR-140 did not influence
oxaliplatin sensitivity in cell lines with suppressed expression of MRE11. These
observations indicate that miR-140 downregulates MRE11, leading to decreased

capacity for DNA DSBs repair and increased sensitivity to oxaliplatin genotoxicity.

The evaluation of DNA damage repair factors thus allows us to assess ability of cancer
cells to counteract action of chemotherapy and might considerably contribute to
treatment response prediction. Other important parameters that can be used as

predictive markers are mentioned below.

-28 -



PhD thesis Nazila Navvabi

1. Tissue Biomarkers
1) KRAS and NRAS
More than 50% of CRC cases show KRAS, NRAS, and BRAF mutations. The KRAS

proto-oncogene encodes a GTPase protein (KRAS) that plays critical role in many
molecular pathways, including the EGFR pathway. Only wild-type RAS tumors
reportedly showed the clinical benefit of anti-EGFR antibody therapy such as
cetuximab and panitumumab. KRAS mutations can be used as a negative predictive
factor of a response to EGFR inhibitors [157,158].

2) Concomitant KRAS and BRAF mutations in colorectal cancer

BRAF mutation has been suggested as a potential predictive marker for anti-EGFR
antibody therapy success. Although various studies reported poor prognosis in patients
receiving anti-EGFR treatment and bearing BRAF mutation, there is ongoing
investigation whether BRAF mutations could be used as true predictive marker. The
results of a recent meta-analysis suggested that existing evidence remains

inconclusive [159,160].

3) PIK3CA

PIK3CA mutation occurs in 10% to 20% of CRC patients [161]. PIK3CA encodes the
p110a catalytic subunit of the class IA phosphatidylinositol 3-kinases (PI13Ks) and have
important role in the RAS-mediated pathway that leads to proliferation, transformation,

and tumor progression.

The results of a meta-analysis [162] indicate that patients with KRAS wild-type
metastatic CRC and PIK3CA mutation have a lower response rate to anti-EGFR
therapy and poor PFS and OS [163]. In particular, the PIK3CA mutation in exon 20
was significantly associated with a lack of the anti-EGFR treatment response. On the
other hand, Karapetis et al. reported that PIK3CA mutation status cannot be used as
a predictive marker for a benefit from anti-EGFR monoclonal antibodies. Their results
showed that PIK3BCA mutation was not associated with lower OS or PFS from
cetuximab therapy in KRAS wild-type CRC patients [164].

Many studies have reported the protective effect of aspirin in CRC. A recent study

reported that PIK3BCA mutation could be a predictive marker for adjuvant aspirin
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therapy in CRC patients. Liao et al. (2012) studied 964 patients with CRC and found
out that PIK3CA-mutated CRC patients benefited from using aspirin in terms of longer
cancer-specific survival and OS rates. In contrast, no such effect of aspirin treatment
was observed in PIK3CA wild type CRC patients [165].

2. Blood Biomarkers
1) Cell-free DNA

Zitt et al. reported predictive effect of cfDNA concentration and integrity on efficiency
of chemoradiotherapy for rectal cancer. The authors found that cfDNA concentration
decreased in responders, whereas it increased in non-responders [166]. Agostini et al.
reported that post-chemoradiotherapy levels of the cfDNA integrity index was
significantly lower in rectal cancer patients who responded to the therapy. Similar
results were observed in other cancer studies [167]. Patients who responded to the
therapy showed decreased cfDNA, whereas those who did not respond to the therapy

showed no change or increase in cfDNA [74,168].

Summary of Predictive Biomarkers

Biomarker Explanation

Tissue
biomarker

KRAS, KRAS proto-oncogene encodes a GTPase protein (KRAS) that plays an essential role in many molecular pathways including the EGFR. pathway. Only wild-type RAS
NRAS tumors showed the clinical benefit of anti-EGFR. antibody therapy. KRAS mutations can be used as a negative predictive factor of a response to EGFR inhibitors. |

ERAF It has been reported that there is insufficient evidence that BRAF mutation could be used as a predictive marker for the benefit of anti-EGFR. antibody therapy.

PIE3CA Results are confradictory about whether PIK3CA mutation is associated with poor PFS and O5 in KRAS wild-type CRC patient:

Elood
biomarker

cfDNA The cfDNA concentration decreased after primary resection, but when the CRC relapsed, cfDNA levels dramatically increased. Similar results were found inrectal
cancer patients who underwent chemoradiotherapy: The cfDINA concentration decreased in responders but increased in nonresponders.

Table 5. EGFR, epidermal growth factor receptor; PFS, progression-free survival; OS, overall survival;

CRC, colorectal cancer; cfDNA, cell-free DNA. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7206347/ [56]

2.1.7 Diagnostics of CRC

New molecular CRC detection methods are currently being evaluated for detection of
genomic mutations and alterations in protein expression that specifically correlate with
the disease and that can help clinicians to make an accurate diagnosis. The global

burden of colorectal cancer (CRC) is estimated to rise by 60%, with an incidence of
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2.2 million new cases and 1.1 million deaths by 2030 [20]. The mortality can be largely
attributed to metastatic cases, which account for approximately 90% of CRC related
deaths. The high mortality rate largely results from the absence of an ideal method of
screening [21]. Mainly since CRC is mostly asymptomatic until it progresses to
advanced stages, the implementation of screening programs is required to reduce
incidence and mortality rates with the aim at early detection of malignancy, or its
precursor lesion in the early stage of cancer development, prior to the onset of
symptoms, when treatment of cancer is the most effective [22,23]. The guidelines
suggested that individuals aged 45 years and older with an average risk of CRC

undergo regular screening [24].

The golden standard screening tests available is colonoscopy which have proven
result in a decrease of CRC mortality by identification and removal of precancerous
polyps. Despite of the high efficiency of colonoscopy, it is an invasive method, and
some studies record the nonattendance rate of colonoscopies to be 10-20% after a
positive fecal occult blood test, which decreases the total efficacy of the approach. The
main factor related to non-adherence with colonoscopies are laxative bowel

preparation and due to the lack of awareness of the significance of screening.

Fecal occult blood test (FOBT) and fecal immunochemical test (FIT) can be used as
the best matrices for regular screening as these tests are more easily accepted by
participants in population screening programs than tests like a colonoscopy, but
positive results should be confirmed with timely colonoscopy. However, these methods
are subject to various interfering factors with some causes of false-negative and false-
positive results, also low sensitivity rates for detecting polyps [169,170]. In total, early,
non-invasive, specific, and sensitive biomarkers are still required for screening
strategies in colorectal cancer. Ideally, this aim can be achieved with a noninvasive
and inexpensive method, using easily available biological samples. Moreover, despite
the advances made over the last years, no single test is currently sufficient for CRC

diagnosis.

The limitations of existing tests motivate extensive effort in development of novel, more
efficient diagnostic tools. For example, high resolution Fourier transformation mass
spectrometry have been done to report the overexpression of dipeptidase 1 (DPEP1)
as a marker of high-grade CRC for screening of early neoplastic lesions and for

prognostic stratification [17]. Blood-based biomarkers routinely present a considerable
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benefit in the early diagnosis of CRC due to its availability and non-invasive collection
with low cost and risk. However, biomarker detection in serum or plasma has some
draw-backs such as costs for analyses, longevity of samples, laboratory errors and
measurement errors [18]. Novel diagnostic methods such as analyzing of protein-
based blood biomarkers are still under development. Several panels were suggested
in individual studies. For example, lvancic et al. analyzed blood from non-metastatic
CRC patients by using targeted liquid chromatography and tandem mass spectrometry
and proposed a panel of five proteins including leucine-rich alpha-2-glycoprotein 1,
EGFR, inter-alpha-trypsin inhibitor heavy-chain family member 4, hemopexin, and
superoxide dismutase 3 as novel colorectal cancer markers in detection of CRC
[19,20].

Bhardwaj et al. conducted a study with serum samples and searched for potential
biomarkers of adenomatous polyps and colorectal carcinomas through analyses of
serum by a combination of high-performance liquid chromatography and mass
spectrometry and performed five-marker blood-based profile consisting of mannan
binding lectin serine protease 1 (MASP1), osteopontin, serum paraoxonase lactonase
3, transferrin receptor protein 1, and amphiregulin for the early detection of CRC
[18,21]. Magnetic beads and matrix-assisted laser-desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry has been used by Yu et al. for the detection and
validation of new biomarkers for the early detection of CRC [171]. In their study, 127
CRC serum samples and 90 healthy control serum samples have been analyzed. The
protein serine/threonine kinase 4 (STK4 or MST1) was identified by tandem mass
spectrometry (MS/MS) and validated with Western blotting and an enzyme-linked
immunosorbent assay (ELISA) as the most altered between the groups. They
demonstrated a downregulation of MST1 in CRC patients, with a sensitivity of 92.3%
and specificity of 100% in the diagnosis of colorectal cancer when combined with
carcinoembryonic antigen and FOBT. Their work also implied that MST1 could be a
predictive marker for distant metastasis [171]. Despite the expansion of MS-based
proteomics research and the large number of diagnostic biomarker candidates (Table
3 shows some examples of candidates for diagnostic protein biomarkers), none of
them were yet successfully translated into clinical practice[56]. This probably occurs
due to the difficulty of validating the possible biomarkers in large cohorts and

comparing the results with the current screening methods. In addition, the methods are
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demanding in terms of specialized equipment and trained personnel. However, the
continuation of proteomic research is essential because, certainly, there is a space in
the CRC screening that needs to be filled by reliable biomarkers. The increased
understanding of the natural history of CRC and precursor lesions and the
development and accumulation of evidence on screening technologies have supported
the evolution of screening recommendations and implementation of CRC screening in

clinical practice and public health programs [172,173].

2.1.8 Therapies for CRC

The aim of the CRC treatment is to achieve long-term remission whenever possible

and increase the quality of life in the patients with advanced disease progression.

The CRC therapy requires multidisciplinary effort with specific therapeutic modalities
including surgery, radiotherapy, chemotherapy and targeted biological therapy. Due to
different etiopathogenetic and anatomical characteristics, treatment approaches differ

between tumor locations in colon and rectum, respectively.

The ideal CRC treatment is to obtain complete removal of the tumor and metastases,
which mostly requires surgical intervention. In the cases of very early cancer detection,
the endoscopic approaches might be sufficient for complete removal of the malignant

tissue.

Of note, in some cases, chemotherapy or radiotherapy might be applied before or after
surgical resection, as neoadjuvant or adjuvant treatment, respectively, to maximally

reduce and stabilize the tumor.

For the patients with unresectable tumor, the goal is a maximum shrinkage of the tumor
and suppression of further tumor spread and growth, and radiotherapy and
chemotherapy are the leading strategies for controlling disease in such patients. The
palliative treatment also includes surgical procedures such as colostomy and tumor

bypass surgery.

The chemotherapy in CRC treatment involves regimens where one or combination of
the chemotherapeutic agents (cytostatics) are administered in particular number of
cycles. The chemotherapeutic agents used include 5-fluorouracil, capecitabine,

oxaliplatin and irinotecan, among others.
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The targeted (biological) therapy is directed towards molecules and processes which
are specifically associated with cancerous tissue. Therefore, a major advantage is
sparing the healthy cells which is associated with considerably smaller extent of
treatment side effects. The targeted therapy is combined with chemotherapy to
improve the treatment outcomes. The various biomarkers can provide information
helpful in evaluating the eligibility of patients for targeted therapy. In treatment of CRC,
the targeted therapy includes inhibitors of angiogenesis (Bevacizumab, Regorafenib),
and inhibitors of epidermal growth factor receptors (Cetuximab, Panitumumab).

Immunotherapy is relatively new, emerging approach in systemic oncologic therapies.

The immunotherapy aims to boost immune system’s response towards the cancerous
cells and thus to counteract the cancer mechanisms of immune surveillance escape.
The therapeutic modality includes monoclonal antibodies such as Pembrolizumab and
Nivolumab. In CRC treatment, the immunotherapy seems to be particularly beneficial
for patients displaying specific genetic tumor-associated characteristics, including

mismatch-repair-deficient mutations and microsatellite instability [174].

2.2 Introduction to Alternative splicing

2.2.1 General introduction to AS

Alternative splicing of pre-mRNA (AS) is an important post-transcriptional regulatory
mechanism that allows generation of distinct mRNAs from a single gene through the
exclusion or inclusion of specific parts of pre-mRNA sequence (Figure 4). AS is highly
regulated process associated with a vast array of normal and disease states and
contributes to shaping tissue and cell identity via regulation of mMRNA isoforms
[175,176]. Emergent data demonstrated the various role of alternative splicing in cell
differentiation, tissue specificity, developmental states, and disease conditions. Ninety
two% to 94 % of human genes undergo AS and encode splice variants in the normal
physiological processes, allowing the human genome to direct the synthesis of many
more proteins than would be expected from its 20,000 protein-coding genes [177,178].
Alternative splicing pattern frequently changes under physiological conditions as a
result of responding of organism to environment by determining which part of the
genome and how it expresses, and AS regulation and deregulation is widespread in

human diseases as well. In cancer associated phenotypes, AS is commonly changed
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to avoid apoptosis, promote angiogenesis, or induce cell proliferation [179,180].
Moreover, up to one-fifth of human diseases has been estimated to be associated with
aberrant splicing and an increasing number of splicing factor mutations is being
discovered. The real number is likely even greater. Thus, as the AS is highly
deregulated in various pathological states, the attempts are made to use alternative
splicing as prognostic, diagnostic, or predictive biomarker. With the recent
advancement in next-generation RNA sequencing (RNAseq), numerous potential
biomarkers or therapeutic targets have been identified, including those involved in the
progression or maintenance of multiple cancer types. Although currently many AS
changes identified by transcriptome analysis lacks further experimental verification and
are rarely used as biomarkers in CRC, alternative splicing is still considered as the
current hot spot in cancer research, which continues to shed more light on various
types of cancer and represents a promising source of new diagnostic and prognostic
markers. Therefore, we need further research of AS to prove its potential as CRC
biomarker [181,182].

In addition to its translational potential, exploring the regulation of alternative splicing
and the underlying mechanisms adds important dimension of complexity to our

understanding of the fundamental biology of both healthy and malignant cells.
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Fig 4. Schematic representation of alternative splicing.

Alternative splicing refers to the process by which a given gene is spliced into three protein isoforms.

Copyright National Institutes of Health https://www.ncbi.nim.nih.gov/pmc/articles/PMC3933998/ [183]
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2.2.2 Description of spliceosome and its function

The splicing of pre-mRNAs is known as vital process of gene expression in eukaryotes.
Removal of introns from pre-mRNA sequences and ligation of exons are crucial steps
in formation of protein-coding mRNAs and it is catalyzed through the activities of a
large and dynamic RNA-protein (RNP) assembly called the spliceosome [184]. Higher
intronic density and diversity in genetically complex organisms requires increased
efficiency and accuracy of spliceosomes for pre-mRNA splicing. The machinery of
spliceosome in humans, for example, consists of five uridine-rich small
ribonucleoprotein (SnRNP) complexes and of over than 200 proteins that are mostly

conserved throughout the eukaryotic lineage [185,186].

For most series of splicing events, multiple splice sites are present on the nascent pre-
mRNA. In this case, alternative splicing should not be viewed as a ‘splice or not’ case
determined just by the innate properties of each splice site. Therefore, there is a
competition where the splicing machinery must be differentiating and specifying

between multiple splice sites in a context-dependent manner.

In human cells, splicing is essentially mediated by the spliceosome. The spliceosome
consists of five small nuclear ribonucleoprotein complexes (snRNPs) - U1, U2, U4, U5,
and UG, each containing a cognate U-rich noncoding small nuclear RNA (snRNA), and
multiple protein factors, including NineTeen Complex (NTC). Spliceosome’s active site
is composed of RNA as identified from the crystal structure of a self-splicing group |l
intron [187]. After transcription, most snRNAs including U1, U2, U4, and U5 are
transported into the cytoplasm for snRNP formation (Figure 5). A heptameric ring of
Sm-proteins is convened onto each snRNA, which is followed by import into the
nucleus, final maturation, and assembly of the spliceosome on the pre-mRNA [188].
The U6 snRNP is gathered into the nucleus and includes an Lsm (‘like Sm’) instead of
Sm ring. In addition, less than 1% of human splice sites are processed by the much
less abundant minor spliceosome, which possess the U5 snRNP, along with functional
analogs of the remaining snRNPs in the major spliceosome (U11, U12, U4atac, and
U6atac) [24].

Despite the small proportion of splice site substrates, the minor spliceosome has
critical role in development [25,26]. Any dysregulation of the minor spliceosome is
linked with multiple diseases, including neurodegeneration, developmental disorders
[27-30], and cancer [32].
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Moreover, the alterations within spliceosome lead to deregulated cellular splicing
machinery, which might be associated with production of cancer-specific splicing
isoforms. These isoforms and their encoded proteins may be participants of specific
cancer hallmarks and contribute the effect on cancer cell phenotype. Aberrant
alternative splicing should be added to the growing list of cancer hallmarks. Any
inappropriate activity in the expression of splicing factors and splice factor kinases
critically leads to change the alternative splicing of pre-mRNAs [189,190].
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Fig 5. The alternative splicing mechanism. The spliceosome machinery (U1, U2, U4, U5 and U6)
assembles on the nascent pre-mRNA. The conserved sequences that enable recognition of the mRNA
by the spliceosome are: the 5 splice site (GU), the 3’ splice site (AG), the branch point and the
polypyrimidine tract (PPT). In E complex, U1 forms a base-pairing interaction with the 5’-splice site,
whereas U2 base-pairs with the branch-point. Then, a tri-snRNP complex containing U4, U5 and U6
associates with the forming spliceosome, removing U1 and U4 (C complex). These steps allow the two
transesterification reactions and join the exons.

https://www.researchgate.net/figure/The-alternative-splicing-mechanismThe-spliceosome-machinery-U1-U2-U4-
U5-and-U6_fig1_263356754[191]
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2.2.3 Types of alternative splicing

AS has been found in multiple tissues, stress conditions and developmental stages of
eukaryotic organisms. In principle, standard pre-mRNA splicing is called constitutive
splicing, and it is the particular splicing that leads to the most common mRNA variant
of the given gene [192]. The majority of pre-mRNA splicing in eukaryotes belongs to
this category (65%) [193]. In addition to constitutive splicing, alternative splicing can
combine and ligate exons from a pre-mRNA differently, resulting in the production of
various mature mRNAs with different sequence compositions. It has been estimated
that approximately 92%-94% of human genes are alternatively spliced, implicating its

significant role in the control of gene expression in higher eukaryotic cells [194].

Individual alternative splicing events are classified into several different subgroups: (i)
exon skipping (ES) or cassette exons, where a whole exon is missed in comparison to
the primary transcript; (ii) intron retention (IR), in which an intron can remain in the
matured mRNA molecule; (iii) alternative acceptor (AA), where the 3’ splicing site is
different, which is the result of the recognition of two or more splice sites at one end of
an exon; and (iv) alternative donor (AD), the donor site, also known as 5' splicing site
[195,196]. Finally, based on a primary transcript there are three other additional AS
complex events that give rise to alternative transcript variants which include (v)
alternative splicing sites (ASS), where both donor and acceptor sites change; (vi) new
intron (NI), when a splicing site appears in a reported exon; and (vii) retained exon
(RE), a new exon replaces a previously annotated intron in the mature mRNA [197—
199]. There are other, less frequent, complex events that give rise to alternative
transcript variants, including mutually exclusive events, alternative transcription start
sites, and multiple polyadenylation sites. Schematic representations of various types

of AS events are described in Figure 6.
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Figure 6. Different patterns of alternative splicing. Modified based on http://www.jcb-

jena.de/projects/alternative-splicing/

After discovery of alternative splicing, the regulation of gene expression was no longer
confined only to on / off switches of transcription, but also extended to production of
multiple variable mRNAs, with the capacity to produce alternative proteins, from a
single transcription unit. Several mMRNAs can be produced in a regulated, competitive
manner, such that the reduced accumulation of one group of mRNAs can be
compensated by the increased accumulation of another set of mMRNAs, according to
the demand of the cell type, or developmental stage of the organism. This finding

added a new dimension to gene regulation.

2.2.4 Regulation of alternative splicing

Alternative splicing is the most clear-cut demonstration that represents a mechanism
for gene regulation and expansion of the proteome, allowing for regulation of
expression of specific isoforms in a developmental and tissue-specific manner.
Regulation of alternative splicing is essential for a variety of biological processes
including erythropoiesis, neuronal differentiation, and embryonic stem cell
programming. The production of alternatively spliced mRNAs is regulated by a system
of trans-acting proteins that bind to cis-acting sites on the primary transcript itself. The
most widely studied factors regulating AS are proteins of the SR (Ser/Arg-rich) and
hnRNP (heterogeneous ribonucleoprotein) families, in addition to several tissue-
restricted AS factors [192,200]. These factors generally regulate AS by recognizing
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cis-acting sequences in exons or introns and by promoting or suppressing the
assembly of the spliceosome at adjacent splice sites. In contrast to these AS regulatory
factors, much less is known about how or the extent to which components of the basal
or “core” splicing machinery modulate splice site decisions. Most of the members of
alternative splicing factor families have very high sequence identity to their family-
members, have highly similar or identical RNA-recognition motifs, and recognize the
same cis-elements. For example, Fox-1 and Fox-2 have very similar sequence, a
100% identical RRM domain and bind to the same RNA element and their function
seems to be considerably redundant. The proteins regulating AS include splicing
activators that promote the usage of a particular splice site, and splicing repressors
that reduce the usage of a particular site. Mechanisms of alternative splicing are highly
variable, and new examples are constantly being found, particularly through the use of
high-throughput techniques [201,202]. It is of note that mechanisms of alternative
splicing include RNA—protein interactions of splicing factors with regulatory sites
termed silencers or enhancers, RNA-RNA base-pairing interactions, or chromatin-
based effects that can change or determine splicing patterns [192,201]. The AS events
are regulated in cell-type specific manner, so the expression of the individual splicing

isoforms reflects their cell type- or conditions-specific function.

It appears likely that most splicing specificity is mainly specified by 3’ splice site (3'SS),
5' splice site (5'SS) and branching point sequences, moreover by multiple cis-acting

splicing regulatory elements (SRE) which promote splicing [203].

These splicing signals are classified in individual exons and are known as exonic
splicing enhancers (ESEs) which increase the inclusion of exon into mature transcripts,
while signals within exons that suppress splicing are studied as exonic splicing
silencers (ESSs). Describing splicing enhancers and splicing silencers seems to be a
big challenge because alternative splicing factors either enhance or suppress splicing
based on the cis- elements position relative to the regulated exon. These signals have

important role in the recognition of splice sites [204].

Over 300 splicing regulatory proteins are involved throughout the signaling process
and following their binding to silencer sequences or splice enhancer, these proteins
confer a positive or negative signal, influencing recognition of nearby splice sites by
the spliceosome and therefore influencing splicing outcome. Deregulation of

alternative splicing alters isoform ratios and lead to various cancers, muscular
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dystrophies, and neurological diseases. The isoform ratios can be activated by
differential expression of splicing factors which allows one pre-mRNA to code for
multiple protein isoforms [205]. The importance of alternative splicing is illuminated by
recent studies showing that how a particular alternative splicing factor regulates
splicing on a genome wide scale. These alternative splicing networks create a very
complicated mechanism of alternative splicing regulation. The combination of
alternative splicing factors in one tissue at some point in development might be totally
different from another tissue in another point in development, and the result of
alternative splicing depends on the combination and ratio of alternative splicing factors
interacting with one pre-mRNA. Additionally, alternative splicing factors can regulate
either the alternative splicing or the mRNA stability and therefore protein abundance
of other alternative splicing factors, thus creating a complex network of self-regulatory
and cross-regulatory loops [192] Researchers hope to fully illustrate the regulatory
systems involved in splicing. However, a better approach to understand the regulation
of alternative splicing in a given condition requires a systems biology approach in which
the expression status and targets of multiple if not all RBPs be assessed to start
building these networks of co-regulated pathways, so that alternative splicing products
from a given gene under particular conditions could be predicted by a splicing code
[206,207]. Various families of splicing factors are able to bind to pre-mRNAs and
modulate spliceosome recruitment, which lead to regulation of alternative splicing in
cancer. Additionally, any mutations or changes in expression of splicing factors could
lead to the activation of oncogenes and cancer pathways or the loss-of-function in
tumor suppressors [188]. Splicing factors can be divided into hnRNPs, which typically
suppress splicing, and Serine—Arginine (SR) proteins, that is known as important family
of regulatory RBPs and function in both constitutive and alternative splicing [208]. The
first SR proteins identified were SRSF1 (previously called SF2/ASF) and SRSF2
(previously called SC35). Interestingly, several key components of signaling pathways
that relay extracellular signals to splicing factors that are typically deregulated in cancer
can themselves be alternatively spliced to produce cancer-specific isoforms. For
example, the SR protein family is often deregulated as the function of SR proteins
tightly depends on their phosphorylation status, which itself is regulated by upstream
kinases. For example, SRSF1 is itself phosphorylated upon activation of multiple
signaling pathways, including the PISK/AKT pathway while AKT signaling is primary

activated in cancers, such as lung cancer. This result in constitutive phosphorylation
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of SRSF1 and deregulated expression of Caspase 9a/9b. Another pathway involving
an AKT-hnRNP U axis has also been shown to regulate Caspase 9a/9b ratio. This
deregulated Caspase 9a/9b ratio has certain consequences on apoptosis and
contributes to the ability of cancer cells to resist cell death. Diverse SR proteins tend
to have a positive role in splicing regulation [209,210]. It is mentioned that SR proteins,
for example SRSF2, are commonly mutated in a collection of neoplastic diseases or
cancers of immature blood cells such as myelodysplastic syndromes (MDS). Mutations
in SRSF2 that alter its sequence specificity on its target pre-mRNAs are more likely to
be linked to MDS than nonsense mutations, indicating that a gain-of-function (binding
to differential pre-mRNA targets) rather than loss-of-function of SRSF2 produces a new
set of alternatively spliced mRNAs that are relevant to MDS development [211]. Of
note, the alterations in splicing factors, whether due to mutations or altered expression,
tend to have large effects on cell phenotype as these splicing factors bind to and
regulate the splicing of hundreds of pre-mRNAs. Thus, cancer cells can alter the
splicing of a large number of genes by deregulating a handful of splicing factors
[212,213].

Altogether, spliceosomal regulatory factors that bind to RNA binding proteins (RBP)
direct spliceosomes onto pre-mRNAs to perform alternative RNA splicing to generate
more than one mMRNAs from almost every gene in humans. Notably, the important
function of intron diversity in regulation of gene expression and alternative splicing
make the spliceosome an attractive new target for small-molecule, antisense, and

genome-editing therapeutic interventions.

2.2.5 Alternative Splicing Regulation by MBNL

One of the important splicing regulators is MBNL family consisting of MBNL1, MBNL2,
MBNL3 paralogs [205]. The study of MBNL proteins can aid our understanding of how
concentrations of alternative splicing factors shift isoform ratios, and what properties
define whether an isoform is sensitive to a various range of splicing factor
concentrations. All members of the MBNL protein family are alternative splicing factors,
which are subject to alternative splicing themselves. Thus, alternative splicing of
primary transcripts from the three MBNL paralogous gives rise to nine, three and six
protein isoforms of MBNL1, MBNL2 and MBNL3, respectively. The expression of

MBNL proteins increases during development and they are considered to be negative
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regulators of AS programs characteristic for embryonic stem cells [214]. Thus, their

activity promotes differentiation and switch to adult-like AS patterns.

In general, MBNL1 and MBNL2 showed higher expression in brain, liver, kidney,
pancreas, and muscle cell types. MBNL3 transcripts are expressed at much lower

levels, with peak expression in placenta and no expression in skeletal muscles [215].

Both MBNL1 and MBNL2 have cytoplasmic functions in addition to being alternative
splicing factors. In neural tissue, for example, cytoplasmatic MBNL promotes neurite
morphogenesis [216]. However, it is not known how MBNL1 and MBNLZ2 separate their
splicing functions when they are both abundant in the cell. Functional differences
between MBNL1 and MBNL2 is that MBNL1 is the predominant splicing factor in
muscle, while MBNL2 is the predominant splicing factor in brain and could have a
general role in promoting proper expression of extra cellular matrix proteins and
influences the localization of integrin alpha-3 to focal-adhesions in HelLa cells in
cancer. MBNL proteins are expressed in both the nucleus and the cytoplasm, and the
amount of protein in the nucleus versus the cytoplasm can undergo dynamical changes
[204,217]. Therefore, the amount of total MBNL protein available for alternative splicing
is just the nuclear fraction. Despite great advances in discovering the molecular
functions of Muscleblind proteins, still so many questions remain unanswered. We
know very little about the mechanism by which Muscleblind proteins regulate

alternative splicing [218,219].

2.3 Alternative splicing in colorectal cancer
Colorectal cancer (CRC) is a severe risk to public health, and there is growing evidence

that alternative splicing (AS) as the most extensively applied mechanism that account
for the proteome diversity and cellular complexity plays a crucial role in cancer. AS is
known as an important mechanism of regulating eukaryotic gene expression.
Additionally, AS have a significant effect on the biologic characteristics of the final
protein by adding or removing functional domains, controlling its location, modifying its
protein-protein interactions. Splicing is a complex and accurate process, whose validity
and integrity are defined by various factors, including the invariant 5’(donor) and
3’(acceptor) exon—intron junctions, exonic splicing enhancers, intronic splicing
enhancers, exonic splicing silencers and intronic splicing silencers, different activities

of trans-elements including SR proteins and heterogeneous nuclear
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ribonucleoproteins (hnRNP). Errors in majority of components of alternative splicing
processes were associated with diseases, including cancers, as proper regulation of
AS have important role in both physiological and disease states of biological
processes. In cancer research, many defects of AS or mutation and misregulation of
splicing factors were linked to tumorigenesis, cancer metastasis and cancer drug
resistance. Targeting AS or targeting splicing factors brings new therapeutic
approaches in cancer diagnosis and prognosis markers to fight against cancer and
may provide suitable biomarker candidates for CRC. Taken together, based on recent
studies, in cancer, AS event can act as potential biomarkers for diagnosis, prognosis

and potential new therapeutic targets in CRC [220,221].

2.3.1 Examples of Alternative splicing in cancer

In recent years the presence of AS in human diseases, especially in cancer, has been
widely recognized. From the point of view of mechanism, aberrant AS events can
directly affect major biogenesis and progression of tumors. For example, the
systematic and coordinated alteration of AS was identified and in association with
various precursor mRNAs could lead to alteration of the specific processes in
carcinogenesis. Moreover, increasing evidence suggest AS as general and potent
mechanism of transcriptional regulation [222,223]. Mutation of splicing regulatory
elements on an exon or intron influence the splicing event in cancer. For example, in
CRC, a point mutation of the APC tumor suppressor gene in cis-acting elements, such
as ESE site, disturbs the binding sites of splicing factors such as SRp55, hnRNP A1
or ASF/SF2. In addition, mutations can produce new splicing regulatory elements
[224—-226]. Another example is a point mutation (G/A polymorphism) in intron 1 of the
KLF6 gene, that results in formation of a new binding site for the SR protein SRp40.
KLF6 act as a tumor suppressor gene and is somatically inactivated in prostate cancer.
The new SRp40 binding site generates KLF6 splicing variants which antagonize the
biological functions of wild type KLF6 [227]. There are many additional examples of
alternative splicing isoforms with influence on human cancer including p53, fibronectin,
fibroblast growth factor (FGF) receptor, vascular endothelial growth factor (VEGF)
receptor, CD44, and murine double minute (MDM2) [228,229]. In addition, some of the

alternatively spliced isoforms can assemble in tumors and are sufficient to promote cell
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transformation and metastasis formation in cell culture. Alteration of SR factors and
hnRNP proteins mostly occur in tumors and are conducted by alterations in the relative
abundance of alternative splicing products, a typical signature of cancer cells. Cancer
cell lines are characterized by a high level of alternative splicing events that are not

conserved between human and mouse and are not found in physiological tissues [206].

Various aberrant splicing events have been linked to CRC pathogenesis [230]. For
instance, inclusion of 1A exon during splicing of APC was observed to be 3.5 times
more frequent in CRC cells than in non-affected tissue. This variant gives rise to
premature stop codon, which leads to lower expression of this important tumor

suppressor [220].

Another AS disturbance detected in CRC is represented by abnormal splicing patterns
in KRAS. These include overabundance of antiapoptotic exon 4B containing isoform

with respect to proapoptotic exon 4A containing variant [231].

Well described example of cancer-related AS is expression of various version of CD44.
The alternative splicing of CD44, a trans-membrane glycoprotein involved in cell to cell
and cell to matrix interactions, is a good example of how alternative splicing in cancer
can be modulated by trans-acting factors. The production of different CD44 isoforms
correlates with changes in the abundance of SR proteins. Various isoforms of CD44
with diverse inclusions in proximal extra-cellular domain of CD44 exons (v1-v10) have
been identified. Wild type CD44 has no alternative exons and is predominantly
expressed in normal tissues. However, CD44 isoforms, containing variant exons v5,
v6 and v7, are over-expressed in various tumors and have been implicated in tumor

cell invasion and metastasis [232].

Another example is represented by splicing factor SF2/ASF, which acts as a proto-
oncogene and several target genes of SF2/ASF are essential for the oncogenic activity
of S6K1, which is a novel oncogenic isoform of the mTOR substrate [233].
Furthermore, deregulation of RNA binding proteins in cancer is associated with

alternative splicing of oncogenes or tumor-suppressor genes.

2.3.1 Alternative splicing and EMT

One of the major steps of cancer progression associated with extensive alternative

splicing involvement is the process of epithelial-to-mesenchymal transition (EMT). The
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EMT is highly conserved developmental program stimulated by the early steps of
carcinoma metastases. During development, the EMT is known as an important
process by which epithelial cells lose their epithelial morphology and acquire
mesenchymal phenotype. EMT in adult tissues is controlled by the formation and
particular structure of the extracellular matrix (ECM) components and ECM-remodeling
matrix metalloproteinases (MMPs), as well as numerous growth factors or cytokines,
including epidermal growth factor (EGF), hepatocyte growth factor (HGF), fibroblast
growth factors (FGFs), and transforming growth factor (TGF)-f which is a potent
activator of EMT [234,235]. EMT is involved in gastrulation via induction by members
of the TGF-B family and results in the formation of the three multipotent germ layers
[236]. In organogenesis, TGF-B is involved in EMT processes in the kidney,
endocardial cushion, and subsequent atrioventricular valve formation. Effectively, all
cell types are responsive to TGF-B, which is produced by various immune and
nonimmune cells. TGF-B is also involved in proliferation regulation, migration,
differentiation, and survival processes, and in cancer, depending on cellular context,
can act either to suppress tumor growth or to activate tumor progression. Although
TGF-B is key to normal inflammatory responses, its sustained expression during
chronic inflammation stimulates fibrogenic processes and tumor promotion. Induction
of EMT by TGF- assumes a combination of Smad-dependent and Smad-independent
events on cell junction complexes. The activation of Smad transcriptionally regulates
key EMT associated factors, including Snail, Snail2 (Slug), Twist, and HMGA2. Smad-
independent activity of TGF-B trigger phosphorylation of Par6 with a subsequent
disorganization of the Par complex, leading to loss of cellular polarity. Multiple
transcription factors have been identified in EMT, involved either in transcriptional
inactivation of epithelial genes or activation of mesenchymal gene [237,238]. Among
the transcription factors, Snail acts as central regulator of both developmental and
pathological EMT, as Snail is critical for gastrulation and also has been associated with
pathological conditions, such as fibrosis and cancer, in which its detrimental role is
determined by its ability to induce EMT-like processes [239,240]. It directly suppresses
E-cadherin, claudins, and other epithelial cell-cell adhesion molecules, and promotes
expression of mesenchymal proteins, such as fibronectin and MMP-9. Increased
expression of Snail mediates EMT program, induced for example by cytokines such as
TGF-B, interleukin 6 and growth factors such as EGF or FGF. Expression of Snail is
further regulated by an integrated and complex signaling network at the transcriptional
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and posttranscriptional levels that includes integrin-linked kinase (ILK),
phosphatidylinositol 3-kinase (PI3-K), mitogen-activated protein kinases (MAPKSs),
glycogen synthase kinase 3-B (GSK-3B), and NFkB pathways. The process of
Epithelial-Mesenchymal Transition (EMT) contributes towards the exacerbation of
cancer invasiveness along with the obtaining of stem like and the subsequent drug
resistant behavior [241,242].

In addition to usual transcriptional regulation of EMT that has been largely studied at
the level of altered gene transcription or posttranslational modifications, it is becoming
increasingly clear that alternative splicing processes provide an additional layer of
gene regulation that is critical in shaping the EMT process, particularly in cancer
progression. The dysregulated AS might represent important component of cancer-
related EMT induction and thus critically influence disease progression. Notably, the
splice variants induced by aberrant AS of the critical genes might promote the
metastatic potential and stem-like/chemo resistant behavior of cancer cells, further

facilitating tumorigenesis.

Numerous splicing alterations implied in the process are controlled by various splicing
factors including ESRP, RBFOX2 and MBNL proteins.

Epithelial splicing regulatory proteins 1 and 2 (ESRP1 and ESRP2), which act as
splicing regulators of genes associated with epithelial cell phenotype, have been
implicated as central coordinators of AS networks in EMT. For example, AS of CD44
with a switch from a variant isoform (CD44v) to a standard isoform (CD44s) is
promoted by downregulated ESRP1 and is strongly related to the EMT process [243].
CD44s expression is up-regulated in breast tumors and correlates with levels of the
mesenchymal marker N-cadherin and breast cancer progression. Down-regulation of
ESRP1 expression, using small hairpin RNA (shRNA), led to a switch from CD44v to
CD44s. Conversely, overexpression of ESRP1 increases CD44v expression and

prevents cells from undergoing EMT.

Another EMT-associated AS event arising from ESPR1 downregulation is exon 4
skipping during splicing of TCF4, an important component of Wnt signaling pathway.

This subsequently leads to enhanced Wnt signaling related to EMT mechanisms [244].

Taken together, EMT represents both an essential step in development and normal
morphogenic processes, as well as a mechanism that facilitates pathological

processes such as fibrosis and chronic inflammation and many stages of tumor
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progression. Accordingly, differentiating between how the EMT-related AS patterns
differ between normal development and disease has become an important area of

investigation [245].

3 Goals and hypotheses

In this study we analyzed gene expression of the MBNL family of regulators of
alternative splicing, together with the MBNL-target splicing events in FOXP1 and
EPB41L3 genes and tumor-related CD44 variants. We chose a patient cohort in
various stages of colorectal cancer development. After RNA isolation and reverse
transcription, the relative gene expression of a selected gene panel was tested by
quantitative real-time PCR, followed by statistical analysis. Our goal was to identify
deregulation of MBNL genes in colorectal cancer and correlate the expression levels
with clinic-pathological characteristics. We conjectured that down-regulation of their
transcripts in tumor tissue compared to matched non-tumor mucosa can lead to
transition of alternative splicing patterns towards a less differentiated phenotype. This
would further highlight the importance of alternative splicing regulation for tumor growth
and propagation. Moreover, we hypothesized that the lower expression of MBNLs

would be associated with worse disease progression.

We aimed for comparison of deregulation of MBNL expression in tumor tissue with
non-tumor mucosa. In addition, we aimed at analyzing of expression changes in
selected genes panel including FOXP1, EPB41L3, CD44 and its cancer-related

variants 3 and 6.

In collaboration with Institute of Experimental Medicine we addressed whether main
glycosylases involved in base excision repair (BER) and in removing oxidative DNA
damage may exert the potential to become biomarkers of CRC risk and progression.
Furthermore, we investigated on CRC cells a role of miRNA-140 in regulating the initial
step of Homologous recombination DNA repair (HR), mediated by MRET11E,
responsible for triggering the removal of double-strand breaks and inter-strand
crosslinks, induced by chemotherapeutic oxaliplatin. These may represent first step in
dissecting biomarkers of treatment prediction.
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3.1 Hypothesis 1: All three MNBL paralogs in CRC are deregulated
by expression of their mMRNA in CRC tissue

The MBNL proteins are essential regulators of alternative splicing and aberrant splicing
is implied in cancer pathogenesis. Accordingly, deregulated MBNL activity has been
linked to various malignancies, including colorectal cancer. However, no study so far

has investigated activity of the all the MBNL paralogs in colorectal cancer.

We aimed to examine possible deregulation of all three MNBL paralogs in CRC by
comparing expression of their mMRNA in CRC tissue with expression levels detected in

control sample.

Conclusion: Indeed, we detected significantly downregulated expression of all three
MBNL paralogs in CRC tissue.

3.2 Hypothesis 2: CRC is associated with deregulated expression of specific
splice variants of selected genes (FOXP1, CD44, EPB41L3)

A potential deregulation of MBNL proteins would indicate abnormal splicing patterns in
malignant cells. We hypothesized that this would lead to deregulated expression of

specific splice variants of genes undergoing alternative splicing.

We thus additionally analyzed CRC-associated expression of alternatively spliced
variants of target genes shown to be regulated by MBNL or genes displaying abundant
alternative splicing (EPB41L3, FOXP1 and CD44 isoforms). We hypothesized that
expression of specific isoforms would be congruent with any potential change in MBNL

expression in CRC tissue.

Conclusion: Yes, we detected significant deregulation of selected splice variants.

3.3 Hypothesis 3: Deregulated expression of the studied genes is related to
clinical parameters (T, N, M, G, UICC, overall/recurrence-free survival)

We further aimed to study the expression of investigated genes in context of clinical
characteristics and to investigate their potential as prognostic and predictive
biomarkers. Considering the relevance of the alternative splicing deregulation for

cancer pathogenesis, we hypothesized that extent of alternative splicing disruption
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might be related to disease progression. We analyzed expression of MBNL genes and
the genes in target panel in association with clinical parameters (T, N, M, G, UICC), as

well as overall/recurrence-free survival.

Conclusion: We did not detect any association between expression levels of MBNL
paralogs and clinical parameters in CRC group. We found several significant
associations between expression of specific variants in target gene panel and clinical

characteristics.

3.4 Hypothesis 4: Colorectal cancer is associated with deregulation

of base excision repair glycosylases hOGG1 and MUTYH

The base excision repair glycosylases hoGG1 and MUTYH are important components
of DNA damage response pathways. Unrepaired oxidative damage and resulting
mutations in tumor suppressor genes and proto-oncogenes might contribute to
cancerogenesis. We thus investigated expression of hOGG1 and MUTYH in colorectal
cancer tissue and adjacent mucosa. We hypothesized that colorectal cancer is
associated with down-regulated activity of hoOGG1 and MUTYH.

Conclusion: We detected decreased expression of hOGG1 and MUTYH in colorectal

cancer cells compared to adjacent non-malignant mucosa.

3.5 Hypothesis 5: Expression of miRNA-140 is deregulated in
colorectal cancer cells and modulates sensitivity to oxaliplatin

treatment

We next studied miR-mediated regulation of MRE11, a factor involved in double-strand
break repair, in CRC. In silico analysis indicated miR-140 as a molecule targeting
MRE11 with strong association to progression-free survival. We hypothesized that
CRC is associated with deregulation of miR-140. Further, since miRNA tend to
suppress expression of their target genes, we hypothesized that increasing miR-140

expression in vitro will lead to suppressed expression of MRE11. Moreover, miRNA-
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regulated activity level of DSB repair system involving MRE11 is expected to modulate

sensitivity to oxaliplatin.

Conclusion: We detected downregulated miR-140 in CRC tissues. Increasing miR-
140 in CRC lines in vitro resulted to suppressed expression of MRE11 and increased

sensitivity to oxaliplatin treatment.

4 Materials and methods

In the present study, we analyzed the expression of three MBNL paralogs in colorectal
cancer and selected variants of forkhead family transcription factor (FOXP1),
Erythrocyte Membrane Protein Band 4.1 Like 3 (EPB41L3) and CD44 transcript
variants 3 and 6. To test the effect of MBNL activity on the alternative splicing of the
target genes, we selected FOXP1 and EPB41L3 exons described to be regulated by
MBNL1 as reported by Hong Han et al [246]. CD44 transcript variant 3 and CD44
transcript variant 6 were selected as particular isoforms of CD44 related to cancer
diseases. Additionally, to serve as potential marker for MBNL functional status,
analysis of FOXP1, EPB41L3 and CD44 alternative splicing could bear important
information given their own oncogenic potential. Selection of reference genes —
hypoxanthine phosphoribosyltransferase1 (HPRT1), Histidyl-TRNA Synthetase
(HARS) and actin beta (ACTB) was based on existing literature data and our own

experience.

Primer design

Quantitative real-time polymerase chain reaction (PCR) primers for the selected genes
were designed using Primer3 software with special emphasis on exon/exon-junction-
spanning assays. In case of special splicing variants, primers were designed to align
into the exon of interest, common assays were designed on exons typical for all other
variants included in NCBI RefSeq database at the time of primer design (fall 2016).
Designed primers were aligned to non-redundant mRNA database using BLAST to
check putative amplification of off target sequences and to validate priming of desired

variants. Primer sequences used in the study are summarized in Table 6.
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List of used primers and their characteristics

e Predicted
Primer Primer sequence Amplicon melting
Gene name content
type [5'-31 size [nt] temperature
[%] )
[°C]
ACTB forward CCAACCGCGAGAAGATGA 56 60
97
reverse CCAGAGGCGTACAGGGATAG 60 59
HPRT1 forward TGACCTTGATTTATTTTGCATACC 33 59
102
reverse CGAGCAAGACGTTCAGTCCT 55 60
HARS forward ATTGGGGTGGAGCGGATTTT 0,5 60
78
reverse TGTCTCCGTGGTCCGTATCT 0,55 60
MBNL1 forward ATCGCCTGCTTTGATTCATT 40 59
76
reverse TTAAATGTGGGGGTGGATGA 45 60
MBNL2 forward GCCCAGCAGATGCAATTTAT 45 60
137
reverse  AACCCAACTCCAGGGGTTAC 55 60
MBNL3 forward ATTCCTGGAAACCCACCTCT 50 59
89
reverse TGAAATTCTCGGCAAACCTC 45 60
FOXP1com forward CACGTGGAAGAATGCAGTGC 55 60
88
reverse CACTGTCCATACTGCCCCTT 55 59
FOXP1var forward ACGTGGAAGGGTGCCATTC 58 60
114
reverse  GCGGCCACGTTTAAACTCTT 50 59
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CD44 forward CCCAGATGGAGAAAGCTCTG 55 60
113
reverse GTTGTTTGCTGCACAGATGG 50 60
CD44v3 forward TCCCTGCTACCAATATGGACTC 50 60
122
reverse ACTCTGCTGCGTTGTCATTG 50 60
CD44v6 forward AGGAACAGTGGTTTGGCAAC 50 60
68
reverse CGAATGGGAGTCTTCTTTGG 50 60
EPB41L3com forward AAAGAGGCCAAAGAGCAGCA 115 50 60
reverse GCAAGCTAAGTTATTCCTCTGGTC 46 59
EPB41L3var forward ACCATGACCAGGAATAACTTAGCT 42 60
101
reverse AGTCAGTTGGGTTAGAAGAGGG 50 59

Table 6: List of used primers and their characteristics. Primers designated as var. are specific for
particular splice variant know to be regulated by MBNL function, primers labeled as com are amplifying

other mRNA splice isoforms except the specific MBNL regulated variant.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8126336/[246]

4.1 Sample collection and processing

In this retrospective study, 108 patients from the Czech Republic with clinically
confirmed CRC at the Department of Surgery of University Hospital in Pilsen between
years 2008 to 2016 were analyzed. Clinical data were collected since 2008 to 2017 by

clinicians and anonymized before transfer for statistical analysis.

During each patient’s surgery, tissue was collected within 20 min after the removal of
the tumor tissue from the patient and non-tumor mucosa (anatomically the most distant
tissue that was macroscopically intact, in the range of 15-20 cm from the tumor
location). Tissue samples with maximal size of 5 mm in the longest axis were gathered,
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immediately frozen in cryotubes (Thermo Fisher Scientific, Waltham, MA, USA) and
stored at -80°C.

All patients and donors enrolled in the study agreed to the processing of their blood
samples by signing informed consent. The study protocol was approved by the Ethical
committee of Faculty of Medicine and University Hospital in Pilsen and complies with
the International Ethical Guidelines for Biomedical Research Involving Human
Subjects. All blood samples were collected by clinical personnel of the University
Hospital in Pilsen and patient data has been anonymized. An overview of cohort

characteristics is presented in Table 7.

Characteristics of the analyzed colorectal cancer patients.

Characteristic Category Number %
gender F 44 40.7
M 64 59.3
age (in years) 30-50 7 6.5
50-70 57 52.8
>70 44 40.7
T stage T1 3 2.8
T2 23 21.3
T3 66 61.1
T4 14 13.0
unknown 2 1.9
N stage NO 62 57.4
N1 21 19.4
N2 21 19.4
N3 1 0.9
unknown 3 2.8
M stage MO 79 731
M1 26 241
unknown 3 2.8
tumor grade G1 13 12.0
G2 74 68.5
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G3 14 13.0
unknown 7 6.5
UICC staging I 23 21.3
Il 33 30.6
I 27 25.0
\% 24 22.2
unknown 1 0.9
tumor location right or transversum 41 38.0
left or sigma 30 27.8
rectum or rectosigma 36 33.3
non-specific 1 0.9

Table 7. F: Female; M: male; tumor classification based on TNM classification on malignant tumors with
following categories: T stage: size of the primary tumor; N: degree of tumor spread in lymph nodes; M:
presence of distant metastasis; G: histological tumor grade; UICC staging: tumor classification according

to Union for International Cancer Control. https://www.ncbi.nim.nih.gov/pmc/articles/PMC8126336/[246]

4.2 Isolation of RNA and quality validation

Standard protocol for RNA isolation using TriReagent RT (MRC, USA) was used to

isolate RNA from frozen samples.
1.Isolate RNA
a. The tissue was removed from the cryotube and placed in liquid nitrogen in a mortar.

b. The tissue was pulverized and transferred into an Eppendorf tube with 1ml
TriReagent RT chilledto 4 °C

c. Add 0.5 mL of isopropanol to the aqueous phase, per 1 mL of TRIzol™ Reagent

used for lysis.
d. Incubate for 10 minutes at 4°C.

e. Centrifuge for 10 minutes at 12,000 x g at 4°C. (Total RNA precipitate forms a white
gel-like pellet at the bottom of the tube).

f. Discard the supernatant with a micropipettor.
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2.Wash the RNA

a. Resuspend the pellet in 1 mL of 75% ethanol per 1 mL of TRIzol™ Reagent used

for lysis.

b. Vortex the sample briefly, then centrifuge for 5 minutes at 7500 x g at 4°C.

c. Discard the supernatant with a micropipettor.

d. vacuum or air dry the RNA pellet for 5—-10 minutes.

3.Solubilize the RNA

a. Resuspend the pellet in 20-50 ul of nuclease-free water (Ambion, Carslbad, CA,
USA).

b. Incubate in a water bath or heat block set at 55-60°C for 10—15 minutes.

4. RNA concentration was assessed by absorbance measurement using the Infinite

M200 (Tecan, Mannedorf, Switzerland) in the NanoQuant setting.

5. RNA quality was assessed by agarose gel electrophoresis. Only samples with a 230
nm/260 nm ratio >1.7 and samples with proper bands without degradation on agarose

gel electrophoresis were used for further analysis.

4.3 Reverse transcription (DNase, PCR control)

cDNA was synthetized according to RevertAid First Strand cDNA Synthesis Kit
manufacturer’s protocol (THERMO SCIENTIFIC, Waltham, MA, USA).

4.3.1 Preparation

1.Place RevertAid First Strand cDNA Synthesis Kit components and RNA samples on
ice.

2. Mix and then centrifuge briefly to collect contents at the bottom of the tube.
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4.3.2 Reaction

1. Determine the number of reactions required, including controls. Calculate the
volumes of each component required for all reactions (allow 10% extra for pipetting

errors)

2. Using 500 ng of total RNA in 20 ul reaction for priming of reverse transcription
reaction, a combination of oligo(dT)18 and random hexamer primers, each at 2.5 yM

final concentration, was used.

3. Primer mix and RNA mixture is inserted into the cycle for 5 min in 75°C Then the
reaction mixture is added and put in program in BioRad T100 for 60 min /42 °C and 5
min / 70°C and « min / 4°C. After completion of the test tube stored at -80 ° C.

4. The quality of cDNA and possible contamination by genomic DNA was assessed by
control PCR reaction (GAPDH amplification, 40 cycles) and agarose gel

electrophoresis.

4.4 Quantitative real-time PCR

The Quantitative real-time PCR is known as a reliable screening method for

biosignatures in clinical specimens with a high sensitivity for detection.

Quantitative real-time PCR with 5x HOT FIREPol® EvaGreen® qPCR SuperMix (Solis
BioDyne, Tartu, Estonia) was used for the quantitative PCR. cDNA was diluted 100x
and 2 ul of cDNA were used in each reaction, having a final volume of 10 pl. Optimal
cycling parameters and annealing temperatures were assessed by the measurement
of sensitivity, specificity and efficiency of individual quantitative PCR reactions. CFX

96 quantitative real-time PCR cycler (Biorad, CA, USA) was used for the analysis.

Cycling parameters were: initial hold at 50°C for 20 s and initial denaturation at 95°C
for 12 min followed by 45 cycles consisting of denaturation at 95°C for 15 s and
annealing and extension at 60°C for 60 s. Results were analyzed and basic statistical

analysis was carried out using the Bio-Rad CFX Manager software.

4.5 Statistical analysis of data

Standard frequency tables and descriptive statistics were used to characterize the

patient group. Relative expression levels of measured genes in the tumor tissue
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(relative to adjacent non- tumor tissue) were expressed by -AACt values and analyzed
using parametric tests after ensuring that the data can be modeled using normal
distribution (histogram plots and Shapiro-Wilk test). We employed one sample t-test
against zero reference to test for significant up- or downregulation of the respective
expression of genes. Associations between the expression levels and clinical
parameters (T, N, M, G, UICC) were estimated using two-sample t-test (difference
between two groups), one-way ANOVA (testing for non-uniform means in multiple
groups) and Kendall's tau (testing for increasing/decreasing trends across multiple

ordinal categories).

Recurrence-free survival (RFS) was estimated for time period from the date of surgery
until the date of first documented disease recurrence or death. Overall survival (OS)
was determined from the date of anti-EGFR therapy initiation until the date of death,
regardless of its cause. Patients who had not progressed or died were censored at the
date of last follow-up in 2020. Significance of associations between gene expression
and survival times was assessed using univariable Cox proportional hazards model. In
order to visualize these associations and detect possible non-proportional ones,
significant or borderline results were reviewed using automated stratification. In this
procedure, a threshold (cut-off) expression (-AACt) value was determined for each
gene by an automated optimization process finding the threshold providing the lowest
Cox-Mantel p value in two-sample Kaplan-Meier survival analysis, which was finally

verified using Gehan-Wilcoxon test.

We report two-tailed p-values with respective statistical significance level set at a =
0.05. To control for false discovery rate (FDR), we applied the Benjamini-Hochberg
procedure over all the significance test performed in the study. The estimated FDR is
10%, which corresponds to 90% of the presented significant results to being true
positives. A conservative overall FDR of 5% would be achieved after adjusting
significance level to 0.022. Statistical analysis was performed using STATISTICA
software system (StatSoft, Inc.2013, Version 12,www.statsoft.com) and Matlab
(2019b, MathWorks Inc., Natick, MA, USA).
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4.6 Study 2 Methods

The study involved tumor tissue and adjacent mucosa samples from 193 (122 males,

71 females; median age at diagnosis 69.5 years) sporadic CRC patients.

DNA was extracted from tumor and adjacent non-malignant mucosa, using the DNeasy
Blood and Tissue Kit (Qiagen, Courtaboeuf, France), followed by amplification of
coding sequences as well as adajacent intron regions of MUTYH gene. The resulting
amplicons were prescreened by high resolution melting analysis. The samples with
non-standard melting curves were subsequently sequenced by a modified Sanger

method.

The mutations in KRAS gene were detected using SNaPshot analysis,
targeting mutations in codon 12 and 13 at nucleotides c¢.34, 35, 37 and 38,

corresponding to approximately 97% of all known variants.

To evaluate expression of hOGG1 and MUTYH, RNA was isolated using TRIzol
(Invitrogen, Waltham, MA, USA) and cDNA was synthesized from 0.5 ug of RNA using
the RevertAld™ First-strand cDNA synthesis kit (Fermentas, Burlington, ON, Canada).
The preamplified cDNA was sequenced by qPCR (BioMark™ HD System; Fluidigm,

San Francisco, CA, USA). TOP1 was used as a reference gene.

For imunohistochemical analysis of hOGG1 protein, the samples were fixed with 10 %
formalin solution and processed into three to five um-thick slices. The first slices were
stained with haematoxylin-eosin and the second slices with 8-hydroxyguanine DNA
glycosylase (OGG1) polyclonal antibody (PA-116505, Thermo Fisher Scientific,
Waltham, MA, USA). Subsequently, the slices were visualized using the LSAB+System
HRP kit (streptavidin-biotin peroxidase detection kit, DAKO, Glostrup, Denmark).

4.7 Study 3 Methods

Paired tumor and non-malignant adjacent mucosa samples from 50 CR patients were

analyzed.

Bioinformatics analysis included data from TargetScan and miRNA-Seq transcriptional

profiles accompanied with clinical information obtained from TCGA
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(https://portal.gdc.cancer.gov; projects TCGA-READ (rectal adenocarcinoma, n = 155)
and TCGA-COAD (colon adenocarcinoma, n = 476)).

Human colorectal cancer cell lines HCT116, DLD1, and HT29 were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum, 1 mM of
[-glutamine 1 mM of sodium pyruvate and 1 mM of penicillin/streptomycin. All cells

were cultured in a humidified incubator at 37°C, with 5% CO2.

Cells were transfected in 6-well plates at 60%—80% confluency with 2.5 pmol of
MISSION miRNA hsa-miR-140-3p miRNA Mimics or with Negative Control miRNA
Mimics with no homology to the human genome using Lipofectamine® RNAIMAX 2000
(Invitrogen™). All the experiments in cell lines were performed in three independent
repeats. The efficiency of transfection was analyzed by gPCR measuring expression

levels of transfected miRNAs as compared to negative controls.

Forty-eight hours after transfection, total RNA was extracted. The concentration of the
total RNA was measured by Nanodrop™ 8000 Spectrophotometer and the integrity of
MRNA (RNA integrity number (RIN)) of each sample was determined by Agilent RNA
6000 Nano Kit by Agilent Bioanalyzer 2100. Reverse transcription was performed

using the High-Capacity cDNA Reverse Transcription Kit.

Expression levels of miR-140 were measured using TagMan MicroRNA Assays at
7500 Real Time PCR System . The reaction contained 2 ul of a sample with 40 ng of
cDNA, 10 ul of TagMan™ Universal PCR Master Mix, 1 pl of the assay, and 7 pl of
RNAse-free water. The thermal protocol was as follows: 50°C for 2 min, 95°C for 10
min, 40 cycles of 95°C for 15 s, and 60°C for 60 s plus melting curve analysis. MiRNA
expression was normalized to RNU6B, and all data were subsequently analyzed by
the 2-AACt method.

Oxaliplatin was dissolved in dimethyl sulfoxide at the concentration of 100 mM and
stored at 4°C. To assess the chemosensitivity of CRC cells with overexpressed miR-
140 and control cells, both cells were treated with a 6 uM concentration of oxaliplatin

24 h after miRNA mimics transfection and analyzed for cell viability.

For clonogenicity formation assay (CFA), 48 h after cell transfection with miRNA
mimics, 500 cells per well were plated for colony formation assay onto 6-well plates
and cultured in DMEM. Twelve days later, colonies were fixed with 3% formaldehyde,

stained with 1% crystal violet, and counted.
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For proliferation assay, cells were plated onto 96-well plates at a density of 3 x 104
cells per well. The metabolic activity of the cells was measured 24 h after plating by
adding WST-1 solution into the media. Absorbance at 450 and 690 nm was measured

on BioTek ELx808 absorbance microplate reader.

Cells were seeded on 12 well plates, harvested, washed with PBS, and centrifuged at
1,000 rpm for 10 min. Then, 1 ml of propidium iodide (PI) staining solution was added
to the cell pellet, and cells were incubated for 30 min at 37°C in the dark. After
incubation, samples were analyzed using a flow cytometer. Measured data were

evaluated with FlowLogic software (Inivai Technologies, Mentone, VIC, Australia).

Proteins (20 pg) were loaded and separated in 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gels at 15 mA for 60 min. Then, the
separated proteins were transferred to 0.45 ym Amersham Protran Nitrocellulose
Blotting Membrane in methanol transfer buffer using Mini Trans-Blot Cell. The
membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline
containing Tween 20 (TBST; 20 mM of Tris—HCI, pH 7.4, 0.15 M of NaCl, and 0.1%
Tween 20) for 1 h and incubated with anti-MRE11, anti-yH2AX, anti-RAD51 (Cell
Signaling, Leiden, the Netherlands) and anti-GAPDH antibodies (Abcam, Cambridge,
UK) at 4°C overnight, followed by incubation with goat anti-rabbit secondary antibody
conjugated with horseradish peroxidase (Abcam, Cambridge, UK). The membranes
were then incubated with Immobilon Western Chemiluminescent HRP Substrate (EMD
Millipore Corporation, Billerica, MA, USA) and visualized by Azure c600 (Azure
Biosystems, Dublin, CA, USA).

For the preparation of recombinant lentiviruses expressing MRE11 shRNAs,
HEK293FT cells seeded in 6-well plates were co-transfected with pLKO1 mission
MRE11 shRNA plasmids and helper plasmids psPax2 and pMD2.g. Six hours later,
the medium was replaced with fresh DMEM without antibiotics. After 48 h, the
recombinant lentivirus-containing culture medium was harvested and centrifuged at 15
min, 3,000 rpm, and 4°C to remove any floating cells and cell debris. The cleared media
containing lentiviruses were at 1:3 and 1:10 v/v ratios, added to HCT116 cells and
plated in a 12-well plate, and after 24 h; the media were replaced with the fresh
cultivation medium; cell cultures containing integrated lentiviruses were selected by

using 2 pg/ml of puromycin for 4-5 days. Transfected cells were then tested using
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genomic PCR and Western blotting analysis for the genetic elimination/loss of

expression of the MRE11 gene.

5 Results

The result section will start with analysis of the expression of 3 MBNL paralogs and 7
control genes with transcription-variant-specific primers on a sample set of 108

patients. Descriptive statistics of enrolled patients are summarized in Table 7.

For the question whether the expression change in MBNL translate into the functional
effect of the altered splicing of MBNL targets (FOXP1 and EPB41L3) or change in
splicing in general (CD44), we analyzed selected alternatively spliced isoforms of
EPB41L3, FOXP1 and CD44 genes that were previously confirmed to be regulated by

MBNL or are known for their abundant alternative splicing.

5.1 Deregulation of MBNL and studied genes in tumor tissue

To analyze possible deregulated expression of the studied genes in CRC, we
compared their expression in CRC tissue with the levels detected in paired non-

tumorous mucosa by performing one sample t-tests on the respective -AACt values.

The analysis of MBNLs expression revealed significant decrease in the expression of
all MBNL genes in tumor tissue compared to paired non-tumorous samples (MBNL1
p<0.001, MBNL2 p=0.047, MBNL3 p<0.001). It represents the first concise evidence

that MBNL genes are deregulated in colorectal tumor cells.

Deregulation of gene expression was detected also for target gene panel, with CD44
(p<0.001), CD44v3 (p<0.001) and CD44v6 (p<0.001) showing higher expression in
tumor tissue, and FOXP1com (p<0.001), FOXP1var (p=0.024), EPB41L3com
(p<0.001), EPB41L3var (p<0.001) being upregulated in non-tumorous samples
(Figure 7).
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Expression of candidate genes in tumor tissue relative to healthy tissue
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Figure 7. Expression of candidate genes in tumor tissue relative to healthy tissue. All genes show

deregulation in tumor tissue.

Expression of studied genes (—-AA Ct values) with corresponding statistical

description

Test of means vs reference constant

[ Mean |[Stand. dev]|N|] [ SEM ] I'\;eofre]:anr(l:te |t |[sv] p |
AACtMBNLT | -0.91420| 1.346494{108]  0.129566 0.00|-7.05587| 1070.000000
-AACt MBNL2 -0.19652| 1.014078/108]  0.097580 0.00|-2.01397|107|0.046522
AACtMBNL3 | -0.84128)  1.354847|108| 0.130370 0.00|-6.45301(107|0.000000
LAACt FOXP1com -0.52659] 1.066776108| 0.102651 0.00|-5.12996( 107|0.000001
FAACt FOXP1var | -0.40139| 1.746551|100] 0.174655 0.00[-2.29818| 99|0.023655
[AACt CD44 0.71911| 1.056714[108 0.101682 0.00| 7.07213(1070.000000
LAACt CD44v3 1.07561| 1.555374{108| 0.149666 0.00| 7.18674{107|0.000000
LAACt CD44v6 0.98878 1.199199108 0.115393 0.00| 8.56877|107|0.000000
LAACt EPB41L3com -1.20303| 1.471858104| 0.144328 0.00|-8.33541| 103]0.000000
LAACt EPB41L3var -1.30912 1.617895/106| 0.157144 0.00|-8.33069 105|0.000000

Table 8. Expression of studied genes (—AA Ct values) with corresponding statistical description. The

statistics were performed using one sample t test against zero constant.
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5.2 Correlation between MBNL and target genes expression levels

Next, we analyzed correlation between MBNL expression and the target gene variant
transcript ratios. Higher expression of MBNL1 and MBNL3 was significantly associated
with increased variant transcript levels of FOXP1var (MBNL3 in tumor tissue p=0.046;
MBNL1 in non-tumor tissues p=0.024; MBNL3 in non-tumorous tissues p=0.011).
Similarly, MBNL3 overexpression was associated with increasing of variant transcript
ratio of EPB41L3var in by non-malignant tissues (p=0.002). Otherwise, higher
expression of MBNL2 in the tumor tissues was linked to lower transcript levels of
EPB41L3var (p=0.011).

5.3 Expression of candidate genes according to T, N, M, G, and

UICCC in tumor tissue relative to healthy tissue

5.3.1 In subgroups accordingto T

We analyzed three subgroups of patients with respect to T-staging (T2-T4; subgroup
T1 was not analyzed due to small sample size n=3) (Figure 8). Accordingly, we
adjusted significance level to p=0.05/3=0.0167. In general, direction of difference in
genes expression between tumor tissue and adjacent mucosa tended to mirror the
changes observed in pooled data. An exception was relative upregulation of FOXP1var

in T4 subgroup, however, the effect was not recognized as significant.
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Expression of studied genes accordingto T
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Figure 8. Expression of studied genes according to T. Statistically significant deregulations denoted

by asterisk mark.

5.3.2 In subgroups according to N

The patients were divided into 3 subgroups according to N-staging (NO-N1-N2,
adjusted significance level p=0.0167) (Figure 9). The analysis performed on data
within individual subgroups revealed differences in genes expression that were
congruent with observations in pooled data. The downregulation of MBNL-2 and

FOXP1var did not reach level of the significance in any of the subgroups.
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Expression of studied genes according to N
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Figure 9. Expression of studied genes according to N. Statistically significant deregulations denoted by

asterisk mark.

5.3.3 In subgroups according to M

We next analyzed data with respect to M staging (M0-M1, adjusted significance level
p=0.025) (Figure 10). In MO subgroup we detected significant deregulation of all the
genes, consistently with the pooled data. In M1 subgroup there was no significant

difference in expression of MBNL2, FOXP1com and FOXP1var.
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Expression of studied genes according M
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Figure 10. Expression of studied genes according M. Statistically significant deregulations denotes by

asterisk mark.

5.3.4 In subgroups according to G

In the analysis of subgroups with respect to tumor grading (G1-G3, adjusted
significance level p=0.0167), we observed patterns similar to pooled data. Most of the
detected deregulations were significant in G2 subgroup, likely reflecting the largest
sample size. The MBNL-2 and FOXP1var did not display significant deregulation in

any of the subgroups analyzed (Figure 11).
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Expression of studied genes according to G
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Figure 11. Expression of studied genes according to G. Statistically significant deregulations denotes

by asterisk mark.

5.3.5 In subgroups according to UICC
We further analyzed data with respect to UICC staging (UICC1-UICC4, adjusted
significance level p=0.013) (Figure 12). All the significant deregulations were

consistent with analysis on the pooled dataset.
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Expression of studied genes according UICC
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Figure12. Expression of studied genes according UICC. Statistically significant deregulation denotes

by asterisk mark.

5.4 Associations of genes expression with clinical factors (T, N, M,

G, UICC)
Despite the deregulation in gene expression level, no correlation between MBNL1, 2
and 3 expression and clinical parameters was observed in our patients’ set. We next
analyzed associations of the target genes’ expression with clinical parameters. The
analysis detected positive trend for FOXP1com with both T- and N-staging
advancement (T staging: Kendall correlation: 1 =0.16, p= 0.014; N staging: Kendall
correlation: 1 =0.16, p=0.017) and CD44 with T-staging advancement (Kendall
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correlation: 1 =0.15, p=0.020). Further, the comparison of expression between groups
with and without distant metastasis at the time of surgery revealed significantly higher
levels of FOXP1com expression (p=0.030) and significantly higher levels of relative
expression of CD44v3 (p=0.020) in metastasis group. The overall UICC staging score
was significantly correlated with expression of FOXP1com (Kendall correlation: T
=0.23, p< 0.001), CD44 (Kendall correlation: T =0.15, p=0.019) and CD44v3 (Kendall
correlation: 1 =0.16, p= 0.015). When considering tumor grading, we observed
significantly non-uniform expression of CD44v6 across different grades (G1-G3) (one-
way ANOVA: F=3.90, p=0.024) (Figure 13).

Expression of candidate genes according to T, N, M, G, and UICCC in tumor tissue

relative to healthy tissue
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Figure 13. Expression of candidate genes according to T, N, M, G, and UICCC in tumor tissue relative
to healthy tissue a) distribution of FOXP1com expression change according to T stage; b) distribution of
CD44 expression change according to T stage; c) distribution of FOXP1com expression change
according to N stage; d) distribution of FOXP1com expression change according to M stage; e)
distribution of CD44v3 expression change according to M stage; f) distribution of FOXP1com expression
change according to UICC score; g) distribution of CD44 expression change according to UICC score;

h) distribution of CD44v3 expression change according to UICC score.

5.5 Survival analysis

Using univariable Cox proportional hazards model, proportional associations of the
measured expression levels with overall survival were found for FOXPcom (p=0.002)
with a hazard rate (HR) of 1.73 per unit of —AACt value (i.e. each doubling of the
expression ratio between the tumor tissue and adjacent mucosa increases the risk of
death 1.73-fold), FOXP1var (p<0.001, HR=1.50), and CD44v3 (p=0.023, HR=1.36).
Recurrence-free survival was significantly influenced by FOXP1var (p=0.030,
HR=1.26), CD44v3 (p=0.016, HR=1.33) and EPB41L3var EPB41L3com (p=0.025,
HR=1.78). Subsequent automated determination of threshold values providing the best

separation of groups confirmed these results (Figure 14,15).

Kaplan-Meier recurrence free survival curves for genes expression level
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Fig 14. Kaplan-Meier recurrence free survival curves for genes expression level with respect for cut-off
value a) CD44v3 b) EPB41L3var c) FOXP1var
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Fig15. Kaplan-Meier overall survival curves for genes expression level with respect for cut-off value a)
CD44v3 b) FOXP1com c) FOXP1var

5.6 Study 2 Results
We detected significantly lower expression of both hOGG1 and MUTYH in CRC tissue

than in adjacent non-malignant mucosa (p =0.0038 for MUTYH; p =0.0016
for hOGG1, Mann-Whitney U-test). Expression of hOGG1 was inversely associated
with TNM staging (x?test: p = 0.029). We did not detect significant relationship
between MUTYH expression and TNM staging or particular MUTYH gene alterations.

Immunohistochemical analysis revealed highest hOGG1 expression in epithelial cells
(adjacent to tumor and non-affected one), in contrast to relatively low level of hOGG1
in associated stroma. Notably, hOGG1 protein expression was significantly lower in
CRC tissue compared to non-malignant epithelium, displaying approximately 50 %

lower expression levels.

We next aimed to map presence of oncogenic mutations in KRAS gene. Overall, 51
KRAS mutations in 50 patients (29.5%) were detected. The most abundant
substitutions were ¢.35 G>A (39.2%), followed by ¢.35 G>T (25.5%). We focused on
G >T substitutions, potentially arising from oxidative damage and hOGG1/MUTYH
repair system dysfunction. We observed 15 of these mutations in KRAS positive
tumors (30%), corresponding to 7.8% of the tumour DNA samples across the whole

dataset.
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5.7 Study 3 Results
The TargetScan search revealed 187 miRNAs with MRE11 as a predicted target.

These included 111 miRNAs with sufficient clinical data available. We then detected

miR-140 as the miRNA with strongest association with progression-free survival (PFS).

We observed significantly decreased miR-140 levels in CRC tissue compared to paired
non-malignant mucosa (p<0.01). The expression of MRE11 was non-significantly
higher in tumour tissue (p=0.11). The low expression of miR-140 was associated with
poor PFS (p<0.05), consistently with TCGA data.

We next applied miRNA mimics to induce miR-140 overexpression in colorectal cell
lines. This resulted in decreased expression of both MRE11 protein and mRNA
(p<0.01).

Further, the western blot analysis suggested that overexpression of MiR-140 in vitro
led to increased levels of yH2AX protein, which is an established marker of DBS DNA

damage.

We next studied effects of miR-140 overexpression in CRC cell line DLD1 on sensitivity
to oxaliplatin treatment. Increasing miR-140 with miRNA mimics led to significantly
decreased cell proliferation after oxaliplatin treatment (p<0.05), as well as decreased
number of colonies (p<0.05), indicating decreased clonigenic potential.
Overexpression of miR-140 did not enhance oxaliplatin-mediate supression of cell
growth in shMRE11 cell line with suppressed MRE11 expression, suggesting that
modulation of oxaliplatin sensitivity by miR-140 was mediated by MRE11.
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6 Discussion

6.1  Study 1 Discussion

The existing studies on effect of altered expression of MBNL family mediated by
alternative splicing factors in CRC are limited. The goal of this work was to establish
the relationship between MBNL protein family expression status and to see if there is
detectable deregulation of expression of the MBNL family in colorectal carcinoma. The
first goal was to prove that MBNL protein family have aberrant expression patterns in
CRC. The previous studies reported deregulation of individual MBNL paralogs in
various cancers. It is of note that regulation of splicing events requires both MBNL1
and MBNL2 rather than an overall amount of non-specific MBNL protein. Recently,
studies have shown unique functions of MBNL1 and MBNL2 in alternative splicing
[214]. Knock-out of MBNL1 and MBNL2 results in different phenotypes in mouse.
Splicing sensitive microarrays reveal that MBNL1 and MBNL2 regulate the alternative
splicing of different pre-mRNAs. MBNL1 and MBNL2 could distinct their functions in
different ways - they can also have completely various splicing functions, have dual
functions where both proteins are required or they could have completely redundant
function [247]. First, there are many splicing events that show mis-regulation when
either MBNL1 or MBNL2 is knocked-out but they show normal splicing regulation when
the other splicing factor is knocked-out instead [247,248]. For example, splicing
patterns of specific proteins in mouse skeletal muscle (Clcn1(E7a) and Serca1(e22)
and cardiac muscle (Tnnt2(e5) and Sorbs1(e25)) were shown to be regulated by
MBNL1, while MBNL2 had no effect [249]. Comparably, in another study it was
observed that in mouse embryonic fibroblast (MEF) cells, Mbnl1 and Lef1 are solely
regulated by MBNL1 and MBNL2 has no effect [217]. While these studies restrict their
analysis to specific cell types, it is likely that MBNL1 and MBNL2 similarly divide their
functions across different tissues and conditions. This suggests that each of the MBNL
paralogs requires specific attention when studying alternative splicing deregulation
associated with cancer [246].

In the current study, we report deregulated expression of the MBNL proteins (MBNLA1,
MBNL2, MBNL3), which act as key regulators of alternative splicing and their increased

activity promotes switch from embryonic to adult AS pattern, repress pluripotency
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network and promotes differentiation. It is established that the expression profile of
three MBNL paralogs and their correlated effect with the set of transcription factors
might alter multiple splicing events. Our data show decreased MBNL expression in
tumor tissue compared to matched non-malignant intestinal mucosa and simultaneous
changes in the expression of splice-variants that are known to be regulated by MBNL.
Marginally significant associations were observed between the expression of the
studied genes and T, N, M, G and UICC clinical factors, with minute differences in gene

expression among individual groups [246].

Observed downregulation of all three genes of the MBNL family in CRC tissue may
promote less differentiated phenotype of the malignant cells. Previous studies
proposed a role of the MBNL proteins in genesis of various tumor types [204]. It has
been shown that MBNL1 inhibits invasiveness and migratory capacity of cancer cells,
including metastasis of colorectal cells in vitro. Downregulation of MBNL3 was
observed to be a crucial step in leukemia stem cell renewal [246]. On the other hand,
MBNL2 is believed to be a driver of hypoxia adaptation, which is necessary for
proliferation and migration of cancer cells in lung and breast cancer, and MBNL2 is
thus considered a pro-oncogene in these cancer types. Function of the individual
MBNL family members may therefore be very different and they can regulate particular
alternative spicing patterns depending on the disease type and cellular context. In
addition, function of MBNL can be regulated by their own alternative splicing, as was
described for MBNL exon 7 in case of prostate cancer [246]. Although we detected
downregulation of all members of the MBNL family, which is in line with their supposed
tumor suppressor role, we observed neither an association of MBNL expression and
T, N, M, G and UICC clinical factors in our data, nor any significant influence on
patients’ survival. This indicates MBNL downregulation as a significant marker of
colorectal malignancy independent of disease progression, without direct

manifestation of their downregulation at the level of clinicopathological parameters.

We further examined expressions of several other factors, whose alternative splicing
was previously shown to be under the MBNL proteins’ regulation and with implied role
in cancer pathophysiology. The MBNL activity influences splicing of FOXP1, by
promoting exclusion of exons that activate pluripotency genes and correspond to stem
cell-like phenotype. Downregulation of MBNL might thus contribute to pluripotency

network engagement in cancer cells by FOXP1-mediated effect. Overall, results of
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previous studies on role of FOXP1 in cancer are controversial, suggesting both roles
as an oncogene as well as tumor suppressor depending on the tumor type [240]. In
our data, we observed significantly lower expression of FOXP1 in tumor cells,
supporting previous findings in CRC. Unexpectedly, FOXP1 expression was positively
associated with disease progression in terms of tumor invasion, nodes involvement
and presence of distant metastasis. Moreover, higher expression of FOXP1 was

associated with shortened overall survival [241].

These results seem to be in contrast with the previous study, where absence of FOXP1
was associated with decreased survival. Our results support the view of a more
complex pattern of the FOXP1 factor involvement, possibly dependent on disease
stage and on expression of particular isoforms. Under the condition of MBNL
downregulation, expression of FOXP1 might correlate with less differentiated cell

phenotype [229].

In addition, cancer tissue cells displayed enhanced expression of CD44 and its
alternative splice variants CD44v3 and CD44v6. CD44 functions as an adhesion
molecule in cell-cell and cell-matrix interactions and as a receptor in signal
transduction, proposed to regulate tumor invasiveness and replication [250]. The
observation of CD44 upregulation is consistent with a vast body of previous studies,
however its role as a prognostic marker is not fully clear. Recent results of meta-
analysis proposed its role as a negative prognostic marker [246]. This supports our
observation that high CD44 expression was associated with tumor invasion and overall
UICC staging.

As the CD44 is expressed in various alternatively spliced variants, we further focused
on an analysis of CD44v3 and CD44v6, which have been proposed to play a direct role

in carcinogenesis [251].

Downregulation of MBNL3 was shown to activate pluripotency network and CD44v3
overexpression in chronic myeloid leukemia [252]. A study with colon cancer stem lines
proposed a role of CD44v3 in tumor invasiveness. CD44v6 is present in colorectal
cancer stem cells, required for their ability to form metastasis and enhancing their
resistance to chemotherapy both variants have been suggested as a prognostic
marker in colorectal cancer, with a probably more established role of CD44v6 [253].

We show associations of alternative CD44 variants with several clinicopathological

parameters of disease progression. The CD44v6 correlated with tumor grading
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progression, while expression of CD44v3 was higher in patients with distant metastasis
and correlated with overall UICC score. The higher expression of CD44v3 was also
associated with worse survival rate. This highlights the role of CD44v3 next to CD44v6

as an important marker with potential prognostic value [254].

The upregulation of stem cell-like variants CD44v3 and CD44v6 is in line with the
observed downregulation of MBNL and concurrent switch to stem cell phenotype with

high potential towards pluripotency and invasiveness [250].

Another gene whose expression is associated with extensive alternative splicing is
gene for cytoskeletal adaptor protein EPB41L3 that acts also as an important
proliferation regulator. It has been demonstrated that alternative splicing of EPB41L3
is involved in differentiation of epithelial cells. The existent data is consistent with the
role of EPB41L3 as a tumor suppressor [255,256]. Accordingly, we observed

downregulation of EPB41L3 expression in colorectal cancer tissue.

6.2 Study 2 Discussion

We have studied activity of hOGG1 and MUTYH glycosylases, the important
components of oxidative DNA damage repair system, in the context of sporadic CRC.
We found decreased expression of both glycosylases in CRC tissue compared to non-
malignant mucosa. The expression levels of hOGG1 were negatively associated with
TNM score. The complementary activity of hOGG1 and MUTYH prevents G>T
substitutions, particularly in KRAS oncogene, and we detected this mutation in subset
of samples, corresponding to approximately one quarter of all the substitutions
detected. The most frequent substitution was G>A, which might reflect various forms

of oxidative damage [121].

6.3 Study 3 Discussion

We identified miR-140 as a miRNA targetting MRE11, a critical player in homolous
recombination DNA repair, and found its decreased levels in CRC bioptic samples,

which were associated with poor outcomes. Further in vitro analysis showed that
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increasing miR-140 expression downregulates MRE11. We also found that increasing
miR-140 enhances CRC cells® sensitivity to oxaliplatin and the effect is dependent on
MRE11 expression. These results indicate that miRNA might downregulate DNA repair

factors, thereby potentiating efficiency of chemotherapy [156].

7 Conclusions

It is known that the expression profile of three MBNL paralogs and their correlated
effect with the set of transcription factors might alter multiple splicing events. Our
results data highlight the role of alternative splicing as an important mechanism in
cancer pathogenesis. The alternative splicing thus, in addition to transcription changes,
modulates genes expression to promote oncogenesis. Specifically, our data suggest a
potential shift of the observed gene expressions towards stem-cell variants, associated
with lower differentiation, pluripotency network engagement and enhanced

invasiveness.

Altogether, in this study we have tried to advance our understanding of alternative
splicing regulators as important markers of cancer progression and open the door for
further systematic study of alternative splicing regulation in colorectal cancer and other

malignancies.

In additional studies we examined selected factors of DNA damage repairin CRC. We
found that CRC is associated with decreased hOGG1 and MUTYH glycosylases, which
are crucially involved in repair of oxidative DNA damage. In another study we focused
on factors involved in homologous recombination DNA repair. We showed that miR-
140 downregulates MRE11, which enhances sensitivity of CRC cells to oxaliplatin in
vitro. These results highlight involvement of DNA damage repair factors in CRC and

their potential modulatory effect on CRC sensitivity to chemotherapy.
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Cancer Patients” and “MiR-140 leads to MRE11 downregulation and ameliorates
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and second focused on marine celluloses and their biotechnological significance from
industrial perspectives, that can serve as basis for greater efficacy and specificity for
the therapeutics, as it is estimated that more than 60% of commercially available
anticancer drugs are natural biomimetic inspired and among the marine organisms,
algae were revealed to be one of the major sources of new compounds of marine
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processes, including apoptosis pathways, angiogenesis, migration and invasion, in
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