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1. INTRODUCTION

1.1 Stem Cells

Stem cells are the one of the fundamental aspects of regenerative medicine. They
enable the lifelong renewal of numerous tissues, including the nervous system, muscle,
bone, blood, gametes, and epithelia. Additional stem cells are latent but may awaken
at specific points in the life cycle or after injury. Depending on their potential, they
can differentiate into one or more cell types. They can renew and develop into
specialized cell types, and they are present in practically every tissue. More than one
stage is required for cells to become specialized, and each step results in a loss in their
differentiation potential. Adult stem cells can be uni- or multipotent. Comparing
differentiation spectra to totipotent and pluripotent cells, adult stem cells are relatively
constrained. Hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs)
are commonly studied two examples of the distinct cell linages that multipotent stem
cells can differentiate into. Unipotent stem cells can only differentiate into only one
type of cell. Totipotent stem cells were cells with the ability to self-organize into an
organism. Both the embryo and the extra-embryonic tissues can be formed by
totipotent cells. The only totipotent cell is the zygote that develops after fertilization.
The blastocyst develops about the fourth day after fertilization, and embryonic stem
cells reside in the inner cell mass. All three germ layer cell types can be differentiated
into by pluripotent stem cells; however, they are unable to create extraembryonic
tissues. As a result, it is unable to create an organism on its own. Induced pluripotent
stem cells, often known as iPSCs, are another type of pluripotent stem cell. Stem cells
are restrained within specific tissue microenvironments known as "niches". The largest
barrier to understanding stem cell biology is still correctly identifying stem cells in
vivo. Rarely can tissues' normal stem cells and adjacent cells be identified using

histology techniques (Barker et al., 2007 ; Kiel et al., 2007). The microenvironment of



stem cells called as stem cell niches, and researchers are starting to understand the
variables that control the preservation of these stem cells. However, there is little
conclusive evidence available regarding the neighbor cells that stem cells connect with
or the cells that create the essential components that control stem cell maintenance.
These researchers found that the intestinal epithelium's expression of the Lgr5 was
restricted to columnar epithelial cells at the basement of crypts. Individual Lgr5-
positive crypt has the ability of self-renewal in vivo and can give rise to all intestinal

epithelial cells.

Figure 1.1: Zygote development and stem cell formation (adapted from Zakrzewski, 2019) by using BioRender).

1.2 Induced Pluripotent Stem Cells

Stem cells have limitless proliferative capacity and produce cells with the same
characteristics. The pluripotent stem cells can differentiate into specialized cell types
derived from the three germ layers (ectoderm, endoderm, and mesoderm) when
specific conditions or signals are met. Inner cell masses (ICM) of pre-implantation
embryos are the source of ESCs, which can be grown and maintained forever in the
pluripotent condition in vitro. Cell reprogramming, a recently developed in vitro
technique, can also be used to induce the de-differentiation of somatic cells to produce
PSCs. iPS cells can be multiplied endlessly, just like ES cells can, and they can develop

into all three derivatives of the three germ layers.



Shinya Yamanaka at Kyoto University carried out the first reprogramming by
transfecting transcription factors Oct3/4, Sox2, c-Myc, and Kl1f4 into skin cells isolated
from biopsy biopsies. iPSCs are the name given to the pluripotent cells produced in
this manner. Due to ethical issues, the use of ESCs is currently not permitted in clinical
settings. Some transcription factor genes (OKSM; Oct4, Sox2, Klf4, and c-Myc), are
transmitted during the formation of iPSCs. These transcription factors are transmitted
through a variety of techniques (retrovirus, lentivirus, plasmid, fuGene, etc.), and their
expression confers pluripotency in somatic cells. The integration of viral vector
systems into host genome, which raises the danger of cancer formation, is the most
significant drawback of iPSC technique in clinical research. Although easy in theory,
the procedures employed for reprogramming are complex and ineffective. To get
beyond these restrictions, new techniques are constantly being created. The Sendai
vector system is the most effective, non-genome-integrated, and straightforward to use
technique currently available. It is also non-pathogenic to humans. The
Paramyxoviridae family includes the negative strand RNA virus known as the Sendai
virus. They can multiply in the cytoplasm of the host cells they infect, as opposed to
other RNA viruses, which must transition into the DNA phase in order to integrate

themselves into the host genome.

As embryonic stem cells (ESCs) or iPSCs behave in accordance with their cell-
fate decisions throughout differentiation, their capacity for pluripotency gradually
decreases. Cell-type-specific transcription factors (TFs) have critical roles in
controlling the destiny of individual cells. Throughout the developing process, cells
acquire tissue-specific characteristics, which is facilitated by the growing number of
epigenetic alterations to DNA and chromatin. In a brief, the epigenetic memory forms
and maintains the cellular identity. Through in vitro manipulations such the
transduction of Yamanaka factors, the fate of the cell can be changed. The total erasure
of the somatic epigenetic memory serves as the foundation for iPSC production.
Although Yamanaka factors can be expressed ectopically using current transfection

techniques, the efficiency is incredibly poor. The somatic chromatin alterations that



already exist are thought to be a significant obstacle during iPSC production. De-

differentiation occurs when Yamanaka factors are used to induce somatic cells [26].

The comparability of iPSCs from many donors is necessary for PSCs to be
employed therapeutically. For the cell line to be referred to as an iPSC, quality checks
and morphological analyses of the created iPSCs must be finished. The main
parameters to be checked are the deletion of the vector system used in reprogramming
from cells (residual vector testing), display of pluripotency markers in karyotype
analysis at both the transcript and protein levels, and demonstration of differentiation
potential into three germ layers (teratoma or embryoid body formation). Human iPSCs
express hESC-specific surface antigens, SSEA-3 and SSEA-4 stage-specific antigens,
the TRA-1-60 and TRA-1-81 tumor-related antigens, pluripotency-related
transcription factors (TFs), elevated telomerase activity, and the capacity to
differentiate into 3-germ layers through spontaneous teratoma formation (Kim et al.,
2009 ; Park et al., 2008 ; Takahashi Yamanaka, 2006 ; YulJ., 2007). The existence of
an inactive X chromosome in female iPSCs, however, suggests that human iPSCs are
in a primed condition (Cheung et al., 2011 ; Mekhoubad et al., 2012 ; Pomp et al.,
2011 ; Tchieu et al., 2010). Human iPSCs can be converted into a naive state, just like

hESCs, by being cultured in certain medium.

The majority of OSKM-induced cells ultimately undergo apoptosis and
senescence. P53 and p21CIP1 can be induced in murine and human fibroblasts when
Yamanaka factors are expressed, according to numerous publications (Banito et al.,
2009 ; HongH. et al., 2009 ; Kawamura et al., 2009). The efficiency of iPSC colony
formation is increased when p53 is knocked down or reprogramming is induced in
p53-null MEFs (HongH. et al., 2009 ; Kawamura et al., 2009 ; Marion et al., 2009),
suggesting that the p53/p21 mediated pathways serve as a limitation to
reprogramming. Additionally, numerous studies found that DNA damage response
(DDR) pathway is activated when reprogramming factors are expressed (KawamuraT.
et al., 2009). Because p53 causes apoptosis and senescence, it may inhibit DNA
damage-related cells from being reprogrammed. The p53/p21 pathways' activation

brings to light the extreme stress that cells undergo during the reprogramming process.



The somatic gene program is suppressed, and pluripotency-associated TFs are
re-expressed as a result of the dynamic process of iPSC reprogramming. Initial iPSCs
are the population of cells that have developed an ESC-like morphology. They are
partially reprogrammed cells since the natural somatic expression profile is suppressed
but pluripotency-related TFs are not expressed. Comparing iPSCs driven by BMP
signaling to initial iPSCs revealed upregulation of H3K9me3 marks (Mikkelsen et al.,
2008). Thus, it has been postulated that BMP associated effector proteins like Smad
proteins, interact with H3K9 HMTs, such as Setdbl and Suv39HI, to increase
H3K9me3 motif (Sridharan et al., 2013). According to these results, erasing the

H3K9me3 histone mark is a prerequisite for reprograming iPSCs.

A major worry of using the viral systems for reprogramming is the integration
of oncogenes permanently (Higuchi et al., 2015). To establish a culture system free of
animal products and lower patient dangers, several experiments have been carried out
and are still ongoing (Seki Fukuda, 2015). This can be avoided by creating dependable
and repeatable procedures for iPSCs that directly and effectively differentiate in the
desired tissue (Cohen Melton, 2011).

Cells from patients' hiPSCs are an excellent biological model for researching
various hereditary disorders. As a result, many articles in recent years have stated that
hiPSCs created from patients with genetic diseases, following differentiation, are
capable of recapitulating certain characteristics linked to illnesses (Sterneckert et al.,
2014). Patient-specific hiPSCs are a very useful tool for the identification of patient-
specific drugs (Maury et al., 2012). Researchers will be able to conduct focused
preclinical toxicological in vitro experiments thanks to this advantage and their
capacity to develop into a wide variety of specialized cells (Maury et al., 2012).
Despite the fact that in vitro assays enable high-throughput screenings, they cannot
mimic the complicated in vivo situation. The patient-specific iPSCs offer a way to
avoid ethical issues that are considered as the main limitations of the therapeutic use

hESCs.



1.3. Embryogenesis and Gastrointestinal Development

The formation and growth of an embryo is referred to as embryogenesis. It refers
to the initial phases of fetal development in mammals. It begins with the sperm cell
fertilizing the egg. When an ovum is fertilized, it becomes a zygote, which is a single
diploid cell. Following mechanisms are necessary for multicellular organism
development: growth, differentiation, and integration (Mahajan et al., 2018). The
formation of an organism starts with several mitotic divisions and cellular
differentiation. Growth is the developmental increase in cellular mass. After the basic
organs are constructed, they start to develop and significantly expand in size. New
cytoplasmic and nucleic protoplasm is produced during growth. Cell division is
accompanied by an increase in bulk. One property that sets growth apart from other
processes is cell proliferation. The organism progressively grows to be the same size
as its parents . Differentiation describes the processes through which cells and other
parts diverge from one another. There are two ways that it happens: first, by
morphogenesis, which describes a change in the structure and arrangement of the body
and its parts. Individual cells and their clusters structurally diverge from other cells
and groups of cells with division and proliferation. The creation of different tissues is
accomplished secondly by histogenesis, which is the term for a change in the
composition and structure of the cells. Histogenesis refers to the entire process by
which cells separate into discrete types and take on particular tissue characteristics.
The organogenesis processes, which transform the early embryo into complete organs,
are morphogenesis and histogenesis. Despite having structural unity, the new organs
and organ systems still need to be transformed into cooperative working mechanisms.
The neurological system and endocrine glands, which make up the main mechanism
of physiological control and coordination, provide this control. A pre-functional stage
will transition into a functioning stage when the organs receive enough neurological,
circulatory, and hormonal inputs; this process is called the integration (Heisenberg

Bellaiche, 2013 ; Keller, 2012 ; Mahajan et al., 2018).



Cleavage or segmentation refers to the succession of cell divisions that transform
a single cell zygote into the multicellular embryonic stage known as the blastula.
Cleavage divisions are the mitotic divisions that take place in this phase. The resultant
offspring cells, known as blastomere, group together to create a dense mass known as
the morula. The cleavage can be whole or partial, primarily depending on the amount
of yolk. The blastomeres are clustered tightly inside the zona pellucida during the
cleavage stage known as the "morula," providing the appearance of a mulberry fruit.
Compaction is the term used to describe the embryo's shape change. A smaller number
of interior cells and a bigger set of exterior cells make up the morula. The majority of
the exterior cells develop into trophoblast cells. No embryonic structures are produced
by this collection of cells. Instead, it creates the tissue of the chorion, the placenta's
embryonic region. The chorion makes it possible for the fetus to receive nutrition and
oxygen from the mother. The morula doesn't have an interior cavity at first. On the
ring of trophoblast cells, the inner cell mass resides. The blastocyst is the resultant
structure. A morula's blastomeres frequently develop an aspherical shape. The surfaces
of the blastomeres that are in contact with one another are flattened by their mutual
pressure, while the free surfaces of each blastomere stay to be spherical. The embryo
has a layer of cells covering the yolk at the meroblastic cleavage and a hollow sphere
of cells in the holoblastic kinds at the end of cleavage. Blastula is the name of this
stage of development. Blastoderm refers to the layer of cells and blastocoele to the
cavity. The blastocoele may initially just appear as small spaces between the
blastomeres, but as the cleavage progresses, it eventually expands (Muhr Ackerman,

s.d. ; Prados et al., 2012).

As the cleavage divisions conclude, the embryo attaches to uterus, where it
develops. Implantation describes this connection of the embryo to uterus. The
trophoblast cells carry out the implantation of the embryo. Animals exhibit two
different implantation kinds. In the majority of mammals, the blastocyst attaches to the
uterine wall and settles into the uterine cavity. The blastocyst penetrates deeply into
the uterine wall in fewer species, such as rats and humans, and the embryo develops

inside the uterine wall. At the place of penetration, the uterus' epithelial lining is



damaged. The trophoblast cells' activity is what is causing this damage. Although the
embryo receives some nutrition from the fluid that fills the uterus, this source of
nutrients is insignificant to the food the embryo receives by diffusion from the mother's
blood vessels. The uterine fluid, however, supplies the developing embryo with
sustenance while the connection between the embryo and the uterine wall develops.
Placentation is the process by which blood arteries between the embryo and the tissues
of the mother link. The embryo is still in the blastocyst stage when it is implanted, and
gastrulation doesn't begin until after the implantation. The embryonic membranes also

begin to develop at this period. (Mahajan et al., 2018 ; Ochoa-Bernal Fazleabas, 2020)

Gastrulation is the collective term for the processes that change a single-layered
blastula into a multi-layered gastrula. The gastrocoele/archenteron—the first known
gut cavity—forms. Additionally, during this phase, the three germ layers—ectoderm ,
mesoderm, and endoderm —are all differentiated (Figure 1.2). This stage of
development is the most critical process. Organogenesis, when specific organs grow
inside the newly created germ layers, occurs after gastrulation. In a developing
embryo, each one of the 3-germ layer gives rise to particular tissues. In vertebrates,
the ectoderm gives rise to the neural crest, the nervous system, and the epidermis. The
endoderm develops into the respiratory and digestive system epithelium as well as
digestive system-related organs including the liver and pancreas. Numerous cell types,
including muscle, bone, and connective tissue, are derived from the mesoderm (Muhr

Ackerman, s.d.).
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Figure 1.2: Gastrulation process and the formation of gastrocoele/archenteron.

Endoderm, mesoderm, and ectoderm are three types of germ layers that are

generated during gastrulation and appear by two weeks. The germ tissues in humans



serve as the building blocks for all tissues and organs. Endoderm gives rise to glands
and the epithelial lining. During weeks three and four, the embryo folds craniocaudally
and laterally, integrating the yolk sac into the developing primitive gut tube. The
foregut, midgut, and hindgut are the three distinct portions of the tube.
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Figure 1.3: Craniocaudally and laterally folding of embryo and integrating the yolk sac into the developing
primitive gut tube. Three distinct portions of the tube are formed (the foregut, midgut, and hindgut).

The ventral component of the septum develops into the respiratory system and
the dorsal section into the gastrointestinal tract, dividing the respiratory and digestive
tracts. During week 4, a fusiform dilation in the foregut gives rise to the stomach.
Hepatic cells creating the hepatic sinusoids surround vitelline veins, the endothelial
progenitor cells. Cholangiocytes and hepatocytes are both produced by bipotential
hepatoblasts. In the intrahepatic portal tracts, these cells undergo remodeling to create
bile ducts. Between the sixth and tenth weeks, the midgut gives rise to the detailed

portions of the duodenum and colon (Grand et al., 1976 ; Osefo et al., 2009).
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Figure 1.4: The formation of liver bud and bile duct, gallbladder formation as cystic divertcula.

1.4. Colorectal Cancer

Cancer, one of today's important health problems, is a common and
multifactorial disease with a high mortality rate. Cancer causes death of approximately
9.6 million people in 2018. Gastrointestinal cancers constitute an important part of
these prevalence and mortality statistics (Siegel et al., 2020). The most common type
of gastrointestinal cancer worldwide is colorectal cancer. Almost 1.4 million cases are
diagnosed annually and 700,000 people die due to this. The prevalence of colorectal
cancer in the world is third in men and second in women (Siegel et al., 2020).
Colorectal cancer (CRC) continues to be a fatal disease due to relapse and metastasis
(Xu et al., 2020). CRC, which has a 5-year survival of approximately 50% of patients,
is a disease with a generally poor prognosis when diagnosed late (Roxburgh et al.,

2012). This situation highlights urgency of the fight against cancer.

1.5. Carcinogenesis of Colorectal Cancer

Epidemiology studies have shown that the development of colorectal cancer

increases in men with advancing age. Both hereditary and environmental risk factors

10



have major impacts on the development of colorectal cancer (Jess et al., 2012).
Approximately 10-20% of patients have a family history of colon cancer (Schoen et
al., 2015). Hereditary colorectal cancers are divided into two: non-polyposis and
polyposis syndromes. Lynch syndrome and familial colorectal cancer belong to the
non-polyposis group (Jiao et al., 2014). Syndromes classified as polyposis are often
noticed by physicians because of the widespread appearance of polyps in the patient.
Types of polyps are critical for the correct diagnosis of the disease. For these and
similar reasons, it is extremely important to identify strong biomarkers to be evaluated

in the diagnostic process.

Most CRC:s arise from a polyp; the carcinogenesis begins with an abnormal crypt
and evolves into a neoplastic early lesion called a polyp, eventually forms colorectal
cancer over approximately 10-15-year period. The tumor initiating cell turns into
colorectal cancer is thought to be a cell with stem cell characteristics (Medema, 2013 ;
Nassar Blanpain, 2016). These cells are considered as the final output of the
accumulated genetic and epigenetic changes which have altered oncogene and tumor

suppressor gene profile.

Cancer initiating cells are thought to be located in the colonic crypt base and are
the initiators of tumor formation (Medema, 2013 ; Nassar Blanpain, 2016). There are
two, globally accepted, cancer initiating pathways: the chromosomal instability
sequence and the neoplasia pathway leading. These two pathways include more than
one genetic or epigenetic alterations (Muzny et al., 2012). Genomic changes frequently
end with the chromosomal instability; APC mutation, RAS mutation (activation), p53
mutation (loss of function) are examples for this kind of genomic changes. On the
other hand, the neoplasia pathway is mainly related to RAS and RAF mutations
(Syngal et al., 2015). The portion of the colon which develops cancerous tissue in
affects the molecular properties of the developing cancer. The side of colon cancer is
important in terms of metastasis and its response to receptor-mediated drugs (Venook

etal., 2016).
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Cancer research mainly relies on models that maintain malignant states at the
molecular and cellular level. The patient-derived models for cancer research are
valuable in vitro tools for the basic and translational research. The immortalized cell
lines are primarily used in vitro models for basic research, however, in recent years,
iPSCs and three-dimensional organoids, are gaining importance. Unfortunately,
genetic alterations and mutations have a strong effect on the reprogramming efficiency

of iPSCs (Papapetrou, 2016).

1.6. Common Features of Embryogenesis and Carcinogenesis

There are many similarities between carcinogenesis and embryogenesis in terms
of activated signal transduction pathways. Similar concepts between embryogenesis
and carcinogenesis are: high cell proliferation rate, resistance against apoptosis,
elevated angiogenesis rate, and higher migratory activity (Stoika et al., 2004). The
phenomena of epithelial to mesenchymal transition (EMT) happens in both during

embryogenesis and cancer development.

Cells change their configuration through migrating and fetal development
proceeds. The changing in epithelial characteristics to mesenchymal characteristics,
cells can enter the extracellular matrix (Kelleher et al., 2006). During gastrulation, 3
germ layers, endodermal, mesodermal, and ectodermal layers, are formed. Cells lose
their apico-basal polarity through EMT and lose cell-cell adhesion (Kelleher et al.,
2006).

WNTs are cytosine-rich glycoproteins, and they interact with cellular receptors
to function as active molecules. The Jun N-terminal kinase as well as canonical B-
catenin pathway can all be activated by this interaction. B-catenin is bound to the
degradation complex when Wnt ligands are not present. APC and AXIN1 genes help
glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1) phosphorylate 8-
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catenin. The phosphorylation of B-catenin results in the degradation of it by
proteosomes. In contrast, as B-catenin levels rise, it is translocated to the nucleus and
interacts with TCF. Wnt forms the B-catenin destruction complex to destabilize. WNTs
play a role in early axial patterning, myogenesis, and nervous system development
(ChenA. E. et al., 2005 ; Sarkar Sharpe, 1999 ; Shimogori et al., 2004 ; YangY., 2003).
If the formation of destruction complex cannot be provided after the increase of B-
catenin, accumulation of B-catenin causes development of certain types of cancers such
as colon cancer. Almost all cases of non-hereditary colon cancer have loss of APC or
increased levels of B-catenin, both can activate the B-catenin pathway (Tetsu

McCormick, 1999).

Notch signaling pathway regulates cell fate determination, maintenance of stem
cell repository (Grego-Bessa et al., 2004). Endocytosis, glycosylation, and
ubiquitination are the common mechanisms that controlled by notch signaling (Lewis,
1998 ; Shawber et al., 1996). Depending on the microenvironment of cells and how
other signaling pathways interacts with, Notch functions as either an oncogene or a
tumor suppressor gene. The Notch receptor activation, the ligand-independent
activation, or changes in the amounts of delta or other ligands can cause cancer

development.

1.7. Spheroids and Organoids

In life sciences and biomedical research, animal models and established cell lines
are used for in vivo or in vitro studies. These models are not completely convenient
for drug studies and disease modeling as they cannot provide complex tissue and organ
structures. 3D cell cultures provide better modeling to real tissues and organs in in
vitro studies. The most important limitation in the use of experimental animals is
ethical concerns. Although primitive 3D cell culture constructs do not have organ-level

organization, they allow researchers to co-culture more than two cell types (Sakalem

et al., 2021).
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Spheroid formation is based on the cell-cell adhesion capacity of cells. Spheroids
can contain a single cell type or be in a multicellular structure. Although tumor cells
and cells like hepatocytes do not require a supportive extracellular environment, they
can form spheroids. However, cells that can form spheroid structures cannot form
advanced structures as organoids because they do not have regenerative capacity and
self-assembling abilities (Kelm Fussenegger, 2004 ; Mueller-Klieser, 1997 ; Yui et al.,
2012). Especially for the drug testing, monolayer cancer cells cannot reflect the actual
mechanism of the drug because they are much more sensitive than cancer spheroids

(Laschke Menger, 2017).

iPSC, adult stem cells (ASC), and ESCs can be used to produce organoids.
Organoids require the ECM to evolve into higher organization (McCauley Wells,
2017 ; Spence et al., 2011a). Depending on the tissue type, the formation of a complex
structure often takes more than two months and requires culturing in various cocktail
recipes and growth agents (Spence et al., 2011a). Organoids derived from iPSC mimic
ex vivo organ development, and may also include mesenchymal, epithelial, and
occasionally endothelial types of cells. Organoids can be explained as tissue-specific
complex cell clusters. In order for classifying a certain spheroid structure as an
organoid, it has to contain at least one epithelial type and one mesenchymal type cell
(Sakalem et al., 2021). Also as explained, organoid structures need a supportive
extracellular matrix structure. When extracellular matrix is supplied to iPSCs or tissue-
specific progenitor/stem cells, the cells can activate their self-assembling (Bartfeld et
al., 2015 ; Clevers, 2016 ; Takasato et al., 2015). Numerous iPSC-derived organoids
also keep fetal similarities and do not completely show the adult gene expression

profile (Clevers, 2016 ; McCauley Wells, 2017).

1.8. iPSC-derived Colon Organoids as In Vitro Intestinal Model

The main function of intestinal system is the absorption of micro and macro

nutrients. Model animals and immortalized cell lines are used to test the absorption
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rate of drugs, as the culturing of primary human intestinal cells in vitro is difficult to
maintain (Di Claudio et al., 2017 ; Negoro et al., 2018 ; Taylor et al., 2010). The model
animals and cell lines cannot realistically mimic the intestinal tract (Negoro et al.,
2018 ; Sun et al., 2008). In iPSC studies conducted in the early 2010s, the intestinal
organoids were successfully differentiated from human iPSCs (Kauffman et al., 2013 ;
Spence et al., 2011a). Human intestinal organoids contain all intestinal cell types:
enterocytes, goblet cells, paneth cells, and enteroendocrine cells. Especially for
regenerative medicine, human intestinal organoids are efficient models. Creating and
maintaining a monolayer intestinal model is very difficult because of the nature of the
intestinal structure. For this reason, providing the organoid structure is important for

the progression of intestinal studies.

iPSCs were differentiated into monolayer cultures of hepatocytes, pancreatic
endocrine cells, and colon epithelium (Spence et al., 2011b ; Takayama et al., 2014).
Embryonic development can be mimicked stepwise by directing signaling pathways
with in vitro manipulations. The formation of colonic organoids takes place in parallel
with the embryonic colon development, first as the definitive endoderm (DE) and then
as the hindgut endoderm (HE). When CHIR99021 (GSK-38 inhibitor) and activin A
were used during DE differentiation of iPSCs, SRY-box 17 (SOX17) positive cells
were shown to constitute 95% of the differentiated population (Crespo et al., 2017).
Studies shown that WNT pathway is essential for the posterior colonic development
and that the posterior marker is Cdx2 (Sherwood et al., 2011). In 2011, Spence et al.
published their established three-dimensional iPSC-derived intestinal organoid model.
They used human keratinocytes as the origin cell and established an efficient protocol
for directed differentiation of iPSCs into intestinal organoids. They applied different
combinations of growth factors temporarily to mimic embryonic development. They
started with activin-induced definitive endodermal differentiation. The following step
was inducing posterior endoderm using Wnt/FGF than they initiated hindgut
formation, and finally pro-intestinal culture was established. They formed colonic
organoid-like structures which consist of several intestinal epithelial cell types (Spence

et al., 2011b). They characterized these colonic cell types with CDX2, LGRS, SOXO9,
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KLFS5, and ALB. After 14-day culture, the epithelium structure expressed intestinal
transcription factors CDX2, SOX9, and KLF5. After 28-day culture, cells were still
90% positive for CDX2 and KLF5, however, SOX9 specifically localized in highly
proliferative cells located in the villus basement. After 56-day culture, they showed
that ASCL2 and LGRS expressed cells were restricted in only epithelial domains.
Several published studies were achieved to generate iPSC-derived intestinal models.
Their protocols shared a backbone structure, they used the same growth factors and
inhibitors mainly yet they used different incubation periods and concentrations (Iwao

et al., 2014 ; Kondo et al., 2020 ; Ogaki et al., 2015 ; Spence et al., 2011b).

1.9. RNA Sequencing and Pathway Enrichment Analysis

Researchers can get more detailed representation of gene lists produced through
genome-scale (omics) experiments. Three main processes build the protocol: creating
a gene list using high-throughput data, identifying enriched pathways, and visualizing
the resulting depictions/lists. Given the experimental methodology, the raw dataset
typically needs bioinformatical processing (normalization and scoring.) For instance,
RNA-seq data can be used to create a list of the genes that differ in expression across
two groups of samples. For many academics, the processing and interpretation of
omics data are significant problems. Long lists of genes produced by analyses are
frequently difficult to interpret manually and require extensive literature searches.
Pathway enrichment analysis condenses long gene lists into more manageable forms.
For gene list enrichment, all pathways in a particular database are examined. The
choice of pathway enrichment analysis method depends on the format of the gene list.
For the deeper research and the better interpretation, visualization is essential. In order
to discover pathways that are enriched in, gene lists are subjected to pathway
enrichment analysis. The EnrichmentMap, AutoAnnotate, WordCloud, and
clusterMaker2 apps of Cytoscape are used to display and understand the findings of

pathway enrichment analysis.
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To eliminate unneeded technical variation between samples, read counts per
gene are normalized among all samples. Next, read counts for each gene are compared
between sample groups to check for differential expression. Procedures for data
normalization and generating differential expression lists are implemented by software
programs like edgeR, DESeq, limma/voom, and Cufflinks. The p-value of the
significance of differential expression, adjusted p-value has to be corrected across all
genes through using the Benjamini-Hochberg false-discovery rate (BH-FDR)
procedure. The trend of expression changes (upregulated genes are positive and
downregulated genes are negative) are all included in the results of differential gene
expression analysis. The gene list is then sorted by one or more of these parameters

and examined using pathway enrichment analysis.

The standard algorithm used in g:Profiler and comparable web-based tools looks
for pathways that given genes are considerably enriched, in comparison to the genome.
A Fisher's exact test and multiple-correction test are used to calculate the p-value of
the enrichment. Gene sets that reflect Gene Ontology (GO) terms, pathways, and
disease phenotypes are searched by g:Profiler, DAVID, GeneCodis, and ShinyGo. To
tailor the search, major gene set categories are chosen. The characterization of
background genes is necessary for comparison when using pathway enrichment
techniques that employ Fisher's exact test. Yet, the default setting frequently applies
to all annotated protein-coding genes. Pathway enrichment analysis of omics data
increases statistical power by condensing tens of thousands of to smaller number of
pathways. The results are frequently simpler to interpret. As a result, the broad omics

data is converted into refined pathways have statistical significance.

Established cell lines and primary cells are commonly used for cell-based, high-
throughput studies. Unfortunately, established cell culture systems cannot mimic the
tissue microenvironment. Especially stem cell and cancer studies required well-
defined microenvironments to simulate their complex niches (Ranga, Gjorevski, and
Lutolf 2014). Animal studies are also another strong alternative for cell culture

experiments, yet the fundamental physiological differences between laboratory
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animals and humans make animal experiments less reliable, especially for pre-clinical
studies (Pritchard et al. 2003). iPSCs can differentiate into multiple cell types under
appropriate culture conditions (Sterneckert, Reinhardt, and Scholer 2014). iPSCs can
be generated from the somatic cells of an individual, making it possible to generate
both disease- and patient-specific models. iPSC-derived models are a useful tool for
studying disease progression. iPSCs have been differentiated into monolayer cultures
such as hepatocytes, pancreatic endocrine cells, and colon epithelium (Spence et al.,
2011; Takayama et al., 2014). These successful efforts have therapeutic efficacy in
diseases of the tissues to which they belong. iPSC-derived gut models were commonly
generated from the established iPSC line Windy from the National Center for Child
Health and Development (Iwao et al. 2014; Kabeya et al. 2018; Kondo et al. 2020), yet
human kidney-derived cells and primary human hepatocytes were also used (Inamura
et al. 2011; Kauffman et al. 2013; Takayama et al. 2014). Their protocols had a
common structure; they used the same growth factors and inhibitors mainly, but they
used different incubation periods to mimic embryonic intestinal development (Iwao et
al. 2014; Kondo et al. 2020; Ogaki et al. 2015; Spence et al. 2011). They formed
colonic models, which consist of several intestinal epithelial cell types (Spence et al.
2011). The intestinal tissue has a complex structure that includes crypts. A functional
colonic in vitro model needs to contain all types of cells that reside in the intestinal
crypt. This is the main reason why a single colonic epithelial cell type is not preferred
for this kind of systemic in vitro model. Colon epithelial models provide a valuable
tool for molecular and cellular studies (Sato et al., 2009; Yui et al., 2012). iPSC-
derived gut models can be generated from intestinal epithelial stem cells (IESCs) and
have a cryptic structure that contains IESCs that maintain other crypt cells (Sato et al.
2011). iPSC-derived gut models are constituted in Matrigel, which contains fibroblast
growth factor 2 (bFGF), epidermal growth factor (EGF), and insulin-like growth factor
(IGF), which provide an extracellular environment and support cell proliferation and
spherical structure formation. As explained above, the intestinal differentiation
process is based on embryonic intestinal development and is delicate to handle.
Moreover, during the differentiation process, several growth factors and certain

inhibitors are required. In this thesis study, we studied colorectal cancer patients;
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however, we did not seek to achieve cancer cell reprogramming or create an early-
stage cancer model. We planned to use erythroid progenitor cells collected from
peripheral blood as the origin cells and aimed to generate patient-specific healthy
intestinal models to simulate healthy intestinal tissue in CRC patients without any
invasive methods such as colon biopsy. Erythroid progenitor cells were not previously
used as the origin cell for iPSC-derived colon studies; this is one of the novel
characteristics of this thesis study. We expected to see higher reprogramming
efficiency. Also, this thesis study aimed to investigate transcriptomic patterns in
healthy colon models of CRC patients as early biomarkers. iPSC and intestinal system
literature are mainly focused on generating a small intestine model and drug absorption
and metabolism studies. However, we generated iPSC-derived colon models as a tool
for investigating early cancer biomarkers in a healthy model, which makes this thesis
study novel from this perspective. We analyzed the transcriptome profiles of iPSC-
derived healthy colon models to reveal whether there are specific patterns that make

people susceptible to CRC development.

The main goal of this thesis study is to make an in vitro healthy colon model for
people with colorectal cancer (CRC). CRC patients with only primary tumors and CRC
patients with metastatic tumors were our experimental groups. Three patients from
each group were selected according to their cancer status. As we aimed, we generated
patient specific iPSC-derived intestinal organoids and analyzed their transcriptome
profiles through RNA sequencing. However, we did not aim to create a cancer model
from patient specific iPSC-derived intestinal organoids. Our main purpose is to reveal
whether there are unknown genetic and epigenetic patterns that make people

susceptible to developing CRC.

Our first goal was to make iPSCs from the erythroid progenitor cells (EPCs) in
the peripheral blood of six CRC patients (with or without metastasis) and three control
individuals. The second goal was differentiating patient specific iPSCs into intestinal
organoids. After the validation of intestinal organoid differentiation, our third goal

was to analyze the RNA-seq profiles of iPSC-derived intestinal organoids. As we
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previously explained, our main purpose was to investigate whether there is a
transcriptomic pattern that makes patients susceptible before they have been
diagnosed. RNA-seq was performed for iPSC-derived intestinal organoids. RNA-seq
results showed that CRC and mCRC patients had different transcriptomic profiles

when compared with either control donors or each other.
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2. MATRIALS AND METHODS

2.1. Materials

2.1.1. General Laboratory Reagents

The alcohols and salts most commonly used in molecular experiments are
from Sigma-Aldrich (Missouri, USA). These are ethanol, methanol, isopropanol,
glacial acetic acid, Tris-base, glycine, sodium azide, chloroform, paraformaldehyde,

sucrose, and DMSO.

2.1.2. Cell Culture Reagents

StemSpan Serum-free Expansion Medium (SFEM II), StemSpan Erythroid
Expansion Supplement (100X), Ficoll Solution, TeSR-7/ReproTeSR basal medium,
ReproTeSR supplement, TeSR-7 supplement, StemDiff APEL II medium, Anti-
adherence rinsing solution, Aggrewell800 plates, AggreWell embryoid body
formation medium, StemDiff Intestinal Organoid Kit, StemDiff Intestinal Organoid
Growth Medium, and CryoStor CS10 were purchased from Stem Cell Technologies
(Canada). DPBS (no calcium no magnesium), Cytotune 2.0 Sendai Vector System,
Essential 8 medium, Stemflex medium, Essential 6 medium, DMEM/F12 15 mM
HEPES, DMEM Low Glucose, IMDM medium, Fetal Bovine Serum (heat-
inactivated), Glutamax (100X), Vitronectin, and Revitacell were purchased from
Thermo Fisher Scientific (Massachusetts, USA). Tissue culture flasks, multiple well
plates, serological pipettes, cryotubes were supplied from Sarstedt (Niimbrecht,
Germany). Glass laboratory ware such as p-Dish 35 mm glass bottom dish and p-slide

8-well chambers were supplied from Ibidi GmbH (Gréfelfing, Bayern).
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2.1.3. Reagents for Total RNA Isolation

Pureizol-RNA isolation reaent was supplied from Bio Rad (California, USA).
Other chemicals such as chloroform, isopropanol, and ethanold were purchased from

Sigma Aldrich (Missouri, USA).

2.1.4. Reagents and Primers for Conventional PCR and qRT-PCR

cDNA Synthesis kit, Tag DNA Polymerase, and SybrGreen were purchased from
Bio Rad (California, USA). Primers were designed using the online database Ensemble
and NCBI Primer Blast. RT-PCR plates were purchased from Roche (Mannheim,
Germany). Primers were purchased from PRZ Biotech (Ankara, Turkey). All primers
are listed in Table 2.1.

Table 2.1: Primers used in human conventional- and RT-PCR experiments

Gene Name Primer Sequence

hBeta-Actin_F: 5’-AAAATCTGGCACCACACCTTC-3’
hBeta-Actin_R: 5’~AGCACAGCCTGGATAGCAAC-3’
hEndo-OCT4_F: 5’-AGTTTGTGCCAGGGTTTTTG-3’
hEndo-OCT4_R: 5’-ACTTCACCTTCCCTCCAACC-3’
hEndo-SOX2_F: 5’-GGGAAATGGGAGGGGTGCAAAAGAGG-3’
hEndo-SOX2_R: 5’-TTGCGTGAGTGTGGATGGGATTGGTG-3’
hNANOG_F: 5’-CTCTCCAACATCCTGAACCTC-3’

hNANOG R: 5’-ACACCATTGCTATTCTTCGG-3’

he-MYC_F: 5’-GGATTCTCTGCTCTCCTCGAC-3’

he-MYC R: 5’-CTTCCTCATCTTCTTGTTCCT-3’

hKLF-4_F: 5>-AAACCTACACAAAGAGTTCCCAT-3’

hKILF-4 R: 5’>-TTTCCATCCACAGCCGTCCCA-3’

hREX-1_F: 5’-AACAGGATGAAGCAGATTAACAGA-3’
hREX-1_R: 5’-TGTAGGAGCATCTTAGTAACACC-3’
hDNMT3a_F: 5’-CCTCAAACCCAACAACACGCAAC-3’
hDNMT3a_R: 5’-TCTGATCTTCATCCCCTCGGTCT-3’
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hDNMT3a_R: 5’-TCTGATCTTCATCCCCTCGGTCT-3’
hUTF-1_F: 5’-AGTTCCTTAAAGACAAGTTTCGC-3’
hUTF-1_R: 5’-CAGCAGCCCCATGAGCTTCC-3’
SeV_F: 5’-GGATCACTAGGTGATATCGAGC-3’

SeV_R: 5’>-ACCAGACAAGAGTTTAAGAGATATGTATC-3’
KOS_F: 5>~ ATGCACCGCTACGACGTGAGCGC -3’
KOS _R: 5’- ACCTTGACAATCCTGATGTGG-3’
KLF4_F: 5-TTCCTGCATGCCAGAGGAGCCC-3’

KLF4 R: 5’-AATGTATCGAAGGTGCTCAA-3’
c-myc_F: 5>-TAACTGACTAGCAGGCTTGTCG-3’

c-myc R: 5’-TCCACATACAGTCCTGGATGATGATG-3’

2.1.5. Agarose Gel electrophoresis

Agarose was purchased from Sigma-Aldrich (Missouri, USA), 100 bp DNA
ladder was purchased from New England Biolabs (NEB Inc., Massachusetts, USA),
and RedSafe Nucleic Acid Staining Solution (20,000x) was purchased from JH
Science (Kirkland, WA, USA).

2.1.6. Immunostaining Reagents

BSA was purchased from Sigma (Missouri, USA). PSC-4 immunofluorescence
kit used in immunocytochemistry experiments for pluripotency markers was supplied

from Thermo Fisher Scientific (Massachusetts, USA).
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Table 2.2: Primary and

secondary

antibodies used in  immunostaining

experiments

Primary Antibody

Secondary Antibody

Anti-Oct4 (1uL in 100puL)

Donkey anti-rabbit 555 (0.4uL+100pL)

Anti-SSEA4 (1pL in 100pL)

Goat anti-mouse IgG3 488 (0.4pL+100uL)

Anti-Sox2 (1pL in 100pL)

Donkey anti-rat 488 (0.4pL+100uL)

Anti-Tra-1-60 (1uL in 100pL)

Goat anti-mouse IgM 555 (0.4uL+100uL)

Anti-FOXA2 Goat Anti-Rabbit IgG AF488
Anti-KLF5 Goat Anti-Rabbit IgG AF488
Anti-Chromogranin A Goat Anti-Rabbit IgG AF488
Anti-SOX9 Goat Anti-Rabbit IgG AF488

Anti-Lysozyme

Goat Anti-Rabbit IgG AF488

Anti-Villin

Goat Anti-Rabbit IgG AF488

Anti-LGRS

Goat Anti-Rabbit IgG AF488

2.1.7. Reagents for Flow Cytometry

Fix & Perm Solution used for the fixation of cells was purchased from Tonbo Bio

(San Diego, CA, USA). BSA and sodium azide used in flow cytometry experiments
were supplied from Sigma-Aldrich (Missouri, USA) and Merck (New Jersey, USA),

respectively. All antibodies used for flow cytometry are listed in Table 2.3.

Table 2.3: Flow cytometry antibodies.

.

Antibody

Company (Catalog Number)

FITC mouse IgM isotype antibody

BD Technologies (BD-555583)

PE mouse anti-human CD71 antibody

BD Technologies (BD-561938)

FITC mouse anti-human GlyA antibody

BD Technologies (BD-559943)

PE Mouse IgG2a, «k Isotype Control

BD Technologies (BD-555574)
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2.2. Methods

2.2.1. Peripheral Blood Mononuclear Cell Isolation

Peripheral blood samples were taken into EDTA tubes and mononuclear cell
isolation was started immediately. The blood sample was diluted 1:1 with 1X DPBS
(Gibco). After taking the same volume of Ficoll solution as the diluted blood sample
into a 50ml tube, the blood sample was slowly spread over the Ficoll solution. The
tube containing the Ficoll separation solution was tilted at an angle of approximately
45° and the diluted blood sample was gently poured onto the Ficoll solution from the
tube wall. The Ficoll solution and the blood sample should remain separate to form
two phases. The 50ml centrifuge tube containing the Ficoll and blood sample was
placed in the centrifuge very carefully. It is centrifuged at 600 x g for 30 minutes at
room temperature to separate into cell phases. Centrifuge acceleration is set to the
slowest setting, and to minimize the mixing of phases during deceleration, the brake
mechanism of the centrifuge is disabled. The PBMC-containing phase (interphase
fraction-the buffy coat) was transferred into a new 50ml centrifuge tube. The
mononuclear cell population was washed with 1X DPBS and IMDM medium. Cells
are pelleted by centrifugation at 300 x g for 10 minutes at room temperature between
washes. After the IMDM wash, the cell pellet was resuspended into Iml IMDM
medium and cells were counted. 3x10° cells were seeded for erythroid progenitor
expansion into 12-well plate (1x10° cells/well), remaining cells were frozen in

erythroid progenitor freezing medium (90% FBS+10% DMSO) as 5x10° cells/vial.

2.2.2. Erythroid Progenitor Cell Enrichment
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StemSpan II basal medium (Stem Cell Technologies, #09695) was completed
with the Erythroid Expansion Supplement (Stem Cell Technologies, #02692). PBMCs
were plated at a concentration of 1x10° cells/ml (day 0) in Iml erythroid expansion
medium (EEM). Cells were cultured in a humidified incubator at 37°C with 5% COx.
The next day, cells were transferred into new wells. So, the adherent cells were
removed (day 1). On day 2, 4, and 6, cells were collected into 15ml falcon tubes and
centrifuged for 10 minutes at 300 x g. The cell pellet was resuspended in 1ml fresh
EEM. After 7 days of culture, cells were harvested and counted for further experiments

(flow cytometry characterization, RNA isolation, and Sendai virus transduction).

Characterization with flow cytometry: EPCs were pelleted by centrifugation at
300x g for 10 min. After this step, the cells were kept on ice and the solutions were
used at +4°C. It was dissolved in ice-cold staining solution (150 ul of 1X PBS
containing 5% BSA and 0.05% sodium azide). 50 pl containing 5x10* cells as the
unstained cell group was separated into a separate microcentrifuge tube, and the
remaining cells were stained with conjugated flow cytometry antibodies (Table 2.3).
Add 1 pl of FITC mouse anti-human GlyA (BD-559943, BD Technologies) and 1 pl
PE mouse anti-human CD71 (BD-561938, BD Technologies) antibodies and isotype
antibodies respectively to the cells in 100 pl of 5% BSA and 0.05% sodium azide in
1X PBS. Cells were incubated for 30 min at +4°C in the dark. 1 ml of 1X PBS was
added to the stained cells and 300x g was centrifuged for 10 minutes, and the pellet
was dissolved with 200 pl of 1X PBS and the reading was taken in flow cytometry
(ACEA Novocyte, Agilent, California, USA).

2.2.3. Sendai Vector Transduction

Sendai viral system makes possible to integration-free transduction. 4
recombinant Sendai viral vectors (Cytotune, Life Technologies) expressing the four
reprogramming factors Oct4, Sox2, Kfl4 and c-Myc were used in this thesis study. In

addition to TeSR-E7 and Essential 8 media, Life technologies' homemade media
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recipes were also tested during the reprogramming process (Table 2.4). The protocol

that was finally decided to be used is detailed below (Figure 2.1).

Table 2.1: Homemade reprogramming (ipsc) and ipsc maintenance (hesc) medium

iPSC Medium
DMEM/F12 450ml
Defined FBS 50ml (10%)
NEAA 5ml (1%)
L-glutamine Sml (1%)
3- mercaptoethanol 3.5ul
b-FGF (100ug/ml) 50ul (10ng/ml)
L-ascorbic asid 50pg/ml
hESC Medium
DMEM/F12 400ml
KOSR 100ml (10%)
NEAA 5ml (1%)
L-glutamine Sml (1%)
B-mercaptoethanol 3.5ul
b-FGF (100pg/ml) 50ul (10ng/ml)
L-ascorbic asid 50pg/ml
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Figure 2.1: Flow chart of erythroid progenitor cell expansion and transduction with Sendai vectors by using
commercial mediums.
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Figure 2.2: Flow chart of erythroid progenitor cell expansion and transduction with sendai vectors by
using homemade mediums (table 2.4).

Day 0 (Transduction): Erythroid progenitor cells (EPCs) were collected in 15ml
tubes and pelleted by centrifuging for 10 min at 300 x g. The supernatant was
discarded, and cells were resuspended in Iml supplemented StemSpan II medium.
Cells were counted and resuspend in 1ml supplemented StemSpan II medium to bring
the cell suspension to a concentration of 1x10° cells/ml and viral vectors were added
vectors (transduce 1x10° cells with 5:5:3 MOI of hKos : hK1f4 : hc-Myc vectors). Cell
suspension was transferred into a 10ml U-bottom centrifuge tube. Cells were
centrifuged for 30 min at 1000 x g to increase reprogramming efficiency. Cells were
seeded in 48-well plate, each well should contain 1ml cell suspension plus vectors.

The plate was moved to incubator and cultured at 37°C, 5% CO..

Day 1 (seeded on vitronectin-coated plate): Cells were collected and seeded on

vitronectin-coated 6-well plate (1x10° cell/well). Iml EEM medium was added.

Day 2 (removal of viral vectors): Cells were collected in 15ml tubes and pelleted

by centrifuging for 10 min at 300 x g and resuspended in 1ml fresh EEM medium.
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Day 3-7 (feeding with TeSR-E7/ReproTeSR medium): 1ml of TeSR-E7 or
ReproTeSR medium was added into transduced cells. Feeding was done daily until
day 7. The medium was completely aspirated and changed with 2ml of TeSR-E7 or
ReproTeSR medium on day 7.

Day 8-9: The cells were fed with 1ml of Essential 8 medium on day 8. The
medium was completely aspirated and changed with 2ml of Essential 8 medium on

day 9.

Day 10-...: The small colonies appear between day 7-10, the medium was
changed daily with 2ml of Essential 8 medium. A significant amount of cell death was
observed during this period. Well-defined iPSC colonies were appeared until day 15.
Well-defined iPSC colonies were passaged for four times before colony picking.
During the four passage, only completely reprogrammed cells could be attached and
cultured on vitronectin-coated plates in Essential 8§ medium. At this point, alkaline
phosphatase (AP) staining, and Tra-1-60 live staining were done to validate the quality
of iPSC plates. Three colonies were picked from iPSCs culture at passage 4 and

expanded for characterization.

2.2.4. Induced Pluripotent Cell Culture and Characterization

In the routine follow-up culture of iPSCs, the medium was replenished daily.
Essential 8 medium was used for daily medium changes. If the culture medium cannot
be renewed daily, Stemflex medium was used. If it cannot be changed for one day, x2
volume was added, if it cannot be changed for two days, x3 volume medium was

added.

The most critical point in iPSC passage is daily follow-up of colonies. Because

their colony size expansion is logarithmic, they may need to be passaged earlier than
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expected. Before passage, new cell culture flasks from which iPSCs will be taken are
coated with Vitronectin. Coating was done with 5 pg/ml Vitronectin in 1X DPBS,
incubated for 1 hour at room temperature. After the coating was completed, the
Vitronectin solution was aspirated, no washing is done, and Essential 8§ medium was
added to the cell flasks. Cells were removed from the incubator and used medium was
removed. Cells were gently washed with 1X DPBS and Versene solution was added.
It was incubated for 5-7 minutes at room temperature depending on the density of the
cells. The Versene solution was aspirated in one stroke and the cells were removed by
quickly squirting Essential 8 medium with a 10 ml serological pipette. The cell
suspension was passaged at a ratio of 1:8 to 1:12. It should not be passaged too densely.
iPSC cultures should be passaged approximately once a week, extensive passages may

cause differentiation of cells.

The method used for freezing the cells is the same as for passage. Cells were
frozen in 90% Essential 8§ medium and 10% DMSO. While the cells were thawing, the
cryovial removed from the liquid nitrogen was partially immersed in a water bath for
about 30 seconds and when a small piece of ice remains, the cell suspension was
transferred in 5 ml of Essential 8 containing 15 ml canonical tube. Cells were pelleted
by centrifuge at 200x g for 5 min, the supernatant was removed and fresh medium
containing 10 pM Revitacell was added. Cells were seeded on Vitronectin-coated cell

flasks without pipetting.

For alkaline phosphatase staining, cells were seeded in an 8-well glass-bottom
culture dish (#80807, Ibidi). After the colonies reached their expected morphology,
they were washed 3 times with DMEM/F12 media without FBS and incubated for 30
min at 37°C with 200 pl of 1X working solution per well. After incubation, the solution
was washed 2 times with DMEM/F12 without FBS, with 5 minutes holdings. After the
last wash, DMEM/F12 media without FBS was added again and imaging was taken in

the confocal microscope in the FITC channel.
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For pluripotency gene expression analysis RT-PCR was used. In brief, total
RNA isolation was completed with Pureizol RNA Isolation Reagent (Bio Rad, USA).
cDNA synthesis was performed with 1 pg of RNA using the Iscript cDNA Synthesis
kit (Biorad, USA). RT-PCR reactions were set up with SsoAdvanced univ SYBR Grn
Suprmx (Biorad). Using the primers specified in Table 2.1.

Invitrogen Pluripotent Stem Cell 4-Marker Immunocytochemistry Kit
(Invitrogen, USA) was used for the demonstration of pluripotency markers by
immunochemistry and the protocol provided by the kit was applied. iPSC colonies
were seeded in an 8-well glass-bottom culture dish (Ibidi, USA). Cell media was
removed and incubated with fixative solution for 15 minutes at room temperature
without washing. After the fixative solution was removed, the permeabilized solution
was added and kept at room temperature for 15 minutes. After the permeabilized
solution was removed, 100 pl of blocking solution was added and left at room
temperature for 30 minutes. Primary antibodies are put directly into the blocking
solution. Sox2 and Tra-1-60 antibodies were added to one group as 1 pl each. In the
other group, SSEA-4 and Oct4 were added as 1 pl each. Antibodies were incubated at
+4°C for 3 hours and washed 3 times with washing solution after incubation for 3
minutes. Again, secondary antibodies were added appropriately to primary antibodies
in 100ul of blocking solution (Table 2.2). Secondary antibodies were incubated for 1
hour at room temperature and in the dark. After the secondary antibodies were washed
3 times with the washing solution for 3 minutes, they were covered with mounting
media containing DAPI. Imaging was taken from the appropriate channels according

to the em/ex values of the secondary antibodies selected in the confocal microscope.

Embryoid bodies were created using AggreWell800 (Stem Cell Technologies,
Canada) plates. First, AggreWell anti-adherence rinsing solution (Stem Cell
Technologies, Canada) was added to the plates and centrifuged for 5 minutes to
remove the bubbles. After the solution was removed from the wells, it was washed
with 2 ml of DMEM/F-12. iPSC colony cells resuspended as single cells with Accutase

were seeded at 3x10° per well with EB forming media (Stem Cell Technologies,
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Canada) containing 10 uM Revitacell. To fill the cells into the wells, they were
centrifuged at 2000x g for 5 min and cultured in the incubator for 1 or 2 days. When
cells are seeded into the wells, they should be as shown in Figure 2.3. After the
embryoid bodies were collected from AggreWell, two different media were tried.
Spontaneous differentiation was achieved using Essential 6 (Thermo, USA) or
StemDiff Apel II (Stem Cell Technologies, Canada). However, daily follow-up of
embryoid bodies showed that the morphology of embryoid bodies cultured in Essential
6 medium (Thermo, USA) progressed more smoothly than those in StemDiff Apel II
(Stem Cell Technologies, Canada).

Immunofluorescence staining and RT-PCR were used to confirm the
spontaneous differentiation of embryoid bodies. For this, on day 10 embryoid bodies
were seeded on vitronectin and cultured until day 21. In the 11-day period, embryoid
bodies release cells in the form of explant culture, allowing spontaneously
differentiated cells to emerge. At the end of the 21st day, the cells were passaged using
Versene solution and transferred to glass-bottom dishes. GATA4 was used for
endodermal differentiation, Desmin for mesodermal differentiation, and Nestin for
ectodermal differentiation (Table 2.5). Primers MAP2, alpha-SMA, and SOX17 were
used for confirmation by RT-PCR (Table 2.1).

Karyotyping experiments completed by acquisition of services from the

Microgen Genetic Diagnostics Company (Ankara)

2.2.5. Colon Organoid Formation

The StemDiff Intestinal Organoid kit from Stem Cell Technologies was used
for colon organoid formation (05140, Stem Cell Technologies, Canada). Stepwise
differentiation method was followed, monolayer iPSCs were differentiated into the

definitive endoderm first and then the hindgut endoderm. In the hindgut differentiation
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process, spheroids were budding from monolayer endodermal cells. The collected

hindgut spheroids were cultivated in Matrigel to obtain mature intestinal organoids.

The differentiation process was maintained in 24-well plates until the maturation
phase of intestinal organoids. iPSCs were seeded as 4000, 5000, and 6000 clump/well.
Optimization was done by trying different clump numbers. The most efficient starting
number was found to be 6000 clump/well. Two wells were seeded for each iPSC line.
Definitive endoderm differentiation was initiated when cells reached 85-90%

confluency.

Definitive Endoderm Differentiation

Definitive endoderm (DE) Medium (1.98 ml StemDiff™ Endoderm Basal
Medium + 20 ul StemDiff Definitive Endoderm Supplement CJ) used during Day 0
(0.7 ml), Day 1 (0.5 ml), and Day 2 (0.5 ml) 2 ml/well was prepared. On Day 0, 0.7
ml of DE medium was added dropwise onto the cells. In Day 1 and Day 2, the used
medium was removed, and 0.5 ml of DE medium was added dropwise. One well of
iPSCs was taken to flow cytometry to confirm definitive endoderm differentiation on
Day 3 and hindgut differentiation was initiated in the other well. The increase in
CXCR4 and CD117 markers was examined for confirmation of definitive endoderm

differentiation.

Hindgut Differentiation

Mid-/Hindgut (MH) medium (2.94 ml StemDiff™ Endoderm Basal Medium +
30 pl StemDiff™ Gastrointestinal Supplement PK+ 30 pl StemDiff™ Gastrointestinal
Supplement UB) was used during Day 3-8, 3 ml/well was prepared. Daily MH medium
was changed (0.5 ml/day). The formation of hindgut spheroids began to be observed
on the fourth day and it was observed that the spheroids were released in the medium
in the following days. For this reason, care was taken to avoid loss of hindgut spheroids
while medium changes were made from the fourth day. The hindgut spheroids

collected on the seventh and eighth days, when spheroid secretion is most intense, were
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taken into Matrigel for intestinal organoid formation. After spheroids were harvested,

the remaining monolayer cells were used to confirm hindgut differentiation.

Colonoid Formation

After all the collected spheroids were taken into 15 ml canonical tubes, they were
left to settle on ice for 5-10 minutes depending on the spheroid density. The
supernatant was carefully removed. 1 ml of DMEM/F12 with 15 mM HEPES was
added onto the spheroids and centrifuged at 300 x g for 15 min at room temperature.
As much supernatant as possible was removed. Matrigel was added to canonical tubes
at 50 pl/dome. Bubble-free spheroids were provided by pipetting evenly dispersed in
Matrigel. The Matrigel-spheroid mixture was deposited as a droplet on the 24-well
plate, neither too slowly nor too quickly. At this stage it is critical to keep the pipettor
upright and only press down to the first stop of the pipette. For the polymerization of
the Matrigel, 0.5 ml/well OGM medium was added slowly after incubation for 5
minutes at room temperature and 10 minutes at 37°C. The medium was changed every

four days and passaged once a week.

2.2.6. Bioinformatics Analysis

[luminaSeq6000 platform was used for RNA sequencing and Illumina RNA
library prep set (Illumina, #20040525) was used for the library preparation according
to the manufacturer’s protocol. RNA sequencing completed by service acquisition
from AgriBio (Ankara). FastQC (v 0.11.5), Fastq screen (v0.9.3), and MultiQC were
used to assess sequencing quality control (v1.8dev). TrimGalore! (v0.6.4) was used to
remove adapters and low-quality bases from reads before aligning them to the human
genome (GRCh38) with HISAT2 (v2.2.1), with a mean of 90.4 percent reads uniquely
mapping and a mean of 56 M paired reads/sample. HTSeq-Counts were used to

determine gene quantification (v0.6.1p1). Counts extracted with HTSeq-counts were
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used in R (version 3.5.2) to perform differential gene analysis with the package

DESeq2 (v.1.22.2).

. AN

MGl platform ¢zz2 ™3>+ Raw sequence data czzzz2 - Sequence Quality Control 22222 s Adapter Removal 22222 s+ Alignment :_—_—:_—j:‘"::» Gene Quantification
(% (% [%g [2g 58
FastQC (v 0.11.5) TrimGalore! (v0.6.4) GRCh38 HTSeg-Counts (v0.6.1p1)
Fastq screen (v0.9.3) HISAT2 (v2.2.1) R (v3.5.2)
MuliQC DESeq2 (v.1.22.2)

Figure 2.3: Flowchart of RNA sequencing analysis.

There were no overlaps between our gene lists (P value < 0,05). The read counts
were normalized based on the estimated size factors. All genes were subjected to
Principal Component Analysis (PCA) using log-transformed count data. GO and Kegg
pathway analysis were performed on DEGs with absolute log2 fold change >1 and
adjusted P value 0.05 using the clusterProfiler package (v.3.10.1). The Wang lab (16)
provided the data matrix for the RNA-seq data. The regularized log transformation
function (from the DESeq2 package) was used to calculate heatmap counts. Heatmaps
were created using the R package 'ComplexHeatmap' (v 1.20.0). The differentially
expressed genes on heatmaps were chosen based on their significance (lowest adjusted
P value) and absolute log2 fold changes. The RcisTarget R package was used to

investigate potential placental regulatory networks (v.1.2.1).

2.2.7. Statistical Analysis

Results are given as mean SD. For independent samples t-test was used to
compare the experimental groups with control (GraphPad Inc.). For the p-value, p <

0.05 was considered statistically significant.

35



3. RESULTS

We used human PBMC:s as the starting material for iPSC reprogramming. At the
beginning, we isolated PBMCs from peripheral blood sample of healthy donors,
colorectal cancer (CRC) patients, and CRC patients with metastasis (mCRC). To
prepare more potent cell population to ease reprogramming process, all PBMC
samples were enriched for erythroid progenitor cells, and characterized with erythroid
markers. Then, reprogramming procedure was initiated with Sendai viral vector
system. After the confirmation experiments were completed for pluripotency
characteristics of iPSC-lines, intestinal organoid differentiation was started. Organoid
formation is a stepwise procedure, all three main steps of intestinal tissue development
were successfully accomplished, total RNA isolation was done for RNA sequencing.

[lumine MGI system was used for RNA sequencing.

3.1. Erythroid Progenitor Cell Enrichment and Characterization

The erythroid progenitor expansion kit suggests that after 14 days of culture, the
erythroid cells will reach the appropriate density for transduction. The first experiment
was completed according to the manufacturer’s protocol by culturing Control #1 in
EEM for 14 days. However, at the end of the 14th day, there were significant
deteriorations in the morphology of the cells. Subsequent Sendai virus transduction
was unsuccessful. In addition, 50.000 and 100.000 cells/ml concentration were tried
as the kit’s recommended cell number range. As flow cytometry, total RNA isolation
and Sendai vector transduction are must for further with the cells obtained at the end
of erythroblast expansion, 50.000 cells could not reach the sufficient number at the

end of the expansion period. Other expansion procedures were started with at least
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100.000 cells.

At the end of the 7th day of expansion, cell morphologies were as expected. Flow
cytometry characterizations of erythroid progenitor cells were performed on either day
7 or day 8 as the cell morphologies were not affected by an additional 24-hour (Figure
3.1). In addition, total RNA was isolated from cells as a non-transduced control. The
non-transduced control will be used both as a control to demonstrate removal of Sendai
vectors in advanced passages (passages 20-25) and as a non-reprogrammed control for

1PSC characterization.

Conlroi#1.Day0 CD71-PE/P1/P2 o Contro1-Day0 GA-FITC /P11 . _Control#1-Day7 CO71-PE /P1/P2 ., _ Contro#1-Day? GIyAFITC/P1/

108 1077

104

PEA

Control #1

037 0 100 104 10° 108 107
PEA

Day7 COT1-PE /P1/P2 o Day?GHAFITC/P1(P2

64
I

i AN
Y
ey

Control #2

a3 at4

Q13 a4 54.66% 0.10%

<, [983m% 0.60%

41033 1% 10* 10% 10° 1077
FITC-A

1033 103 104 10% 106 1077
FTCA

« __ ConvoM3-Day0 COTI-PEIP2 . _Conlrol#3.Day? COTI-PE/P1 /P2

Control #3
coT1 PEA

PR
GyAFTCA
104 10
PEA

Control #4

"1 107 107 10% 105 108 1072 T1002 102 0% 10 10° 1087
co71 PEA ©0M APCA

Figure 3.1: Healthy donors’” EPC morphology (left panel) and erythroid markers expression change
after the enrichment process. Flow cytometry results for CD71 and GlyA are shown. Expression levels
were compared between day 0 (middle panel) and day 7 (right panel).

For erythroid characterization, CD71 and CD235a (GlyA) surface markers were

chosen. Enrichment process took 7 days long and marker comparison was done
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between day 0 and day 7 samples. All samples were characterized with CD71 and
GlyA but Control #4 and all mCRC samples were also examined for CD34 and CD36
markers. In fact, it was planned to examine the expressions of the four markers in all
samples. However, due to a delay in the delivery of CD34 and CD36 antibodies, four
markers could be studied for the last five samples taken. Since all the samples used in
the thesis study were human samples, it was not possible to collect blood samples
retrospectively during the process, so CD34 and CD36 expressions of other donors

could not be examined.
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Figure 3.2: CRC donors’ EPC morphology (left panel) and erythroid markers expression change after the
enrichment process. Flow cytometry results for CD71 and GlyA are shown. Expression levels were compared
between day 0 (middle panel) and day 7 (right panel).

Our expression analysis has shown erythroid marker expression change was
varied among the groups after the enrichment (Table 3.1). Healthy donors had higher
expression increase in GlyA and CD71 (Figure 3.1). The fold increase of GlyA varied

among CRC donors but the fold change in CD71 expression was quite similar between
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donors (Figure 3.2). The increase in CD36 expression was less than the other two
markers. CD36 increases of CRC and mCRC donors have close values (Figure 3.2 and
3.3).

Table 3.1: Representation of increase in erythroid markers as fold difference after 7 days of enrichment.
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Figure 3.3: mCRC donors’ EPC morphology (left panel) and erythroid markers expression change after
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the enrichment process. Flow cytometry results for CD71 and GlyA (middle panel); CD36 and CD34
(left panel) are shown. Expression levels were compared between day 0 and day.

The system used for reprogramming in this study is the Sendai viral vector
system. The recommended MOI values for hKOS:hc-myc:hKlf4 in the manufacturer's
protocol are 5:5:3, respectively. It has been shown in the literature that these values
can be optimized and reduced (Yilmazer-Aktuna et al., 2017). Initially, two different
MOI ratios were tried: 5:5:3 and 3:1:2. Also, the recommended starting cell count in
the manufacturer's protocol is between 2.5x10° and 5x10°. As in this study, human
samples were studied, reducing the initial cell number was done to prevent re-sampling
for possible repetitions of experiments. For this reason, the initial reprogramming
experiments were completed with 5x10* and 10° cell numbers for the first donor.
Finally, regarding the reprogramming procedure, both commercial media and
homemade recipes. Four experimental groups were planned for the conditions to be

optimized (Figure 3.4).

The kit's protocol recommends transduction in a 12-well plate. There are
publications in the literature that seed 10* cell/well into a 96-well plate on the day of
transduction to increase efficiency (Ye et al., 2013). We used 48-well plate for the
transduction because the 96-well plate would be too narrow for 5x10* and 10° cells
(Day 0). In the standard Sendai transduction protocol, centrifugation is recommended
on Day 1 to remove the Sendai vectors. However, some PBMC-reprogramming
protocols suggesting that washing should be done on the second day to increase
reprogramming efficiency. In addition, although the protocol recommends seeding
cells on vitronectin on day 3, we observed that seeding cells on Day 1 increased the
efficiency. While the cells were taken into vitronectin-coated wells, 1ml EEM medium

was added to reduce the toxic effect of the vectors.

iPSC colonies were obtained from the four optimization setups; however, the
fastest reprogramming was seen in Group D (Figure 4.4). The MOI values (5:5:3) and

the initial cell number (10°) were kept constant, only the efficiency of the mediums
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used was tested in the second iPSC reprogramming experimental setup as we

confirmed that homemade mediums are also suitable for reprogramming.

Homemade mediums were found to be more efficient in reprogramming when
compared to commercial mediums. However, after the formation of iPSC colonies,
commercial mediums were found to be more suitable for maintaining the stability of
the colonies without differentiation and keeping them healthy after passaging. Early
colonies appeared in four days late in cells cultured in commercial mediums (data not
shown). Experiments were continued with commercial media as there was no problem
with the formation of colonies even if the reprogramming were completed in
homemade medium. The main reason why homemade media were tested, especially
during the reprogramming process, was that the ReproTeSR medium ordered has not
yet been delivered when the experiments started. We had TeSR-E7 medium which is
especially used for reprogramming adherent cells. However, TeSR-E7 has also been

shown to work in erythroid progenitors.

Cell number: 50.000
MOI 3:1:2
Medium: Homemade

Cell number: 50.000
MOI 5:5:3
Medium: Commercial

Cell number: 100.000
MOI 3:1:2
Medium: Commercial

Cell number: 100.000
MOI 5:5:3
Medium: Homemade

Figure 3.4: The effects of different transduction conditions on cell morphology and reprogramming
efficiency. Day 0/3/7/10 photos are shown for the same donor.
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3.2. iPSC Characterization

Colonies began to appear from the 7th day after transduction into erythroid
precursor cells. Both donor and patient iPSC colonies were observed to have cobble-
like structure, round shape, large nucleus, and compact multicellular colonies at day
10. After the colonies were formed, four total passages were performed. In passage 4,
ALP activity was confirmed by live alkaline phosphatase staining prior to colony
selection (Figure 3.5). Colonies with expected ALP activity and appropriate
morphology were selected by microdissection method. At least 3 healthy colonies
were selected from each donor, expanded and frozen. However, due to the large sample
size of the study, further experiments were advanced with one clone for each donor.
Clones passaged two more times after colony selection were tested in passage 7 by
immunofluorescent staining and qRT-PCR for markers of pluripotency (Figure 3.6-

3.8).

The expression of pluripotency factors (OCT4, SSEA4, TRA1-60 and SOX2)
for one of each selected clone was studied at protein level. It was observed that all
colonies were positive for the stated pluripotency factors (left and middle panel of

Figure 3.6-3.8). No significant difference was observed between colonies.
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Control CRC mCRC

Figure 3.5: The representative photographs of passage 4 iPSC colonies and alkaline phosphatase
staining of each donor. Colony picking was performed after ALP staining.
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Figure 3.6: Pluripotency validation of control iPSCs derived from healthy donors. SOX2 and TRA-1-
60 staining (left panel), SSEA4 and Oct4 staining (middle panel) were shown. Reactivation of the
endogenous pluripotency genes and other regulators in erythroblast-derived iPSCs (passage 7). Total
RNA from parental cells and reprogrammed iPSCs were isolated, reverse transcribed and analyzed by
qRT-PCR for relative transcript levels of the endogenous pluripotency markers and other regulator
genes (SOX2, OCT4, NANOG, DNMT3A, REX1, CDHI1, UTF1). Expression levels were normalized
to B-actin.
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Figure 3.7: Pluripotency validation of CRC iPSCs derived from colorectal cancer patients. SOX2 and TRA-1-60
staining (left panel), SSEA4 and Oct4 staining (middle panel) were shown. Reactivation of the endogenous
pluripotency genes and other regulators in erythroblast-derived iPSCs (passage 7). Total RNA from parental cells
and reprogrammed iPSCs were isolated, reverse transcribed and analyzed by qRT-PCR for relative transcript levels
of the endogenous pluripotency markers and other regulator genes (SOX2, OCT4, NANOG, DNMT3A, REX1,
CDHI1, UTF1). Expression levels were normalized to B-actin.
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Figure 3.8: Pluripotency validation of mCRC iPSCs derived from colorectal cancer patients with metastasis. SOX2
and TRA-1-60 staining (left panel), SSEA4 and Oct4 staining (middle panel) were shown. Reactivation of the
endogenous pluripotency genes and other regulators in erythroblast-derived iPSCs (passage 7). Total RNA from
parental cells and reprogrammed iPSCs were isolated, reverse transcribed and analyzed by qRT-PCR for relative
transcript levels of the endogenous pluripotency markers and other regulator genes (SOX2, OCT4, NANOG,
DNMT3A, REX1, CDHI, UTF1). Expression levels were normalized to B-actin.

The differentiation potential of spontaneously differentiated embryoid bodies
(EB) into three germ layers was evaluated. In order to evaluate the in vitro
differentiation potential of iPSCs, the EB formation assay was conducted from iPSC
colonies in passage 20 with prominent edges and a compact structure, and embryoid
bodies were obtained with AggreWell plates. After EBs were allowed to differentiate

spontaneously, significant morphological changes (increased in size, prominent in

46



three-dimensional spheroid appearance, different density areas, cystic formations, and
proliferating inner cell mass) were observed from the first day to the 21% day, similar
to the early period of embryogenesis. The change in the morphology of EBs has been

shown in Figure 3.9.

Outer endoderm \
Layer is fading
EBs seem to contain homological cell

populations with no signs of clear
differentiation and cavity formation.

\

Different cell
density and
cavity formation

Different cell
density and
proliferation rate

Figure 3.3: Morphological changes of EBs during spontaneous differentiation for 21 days.

The differentiation potential of clones from four healthy donor and eight patients
into three germ sheets (ectoderm, endoderm, mesoderm) was demonstrated by
immunofluorescent staining at the protein level. On day 21, each of the EBs showed
positive signal in triple staining with anti-GATA4 (endoderm), anti-Nestin (ectoderm),

anti-Desmin (mesoderm) antibodies (Figure 3.10-3.12).
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Figure 3.4: Evaluation of the in vitro differentiation potential of healthy donors iPSCs by spontaneous
differentiation of EBs. Day 0 and 3 images of EBs in the AggreWell (first two columns from the left). From the 7th
day onwards, differences began to be observed between embryonic bodies. Reactivation of the selected 3-germ
layer genes in iPSC-derived EBs (day 21). GATAA4, Nestin, and Desmin were stained for each distinct germ layer.
Total RNA of iPSCs and EBs were isolated, reverse transcribed and analyzed by qRT-PCR for relative transcript
levels of MAP2, aSMA and SOX17 (The right column). Expression levels were normalized to B-actin.

The potential for iPSCs to differentiate into three germ sheets was demonstrated
at the mRNA level by qRT-PCR. The endogenous control gene B-actin was used.
Undifferentiated iPS cells of each donor was used as control and 222¢T value was
calculated by normalizing according to these values. On day 14, ectodermal MAP2,
endodermal SOX17 gene expression, and mesodermal a-SMA gene expression were
examined (the right column of Figure 3.10-3.12). The representative karyotype

analysis was given in Figure 3.13.
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Figure 3.5: Evaluation of the in vitro differentiation potential of CRC patients-derived iPSCs by spontaneous
differentiation of EBs. Day 0 and 3 images of EBs in the AggreWell (first two columns from the left). From the 7th
day onwards, differences began to be observed between embryonic bodies. Reactivation of the selected 3-germ
layer genes in iPSC-derived EBs (day 21). GATAA4, Nestin, and Desmin were stained for each distinct germ layer.
Total RNA of iPSCs and EBs were isolated, reverse transcribed and analyzed by qRT-PCR for relative transcript
levels of MAP2, aSMA and SOX17 (The right column). Expression levels were normalized to B-actin.
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Figure 3.6: Evaluation of the in vitro differentiation potential of metastatic CRC patients-derived iPSCs by
spontaneous differentiation of EBs. Day 0 and 3 images of EBs in the AggreWell (first two columns from the left).
From the 7th day onwards, differences began to be observed between embryonic bodies. Reactivation of the
selected 3-germ layer genes in iPSC-derived EBs (day 21). GATA4, Nestin, and Desmin were stained for each
distinct germ layer. Total RNA of iPSCs and EBs were isolated, reverse transcribed and analyzed by qRT-PCR for
relative transcript levels of MAP2, aSMA and SOX17 (The right column). Expression levels were normalized to
B-actin.
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Figure 3.13: Chromosome karyotyping images after chromosome banding was performed for contro (A)l, CRC

(B), mCRC (C) donors.

3.3. Intestinal Organoid Differentiation

Intestinal organoid differentiation is a stepwise differentiation process:

definitive endoderm (DE) differentiation (DED), hind/mid-gut (HD) differentiation

(HGD), and intestinal organoid (IO) formation (IOD). Each step has to be tested for

its own specific markers with either flow cytometry or immunofluorescence staining.
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Figure 3.14: Evaluation of the in vitro differentiation of healthy donors’ iPSCs into intestinal organoids. The
definitive endoderm differentiation process was confirmed with flow cytometry analysis for CXCR4, CD117, and
PDGFRa (the left column). The hindgut differentiation was confirmed with CDX2 protein expression (the middle
column) and the intestinal organoid formation was tracked by morphological evaluation until the passage number

10 (the right column).

CXCR4 and CD117 were examined for definitive endoderm characteristics
after the 3-day of DED, PDGFRa is also a common negative marker for DE cells. All
groups were examined for these three markers with flow cytometry (Figure 3.14-16).
All flow cytometry experiments were set as two separate groups: CXCR4 and CD117-
PDGFRa. Only Control #4 and mCRC #2 were examined for the DE markers on day
0 and day 3. These samples are the very first samples that differentiated into DE and
day 0 to day 3 comparison was must at the beginning. Additionally, PDGFRa cannot
be evaluated for Control #4 and mCRC #2 samples as the antibody delivery was
delayed and DE differentiation process was done before the delivery. Unfortunately,
because of the sample size Control #4 and mCRC #2 cannot be differentiated again in
order to get another flow cytometry result for DE markers. The expression of DE

markers as percentage showed in Table 3.2.
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Figure 3.15: Evaluation of the in vitro differentiation of CRC patients’ iPSCs into intestinal organoids. The
definitive endoderm differentiation process was confirmed with flow cytometry analysis for CXCR4, CD117, and
PDGFRa (the left column). The hindgut differentiation was confirmed with CDX2 protein expression (the middle
column), and the intestinal organoid formation was tracked by morphological evaluation until the passage number

10 (the right column).

CDX2 is a well-known and most commonly used HD cell marker. CDX2

protein expression levels were examined with immunofluorescence staining and the

difference between the CDX2 expression was dramatically increased at the end of

HDD (Figure 3.14-16).
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Figure 3.16: Evaluation of the in vitro differentiation of metastatic CRC patients’ iPSCs into intestinal organoids.
The definitive endoderm differentiation process was confirmed with flow cytometry analysis for CXCR4, CD117,
and PDGFRa (the left column). The hindgut differentiation was confirmed with CDX2 protein expression (the
middle column), and the intestinal organoid formation was tracked by morphological evaluation until the passage
number 10 (the right column).
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Table 3.2: Expression of definitive endoderm markers as percentage after 3 days of differentiation.

(Day 0-3) (Day 0-3)
S P PP O i
e e

S )

100— °
o0 PY ®  Control
g 80— e o o] ® CRC
El °
£ 60 ° . ® mCRC
2 . ——
< 40 ) o0
X
= 154
2
g 104 —-—
& —e—
= 5
[
0 d v
e 1 ) I
CXCR4 CD117 PDGFRa

Intestinal organoid differentiation is a long process that can be extended for
unlimited time period. In this thesis study, all organoid samples were passaged weekly
and characterization analysis and RNA sequencing done at the passage number 10.
I0s’ morphology set after the passage number 3 and did not change at this point.
Chromogranin A, KLF5, FOXA2, Villin, lysozyme, LGRS, and CDX2 were examined

as intestinal cell population markers (Figure 3.17).

Chromogranin A illi Lysoszyme

Control

mCRC

Figure 3.17: Chromogranin A, KLF5, FOXA2, Villin, lysozyme, LGRS, and CDX2 were examined as intestinal
cell population markers. Intestinal organoids were frozen sectioned (4 pm) and stained.
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3.4. RNA Sequencing and Enrichment Analysis

Total RNA isolation was done for three samples from each group. RNA
concentrations were measure before RNA samples were processed for library
preparation. Additionally, RNA integrity was checked by gel electrophoresis (Table
3.3).

Table 3.3: RNA concentrations of intestinal organoids after total RNA isolation with trizol and RNA gel image
for the evaluation of RNA integrity.

260/280 | ng/pl 2% agarose gel
Control #1 | 2.084 169.586 ;

Control #1 Control #2 Control #3 CRC#1 CRC #2 éRC #3 mCRC#1 mCRC#2 mCRC#3

Control #2 | 2.15 352.16 | - -

Control #3 2.05 669.215 | © s el T e S $
CRC #1 2.1 162.413 X v g
CRC #2 2.1 178.71

CRC#3 2.07 218.464

mCRC #1 2.1 252.422

mCRC #2 2.1 192.06

mCRC #3 2.1 184.701

[llumina platform was used for RNA sequencing, quality control analysis
results of each sample were in Appendix 1. Differential gene expression analysis and
all calculations were done for Control vs CRC, Control vs mCRC, and CRC vs. mCRC

groups.

The data obtained after the initial analysis and normalization of the RNA
sequence results are in figures 3.18. The variance plot obtained by comparing the RNA
sequence results are also shown in figure 3.19. In figure 3.19, each dot symbolizes a
gene, the blue dots indicate statistically significant genes with p value. Those above
the midline indicate genes that are upregulated, and those below the midline indicate

genes that are downregulated.

Differential expression analysis was completed from the bulk RNA-seq results.

Genes obtained were filtered according to the p-values of logoFC, and genes with a p-
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value less than 0.05 were loaded into GeneCodis4. All comparisons were analyzed

separately (Control vs CRC, Control vs mCRC and CRC vs mCRC).

Dispersion estimates Dispersion estimates Dispersion estimates
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Figure 3.18: The dispersion estimates and MA-plots of RNA sequence data comparison between
control, CRC, and mCRC groups. The left panel shows control vs CRC comparison, the middle panel
shows control vs mCRC comparison, and the right panel shows CRC vs mCRC comparison.

Gene lists obtained after p-value cut off was determined as 0.05 showed that
mCRC group has greater number of differentially expressed genes. CRC has 309 and
mCRC has 572 differentially expressed genes. Gene lists submitted to GeneCodis,
and enriched pathways were listed from Reactome, KEGG, and WikiPathways
databases. Cell type specific enrichment analysis was also done for each gene list
through online WebCSEA tool (bioinfo.uth.edu/webcsea). All obtained graphs and

comparisons were listed under the related section.
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Figure 3.19: The variance distribution and sample-to-sample distance between control and CRC (A), control vs
mCRC (B), and CRC vs mCRC (C) individuals.

Terms are given color by automatically detected clusters that were calculated
using the TF-IDF values and the Leiden algorithm (Figure 3.20, left panel). The phrase
is more considerably enriched the point assigned darker and larger. The p-value

obtained from the enrichment computation.
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The relevance of each gene set from the chosen library is displayed against its
odds ratio using a volcano graphic (Figure 3.20, right panel). The x-axis measures the
odds ratio (0, inf) calculated for the gene set, and the y-axis displays the gene set's -
log(p-value). Each point represents a single gene set. Statistically significant terms are
shown by larger blue dots (p-value 0.05), whereas non-significant phrases are

represented by smaller gray points.

NAD+ metabolism, Focal adhesion and Wnt signaling pathway, GPRCs,
glycogen synthesis, TGF-8 signaling pathway, and Hippo-Merlin signaling pathway
were enriched in control vs CRC plots in Figure 3.20A. For control vs mCRC,
eicosanoid synthesis, Hippo-Merlin dysregulation, dopamine metabolism, HIF1A
regulation of glycogenesis, lipid metabolism, Ras signaling, EMT in colorectal cancer,
and regulation of microtubule cytoskeleton were enriched (Figure 3.20B).
Amplification and expansion of oncogenic pathways as metastatic traits, Wnt B-
catenin signaling by small molecules, regulation of microtubule cytoskeleton, and
oxysterols-derived from cholesterol were enriched in CRC vs mCRC gene list (Figure

3.20C).
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Figure 3.20: A term from the library is represented by each point. For the gene set corresponding to each term,
term frequency-inverse document frequency (TF-IDF) values were calculated, and UMAP was then applied to the
resulting values (Left panel). Terms from the WikiPathways 2019 Human gene collection are plotted in a volcano
shape (Right panel). According to the enrichment findings of the input query gene set, each point represents a single
term and is plotted by the associated odds ratio (x-position) and -log10(p-value) (y-position). The input gene set is
considerably enriched for the phrase if the point is larger and darker in color. Control and CRC (A), control vs
mCRC (B), and CRC vs mCRC (C) individuals.
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Figure 3.21: The pathway enrichment bar graph for control vs. CRC gene list obtained from GeneCodis;
Reactome (A), KEGG (B), and WikiPathway (C) database results.

Starch and sucrose metabolism, biosynthesis of nucleotide sugars, proteoglycans
in cancer, amino sugar and nucleotide sugar metabolism, ECM-receptor interaction,

nicotinate and nicotinamide metabolism, central carbon metabolism in cancer,
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phagosome, and focal adhesion are nine of the first 10 Reactome results (Figure
3.21A). WNT ligand biogenesis and trafficking, integrin cell surface interactions,
mitotic prometaphase, secretin family receptors, and non-integrin membrane-ECM
interactions are five of the first 10 KEGG pathway results (Figure 3.21B). Hippo-
merlin signaling dysregulation, focal adhesion: PI3K-Akt-mTOR signaling pathway,
NAD+ metabolism, glycogen synthesis and degradation are four of the first 10
Wikipathways results (Figure 3.21C). Metabolism and metabolic pathways were
enriched in control vs CRC differential expression gene set. The enrichment map was

shown in Figure 3.22 for metabolic pathways.
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Figure 3.22: The enrichment map of “metabolism” and “metabolic pathways” related genes in control vs CRC
differentially expressed gene set.
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Figure 3.23: The pathway enrichment bar graph for control vs. mCRC gene list obtained from GeneCodis;
Reactome (A), KEGG (B), and WikiPathway (C) database results.

Ras signaling pathway, collecting duct acid secretion, proteoglycans in cancer,
mitophagy, phenylalanine metabolism, epithelial signaling in H. Pylori infection, and

gastric acid secretion are seven of the top 10 Reactome pathway results (Figure 3.23A).
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Regulation of FZD by ubiquitination, amino acids regulate mTORCI, signaling by
FGFRI1 in disease, clathrin-mediated endocytosis, cargo recognition dor clathrin-
mediated endocytosis, and peroxisomal protein import are six of the top 10 KEGG
pathway results (Figure 3.23B). Ras signaling, epithelial to mesenchymal transition in
colorectal cancer, peptide GPRCs, and Hippo-merlin signaling dysregulation are four
of the top 10 Wikipathways results (Figure 3.23C). Clathrin-mediated endocytosis,
mTORCI regulation, Ras signaling, MAPK signaling pathways were enriched in
control vs mCRC differential expression gene set. The networks were shown in Figure

3.24.
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Figure 3.24: The enrichment map of endocytosis and signaling pathways related genes obtained from the gene
list of control vs mCRC differential expression analysis.
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Figure 3.25: The pathway enrichment bar graph for CRC vs. mCRC gene list obtained from GeneCodis;
Reactome (A), KEGG (B), and WikiPathway (C) database results.

Biosynthesis of nucleotide sugars, primary bile acid biosynthesis, bile

secretion, and sphingolipid metabolism are four of the top 10 Reactome results (Figure
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3.25A). RND3 GTPase cycle, vitamin B6 activation, and lysosomal oligosaccharide

catabolism are three of the top 10 KEGG pathway results (Figure 3.25B). Glycine

metabolism, CCL18 signaling pathway, methylation pathways, and epithelial to

mesenchymal transition in colorectal cancer are four of the top 10 WikiPathways

results (Figure 3.25C).
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Figure 26: The enrichment map of metabolism and metabolic pathways related genes obtained from the gene list

of CRC vs mCRC differential expression analysis.

Metabolism and metabolic pathways were enriched in CRC vs mCRC

differential expression gene set. The enrichment map was shown in Figure 3.26 for

metabolic pathways.
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Figure 3.27: The enrichment map of pathways in cancer, endocytosis, and signaling pathways related genes
obtained from the gene list of CRC vs mCRC differential expression analysis.

Pathways in cancer, Ras signaling, MAPK signaling, PI3K-Akt signaling,
mTOR signaling, and Wnt signaling pathways were enriched in control vs mCRC

differential expression gene set. The enrichment maps were shown in Figure 3.27.

3.4.1. Colorectal Cancer and Proteoglycans in Cancer

Results from databases like KEGG, Reactome, and WikiPathways were filtered
using FDR values less than 0.05 in pathway analyses of differential gene expression
lists using webtools like DAVID, g:Profiler, and GeneCodis. Afterward, from the
findings of the three databases for all three gene lists, genes categorized as "Colorectal

Cancer" and "Proteoglycans in Cancer" were picked (Table 3.4).
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Table 3.4: Gene lists obtained from the pathway analysis of total differential expression lists for colorectal cancer
and proteoglycans in cancer.

A.

Control vs CRC | Control vs mCRC

FGFR1
ITGA2
ITGAS
ITGAV
KDR
MAPK8
PRKACB
THSB1
WNT2
WNT78

3.4.1.1. Control vs. CRC Results

COLON/COLORECTAL CANCER
PROTEOGLYCANS in CANCER

CLDN1
DCC
EZR

FGFR1

FZD4
GAB1
HIF1A

ITGAS
KDR

MAPK8

MRAS

NANOG
NOTCH2
PAK1
PKP1
PRKACB
RRAS2
SLC7A14-AS
STRAP
TMPRSS4
WNT3

CRC vs mCRC
ANK1
ANK2
AREG
AXIN
BRAF
CASP9
CLDN1

CSNK1A1
CXXC4
DCC
DDX5
FZD4
GAB1
HIF1A
HJAG2
HSPG2
MRAS
NOTCH1
NOTCH2
PKP1
PPP1R12A
PPP1R12B
STRAP
TLR2
TMPRSS4
WNT2
WNT3

B.

FGFR1
ITGAS
KDR
MAPK8
PRKACB
CLDN1
DCC
FZD4
GAB1
HIF1A
MRAS
NOTCH2
PKP1
STRAP
TMPRSS4
WNT3

Control vs CRC
1,1310
-1,3353
-1,7629
-1,4414
0,9980

Control vs mCRC
1,8950
-1,8349
-1,6720
-2,0159
1,8258
1,8956
-0,8796
0,8898
1,9759
1,4472
0,8371
3,0175
2,0708
1,6300
1,6870
1,4253

CRC vs mCRC

1,9871
-0,7599
1,0627
1,2629
1,5358
0,9631
1,5835
1,5385
1,3313
0,1738
1,6857

Genes listed in Table 3.4 were analyzed in ShinyGo webtool for detailed

information about their genomic and functional identity. The first graph obtained is

showed the first 20 pathway related to these 10 genes (Figure 3.28). Pathways in

cancer, Wnt signaling pathway, PI3K-Akt signaling pathway, and focal adhesion are

shown to be enriched. Fold enrichment dot plot of associated pathways (Figure 3.28),

the hierarchical clustering tree shows correlation between enriched pathways (Figure

3.29) and network depiction of relation between enriched pathways (Figure 3.30) are

shown below.
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Figure 3.28: Fold enrichment dot plot of associated pathways for control vs CRC comparison. Bigger dots indicate
higher number of genes included.
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Figure 3.29: A hierarchical clustering tree which summarizes the correlation among significant pathways listed
in Figure 3.19. Bigger dots indicate signifiant p-values.
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Figure 3.30: This network shows the relationship between enriched pathways for control vs CRC filtered gene
list for colorectal cancer and proteoglycans in cancer.. Two nodes are connected if they shared 20% or more
genes. Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent more
overlapped genes.

3.4.1.2. Control vs. mCRC Results

Genes listed in Table 3.4 were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 21 genes (Figure 3.31). Pathways in
cancer, MAPK signaling pathway, RAS signaling pathway, and regulation of actin
cytoskeleton are enriched. Fold enrichment dot plot of associated pathways (Figure
3.31), the hierarchical clustering tree shows correlation between enriched pathways
(Figure 3.32) and network depiction of relation between enriched pathways (Figure

3.33) are shown below.
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Figure 3.31: Fold enrichment dot plot of associated pathways for control vs mCRC comparison. Bigger dots
indicate higher number of genes included.
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Figure 3.32: A hierarchical clustering tree which summarizes the correlation among significant pathways listed in
Figure 3.31. Bigger dots indicate signifiant p-values.
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Figure 3.33: This network shows the relationship between enriched pathways for control vs mCRC filtered gene
list for colorectal cancer and proteoglycans in cancer.. Two nodes are connected if they shared 20% or more
genes. Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent more
overlapped genes.

The “Colorectal Cancer” and “Proteoglycans in Cancer” genes of control vs
mCRC comparison listed in Table 3.4 inclued several transcription factors (TFs).
Genecodis selects TFs among the list and analyzed the association of genes as TFs in
pathways. These TFs have role in pathways in cancer. Moreover, metabolic pathways
such as starch ans sucrose metabolism, carbon metabolism ad fructose metabolism
were enriched (Figure 3.34). These pathways also enriched in total differential gene

list analysis.
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Figure 3.34: The enrichment map of pathways in cancer, endocytosis, and signaling pathways related genes
obtained from the gene list of control vs mCRC differential expression analysis.

3.4.1.3. CRC vs. mCRC Results

Genes listed in Table 3.4 were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 27 genes (Figure 3.35). Pathways in
cancer, colorectal cancer, and hepatocellular carcinoma are enriched. Fold enrichment
dot plot of associated pathways (Figure 3.36), the hierarchical clustering tree shows
correlation between enriched pathways (Figure 3.37) and network depiction of relation

between enriched pathways (Figure 3.38) are shown below.
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Figure 3.35: Fold enrichment dot plot of associated pathways for CRC vs mCRC comparison. Bigger dots indicate
higher number of genes included.
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Figure 3.36: A hierarchical clustering tree which summarizes the correlation among significant pathways listed in
Figure 3.35. Bigger dots indicate signifiant p-values.
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Figure 3.37: This network shows the relationship between enriched pathways for CRC vs mCRC filtered gene list
for colorectal cancer and proteoglycans in cancer. Two nodes are connected if they shared 20% or more genes.
Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent more overlapped genes.

The “Colorectal Cancer” and “Proteoglycans in Cancer” genes of control vs
mCRC comparison listed in Table 3.4 included several transcription factors (TFs).
Genecodis selects TFs among the list and analyzed the association of genes as TFs in
pathways. These TFs have role in pathways in cancer. Moreover, metabolic pathways
such as starch ans sucrose metabolism, carbon metabolism ad fructose metabolism
were enriched (Figure 3.38). The PI3K-Akt signaling pathway and glycolysis-
glucogenesis metabolism have both been enriched among the requires the listed TFs,
unlike the control vs. mCRC comparison. These pathways also enriched in total

differential gene list analysis.
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Figure 3.38: The enrichment map of pathways in cancer, endocytosis, and signaling pathways related genes
obtained from the gene list of CRC vs mCRC differential expression analysis.

3.4.2. Lipid Metabolism

Results from databases like KEGG, Reactome, and WikiPathways were filtered
using FDR values less than 0.05 in pathway analyses of differential gene expression
lists using webtools like DAVID, g:Profiler, and GeneCodis. Afterwards, from the
findings of the three databases for all three gene lists, genes categorized as "Lipid
metabolism", "Metabolism of lipids", and “ Metabolism of steroids” were picked

(Table 3.5).
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Table 3.5: Gene lists obtained from the pathway analysis of total differential expression lists for lipid metabolism
and steroid metabolism.

Lipid Metabolism Control vs CRC Control vs mCRC CRC vs mCRC
Control vs CRC | Control vs mCRC CRC vs mCRC ACSM6 -0,61855 1,21310 1,84940
ABCAL2 ACSBG2 ACMS6
ABCB4 ACSM6 ACOT7 FUT9 0,88507 -1,15270
ACSM6 ALDH3B2 ALG1
ALGS CYP2R1 AMDHD2 AL §2.0000C §2:22000
G ClReit ARS) INSIG2 1,07700 -1,06550
CYP7B1 DHCR? CASP9
FUT9 DLD CYP46AL PRKACB 0,99805 1,82581
GNPNATL ECH1 DGKG = . S
GPD2 ETNPPL DHCR7 - .
HSD3B1 GDE1 DLD MAPK8 -1,44140 -2,01591
NSiG, GDEDS ESYITS CYPasAL 1,50710 1,76250
INSIG2 GNAQ ETNPPL
LGAY ARIELH EDXR DHCR7 2,66180 1,92900
MAPK8 LDLRAP1 FUT9
PGM3 MK GHHIL DLD -0,90336 -0,91410
PLPP1 MED22 GNA13
EERIRTIC ORML GNAQ ETNPPL 1,67590 1,20360
PRKACB 05BP HS3ST1
SGMS2 0SBPL9 HSPG2 oNAQ e -
SIRTL PLA2G2A INSIG2
TERT PLA2G2F LIPE ORI e o
THSB1 PLA2GS LYPLA2
TSPOAPL PLAATL MECR o8P e ey
PRKACB MECR
EROCAT MED2S 0SBPLY 1,72270 1,48350
PTGES NCOA6
SLe2742 NERE7] PLA2G2A 1,66493 1,88370
STBSIA3 ORM1
BEHRT (G PLA2G2F 2,32112 2,19580
TERT 0SBPL9
PLA2G15
PLA2GS 1, 82
PLAc2s 82672 1,82490
RLA2GIR PROCAL 0,94119 1,09320
PLA2GS
PLA2R1 TBLIXR1 2,31330 2,41430
PLPPP2
PNLIPRP3
PPP2R2A
PROCAL
PRR29
SCsD
SLC10AL
sp3
TBLIXRL
TBXAS1
TKFC
TNFRSF1A
UGT8

3.4.2.1. Control vs. CRC Results

Genes listed in Table 3.5 were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 23 genes (Figure 3.39). Metabolic
pathways, pathways in cancer, cortisol synthesis, nucleotide sugar biosynthesis and
metabolism are enriched. Fold enrichment dot plot of associated pathways (Figure

3.39), the hierarchical clustering tree shows correlation between enriched pathways
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(Figure 3.40) and network depiction of relation between enriched pathways (Figure

3.41) are shown below.

Biosynthesis of nucleotide sugars = .
N. of Genes
ABC transporters = J « 2
) ) ) ® 4
Amino sugar and nucleotide sugar metabolism = . ® 5
Sphingolipid metabolism = . ® 38
® 10
Ovarian steroidogenesis = .
Longevity regulating pathway = .
geviy e o Y -logl0(FDR)
Cortisol synthesis and secretion = . ® 20
2.5
Human T-cell leukemia virus 1 infection = L] : 3.0
Pathways in cancer- @ ® 35
® 40

Metabolic pathways - @

10 20 30 40 50
Fold Enrichment

Figure 3.39: Fold enrichment dot plot of associated pathways for control vs CRC comparison. Bigger dots indicate
higher number of genes included.

| 2.8e-02 Cortisol synthesis and secretion

2.7e-02 Ovarian steroidogenesis

2.8e-02 Longevity regulating pathway

2.8e-02 Pathways in cancer

2.7e-02 Human T-cell leukemia virus 1 infection

2.7e-02 ABC transporters

| 2.7e-02 Amino sugar and nucleotide sugar metabolism

2.7e-02 Biosynthesis of nucleotide sugars

° 8.5e-05 Metabolic pathways

2.7e-02 Sphingolipid metabolism

Figure 3.40: A hierarchical clustering tree which summarizes the correlation among significant pathways listed in
Figure 3.39. Bigger dots indicate signifiant p-values.
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Sphingolipid metabolism

Ovarian steroidogenesis

_ _ Amino sugar and nucleotide
Longevity regulating pathway sugar metabolism

ABC transporters Biosynthesis of nucleotide

sugars

Cortisol synthesis and
secretion

Pathways in cancer

Human T-cell leukemia virus 1
infection

Figure 3.41: This network shows the relationship between enriched pathways for control vs CRC filtered gene list
for colorectal lipid metabolism and fat digestion and absorption. Two nodes are connected if they shared 20% or
more genes. Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent more
overlapped genes.

3.4.2.2. Control vs. mCRC Results

Genes listed in Table 3.5 were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 30 genes (Figure 3.42). Metabolic
pathways, Ras signaling pathway, fat digestion and absorption, linoleic acid
metabolism and ether lipid metabolism are enriched. Fold enrichment dot plot of

associated pathways (Figure 3.42), the hierarchical clustering tree shows correlation
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between enriched pathways (Figure 3.43) and network depiction of relation between

enriched pathways (Figure 3.44) are shown below.

Alpha-Linolenic acid metabolism =
Linoleic acid metabolism =
Fat digestion and absorption = -
Ether lipid metabolism = .
Arachidonic acid metabolism = .
Glycerophospholipid metabolism = L]
Pancreatic secretion = .
Vascular smooth muscle contraction = °
Ras signaling pathway = o
Metabolic pathways - @

25 50 75
Fold Enrichment

1
100

N. of Genes
e 50
® 75
® 10.0

-logl0(FDR)
® 35
® 40
® 45

Figure 3.42: Fold enrichment dot plot of associated pathways for control vs mCRC comparison. Bigger dots

indicate higher number of genes included.

1.9e-04 Linoleic acid metabolism

5.5e-04 Ether lipid metabolism

1.9e-04 Pancreatic secretion
2.0e-04 Ras signaling pathway

® 1.4e-05 Metabolic pathways

1.9e-04 Alpha-Linolenic acid metabolism

3.9e-04 Fat digestion and absorption

9.5e-04 Arachidonic acid metabolism
—— 1.9e-04 Glycerophospholipid metabolism

—= 4.8e-05 Vascular smooth muscle contraction

Figure 3.43: A hierarchical clustering tree which summarizes the correlation among significant pathways listed in

Figure 3.40. Bigger dots indicate signifiant p-values.
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Vascular smoothsmuscle Ethierlipid metabolism "
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Metabolic pathways
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Figure 3.44: This network shows the relationship between enriched pathways for control vs mCRC filtered gene
list for lipid metabolism and fat digestion and absorption. Two nodes are connected if they shared 20% or more
genes. Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent more
overlapped genes.

3.4.2.3. CRC vs. mCRC Results

Genes listed in Table 3.5 were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 48 genes (Figure 3.45). Metabolic
pathways, sphingolipid signaling pathway, fat digestion and absorption, linoleic acid
metabolism and ether lipid metabolism are enriched. Fold enrichment dot plot of
associated pathways (Figure 3.45), the hierarchical clustering tree shows correlation
between enriched pathways (Figure 3.46) and network depiction of relation between

enriched pathways (Figure 3.47) are shown below.
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Alpha-Linolenic acid metabolism = .

N. of Genes

Linoleic acid metabolism = .
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Figure 3.45: Fold enrichment dot plot of associated pathways for CRC vs mCRC comparison. Bigger dots
indicate higher number of genes included.

5.1e-04 Linoleic acid metabolism
3.8e-04 Alpha-Linolenic acid metabolism

— 1.2e-03 Fat digestion and absorption

1.2e-04 Ether lipid metabolism

1.8e-04 Arachidonic acid metabolism

1.8e-04 Vascular smooth muscle contraction

8.1e-04 Pancreatic secretion

® 0.2e-08 Glycerophospholipid metabolism

® 9.2e-08 Metabolic pathways

1.2e-03 Sphingolipid signaling pathway

Figure 3.46: A hierarchical clustering tree which summarizes the correlation among significant pathways listed
in Figure 3.45. Bigger dots indicate signifiant p-values.
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Vascular smooth muscle
contraction

‘ Pancreatic secretion
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Ether lipid metabolism
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Alpha-Linolenic acid
metabolism

Fat digestion and absorption

Sphingolipid signaling
pathway

Figure 3.47: This network shows the relationship between enriched pathways for CRC vs mCRC filtered gene
list for lipid metabolism and fat digestion and absorption. Two nodes are connected if they shared 20% or more
genes. Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent more
overlapped genes.

3.4.3. Rho GTPase Signaling

Results from databases like KEGG, Reactome, and WikiPathways were filtered
using FDR values less than 0.05 in pathway analyses of differential gene expression
lists using webtools like DAVID, g:Profiler, and GeneCodis. Afterwards, from the
findings of the three databases for all three gene lists, genes categorized as " Rho
GTPase signaling ", " Signaling by Rho GTPases ", and “ Rho GTPase effectors” were
picked (Table 3.6).
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Table 3.6: Gene lists obtained from the pathway analysis of total differential expression lists for Rho GTPase
signaling and signaling by Rho GTPases

A B.

Rho GTPase Signaling Control vs CRC | Control vs mCRC | CRC vs mCRC
Control vs CRC | Control vs mCRC | CRCvs mCRC MYO6 -2,0832 -2,2586
CENPF cDC37 ARHGAP2
CKAPS5 DENND1C ARHGEF5 DLGS5 -0,8912 1,5678
CLASP2 DOCK7 cDC37 CKAPS -1,3077 1,5827
CPSF7 EIF3L CFTR
s e CKAPS PKP4 -0,7553 0,9592
MYO6 FNBP1 CLASP1 PRC1 0,6121 1,0471
MYOIA KAERN e RANBP2 -1,5929 1,9402
NDUFAS LIN7B DOCK7
PKP4 MRTFA EIF3I RHOT1 1,3458 2,3420
PRC1 MYO6 EIF3L SKA2 0,7872 -1,3369
RANBP2 NETL FMNL3
RHOT1 0SBPL11 FNBP1 SIKIO 03851 §0E 180
SKA2 PAKL GNA13 cDC37 1,4232 1,7760
SIKIQ KNZ LMOX2 DOCK7 1,2229 1,3278
WASL RHOT1 1132
D3 56 EIF3| 1,1706 1,2582
RPS13 MAPREL FNBP1 1,1212 0,9980
RRAS MGE2 LIN7B 1,5646 1,4282
SHERF1 MRTFA
SNADSS NSe MRTFA 1,3486 1,2547
TRIP10 PCDH7 RND3 1,9979 1,3738
VRKZ RKGS SH3RF1 1,6299 1,8533
PLXNB1
FoPTRTN SNAP23 0,7577 0,8692
PPPIR12B TRIP10 1,7127 1,9460
PRC1
RAB7A
RANBP2
RND3
SEMAGF
SH3RF1
SKA2
SNAP23
SRGAPL
TRIP10
VIM
ZWILCH

3.4.3.1. Control vs. CRC Results

Genes listed in Table 3.6 were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 15 genes (Figure 3.48). Signaling by RHO
GTPases, RHO GTPase effectors, RHO GTPases activate formins, mitotic anaphase
and mitotic spindle checkpoints are enriched. Fold enrichment dot plot of associated
pathways (Figure 3.48), the hierarchical clustering tree shows correlation between
enriched pathways (Figure 3.49) and network depiction of relation between enriched

pathways (Figure 3.50) are shown below.
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Figure 3.48: Fold enrichment dot plot of associated pathways for control vs CRC comparison. Bigger dots
indicate higher number of genes included

3.4e-10 Signaling by Rho GTPases

7.0e-08 RHO GTPase Effectors

7.0e-08 Amplification of signal from unattached kinetochores via a MAD2 inhibitory si
7.0e-08 Amplification of signal from the kinetochores

1.2e-07 Mitotic Spindle Checkpoint

2.0e-07 Resolution of Sister Chromatid Cohesion

3.7e-07 RHO GTPases Activate Formins

1.2e-06 Separation of Sister Chromatids

1.3e-06 Mitotic Anaphase

1.3e-06 Mitotic Metaphase and Anaphase

Figure 3.49: A hierarchical clustering tree which summarizes the correlation among significant pathways listed
in Figure 3.48. Bigger dots indicate signifiant p-values.
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Figure 3.50: This network shows the relationship between enriched pathways for control vs CRC filtered gene
list for signaling by RHO GTPases and RHO GTPase activate formins . Two nodes are connected if they shared
20% or more genes. Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent
more overlapped genes.

3.4.3.2. Control vs. mCRC Results

Genes listed in Table 3.6 were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 15 genes (Figure 3.51). Signaling by RHO
GTPases, RHO GTPase effectors, RHO GTPase cycle, membrane trafficking and GTP
hydrolysis are enriched pathways. Fold enrichment dot plot of associated pathways
(Figure 3.51), the hierarchical clustering tree shows correlation between enriched
pathways (Figure 3.52) and network depiction of relation between enriched pathways

(Figure 3.53) are shown below.
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Figure 3.51: Fold enrichment dot plot of associated pathways for control vs mCRC comparison. Bigger dots
indicate higher number of genes included
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5.9e-04 Rho GTPase cycle

= 1.5e-02 NRAGE signals death through JNK
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5.3e-03 Eukaryotic Translation Initiation

5.3e-03 GTP hydrolysis and joining of the 60S ribosomal subunit

5.3e-03 Cap-dependent Translation Initiation

1.5e-02 Translation initiation complex formation

Figure 3.52: A hierarchical clustering tree which summarizes the correlation among significant pathways listed
in Figure 3.51. Bigger dots indicate signifiant p-values

86



2
Amplification of 'signal from
unattached kinetochores via a

MADZ2 inhibitory si

Signaling by Rho GTPases

w

‘N

Mitotic Spindle'Checkpoint 1
RHO- GTRase Effecto

RHO'GTPases Activate Formins

b

Amplification of signal'from Mitoti¢ Anaphase
the kinetochores

Separation of Sister
Chromatids

Mitotic Metaphase and

Anaphase Resolution of Sister

Chromatid Cohesion

Figure 3.53: This network shows the relationship between enriched pathways for control vs mCRC filtered gene
list for signaling by RHO GTPases and RHO GTPase activate formins . Two nodes are connected if they shared
20% or more genes. Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent
more overlapped genes.

3.4.3.3. CRC vs. mCRC Results

Genes listed in Table 3.6 were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 15 genes (Figure 3.54). Signaling by RHO
GTPases, RHO GTPase effectors, RHO GTPases activate formins, mitotic metaphase
and anaphase and mitotic spindle checkpoints are enriched. Fold enrichment dot plot
of associated pathways (Figure 3.54), the hierarchical clustering tree shows correlation
between enriched pathways (Figure 3.55) and network depiction of relation between

enriched pathways (Figure 3.56) are shown below.
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Figure 3.54: Fold enrichment dot plot of associated pathways for CRC vs mCRC comparison. Bigger dots
indicate higher number of genes included
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Figure 3.55: A hierarchical clustering tree which summarizes the correlation among significant pathways listed in

Figure 3.54. Bigger dots indicate signifiant p-values

88



~

Signaling by Rho GTPases

NRAGE signals death ttRM@IGTPase Effectors
Vesicle-mediated transport K

e

Rho GTPase cycle  Membrane Trafficking
GTP hydrolysis and joining of
the 60S ribosomal subunit

Translation initiation
complex formation

Eukaryotic Translation
.~ Initiation
Cap-dependent Translation
Initiation

Figure 3.56: This network shows the relationship between enriched pathways for control vs mCRC filtered gene
list for signaling by RHO GTPases and RHO GTPase activate formins . Two nodes are connected if they shared
20% or more genes. Bigger and darker nodes indicate significantly enriched gene sets. Thicker edges represent
more overlapped genes.

Genes listed in Table 3.6B were analyzed in ShinyGo webtool for detailed
information about their genomic and functional identity. The first graph obtained is
showed the first 10 pathway related to these 15 genes (Figure 3.57). Signaling by RHO
GTPases, membrane trafficking, clathrin-mediated endocytosis, and vesicle-mediated
transport are enriched pathways. Fold enrichment dot plot of associated pathways is

shown below.
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Figure 3.57: Fold enrichment dot plot of associated pathways with the shared genes in Table 3.6.. Bigger dots
indicate higher number of genes included

3.4.4. microRNA Enrichment Analysis

microRNAs that differentially expressed according to our RNA-seq results
were listed (Table 3.7). miRNAs were individually entered in miRPathDB
(mpd.bioinf.uni-sb.de/) to get detailed information about them. miRTargetLink (ccb-
compute.cs.uni-saarland.de/mirtargetlink?) was used to obtain associated network
with the interested miRNAs. Only strong and validated pathways were drawn. Targets
of miRNAs were retrieved from miRPathDB. The list of target genes and the initial
differential expression genes (Appendix 2) were uploaded into Set Comparison
Appyter (appyters.maayanlab.cloud/#/CompareSets) to get the venn diagram for the
shared genes. The shared genes were uploaded into Genecodis and ShinnyGo web

tools for pathway enrichment analysis.
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Table 3.7: The list of differentially expressed miRNAs in RNA sequencing differential expression gene lists
(Appendix 2).

microRNAs
Control vs Control vs
CRC mCRC CRC vs mCRC

hsa-mir-455 hsa-mir-3157 hsa-mir-548
hsa-mir-548 hsa-mir-4495
hsa-mir-3187
hsa-mir-4307
hsa-mir-4455
hsa-mir-3945
hsa-mir-4746
hsa-mir-3157
hsa-mir-4527
hsa-let-7d

hsa-miR-3157 (UUCAGCCAGGCUAGUGCAGUCU) was differentially
expressed in mCRC samples in comparison with both control and CRC samples. The
shared genes among its target genes and the initial differentially expressed genes were
uploaded into Set Comparison Appyter and the below venn diagram was obtained
(Figure 3.58). The shared genes were TIRAP, DYRKIA, POLL, OSBP, BRIXI,
GDE1, UBOLN4, and KNSTRN. The only associated pathways with has-mir-4495
was shown in figure 3.59. However, the only enriched pathway for the shared genes

was the non-homologous end joining pathway.
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Figure 3.58: This Venn diagram compares the inputted gene sets (0: hsa-mir-3157 target genes; 1: control vs mCRC
differential expression gene list; 2: CRC vs mCRC differential expression gene list) and displays the intersections
between them.
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Figure 3.59: The network depiction of associated pathways with hsa-mir-3157. Purple nodes represent signaling
pathways and DNA damage response related pathways. Green nodes represent the related cancer types.
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hsa-miR-4495 (AAUGUAAACAGGCUUUUUGCU) was differentially
expressed in mCRC samples in comparison with CRC samples. The shared genes
among its target genes and the initial differentially expressed genes were uploaded into
Set Comparison Appyter and the below venn diagram was obtained (Figure 3.60). The
shared genes were SLC14A2, ZMYMI, CNGAIl, LGRS, CHMPIB, RBM4l,
SLC7A2, TBC1D10B, RCAN3, SIGLECY9, CFAP44, PCM1, PCDHB7, FGFBP3,
CYTIP, NF1, SLC7A6, UBR7, CYB5R4, CSRNP3, DNAIC6, TORIA, KDM7A,
CD47, NUP62CL, ESCOI1, ERLIN2, TTF2, RIMKLA, TBC1D9, CBLN3, STXBP4,
COPS7A, GFPTI1, RNF135, DIP2B, RNF34, ZBEDI1, DYRKI1A, ABHDI7B,
ERGIC2, BRMSIL, ATADS, FZD4, TRIP10, HHIPL1, WDR76, PPP3R2, FLCN,
TLCD4, SH3RF1, CCNLI1, F2, TBL1XR1, TMEM251, FNIP1, PRPF38A, RWDD3,
DSTN, NOTCH2, UBE2L6, BRIX1, SERINC3, AP3S1, GPN2, CPSF2, STRAP,
CUL4B, UBB, DOCK7, UBAC2, CRTAP, ERIl, HMBOX, KLFI10,MAOA,
MAT2A, LADI1, KIAA0586, DLD, SOX13, TMPRSS4, PCDHB11, ANKRDS50,
OSBP, SDADI, HIVEP2, SHTNI1, HIF1A, MFSD6, NCKAPS5, FRMDS, DICERI,
DCC, SPRY4, PCDHBI15, C30RF70, SLC30A1, STC2, GNAQ, CHRM2, TFPI,
CPSF6, GABI1, IPH1, ZNF557, HOXA13, DENNDIC, ANP32R, XRN1, CD200R1,
GALNTI13, KATNBLI1, IAZF1, WNT3, FNBP1, TP53INP1, NEK1, and THAP9. The
associated pathways with hsa-mir-4495 was shown in figure 3.61. Clathrin-mediated
endocytosis, cargo recognition for clathrin-mediated endocytosis, and regulation of

FZD by ubiquitination were the enriched pathways for the shared genes (Figure 3.62).
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Figure 3.60: This Venn diagram compares the inputted gene sets (0: hsa-mir-4495 target genes; 1: control vs mCRC
differential expression gene list; 2: CRC vs mCRC differential expression gene list) and displays the intersections
between them.
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Figure 3.61: The network depiction of associated pathways with hsa-mir-4495. Purple nodes represent sprouting
angiogenesis related pathways. Red nodes represent epidermal growth factor (EGF) activated angiogenesis-related
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Figure 3.62: The network depiction of the enriched pathways for the shared genes.
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hsa-let-7d (AGAGGUAGUAGGUUGCAUAGUU) was differentially
expressed in mCRC samples in comparison with CRC samples. The shared genes
among its target genes and the initial differentially expressed genes were uploaded into
Set Comparison Appyter and the below venn diagram was obtained (Figure 3.63). The
shared genes were MSFD6, PHLPP2, TLCD4-RWDD3, TP53INP1, MRAP2,
CD200R1, TMPRSS4, RASL11B, CYP46A1, UBB, FZD4 TBC1D10B, DCC,
STAT2, FNIP1, ACTRT3, GNAQ, SDADI, SIGLECY9, SLC7A6, RIMKLA,
CSRNP3, BRIX1, ORMI1, CLDN1, TMEM251, SYT7, SNPH, DSTN, MVBI12B,
C30RF70, RNF135, PEX7, DUS4L, GFPT1, SH3RFI, FBXW4, KRT33B,
HMBOXI1, HHIPL1, MAT2A, TLCD4, STXBP4, DNAIC6, HOXA13, CBLN3,
RND3, TRIP10, NUP62CL, ATADS, CYTIP, PRPF38A, KNCAB3, SOX13, MPC2,
NFUL1, SPRY4, KATNBL1, NOTCH2, SNAP23, KLF10, MRTFA, POLL, DICERI,
WDR76, CHMPI1B, ERGIC2, XRN1, ANP32E, GALNT13, ABHD17B, DYRKIA,
ETNPPL, MAOA, TORIA, DOCK7, INPP5B, ELL, CPSF6, STRAP, USP24, F2,
PLA2G2F, CRTAP, ERI1, CNOT1, GPATCH3, RBM4, CPSF2, SLC2A1, SLC30A1,
MAPT, MRAS, ESCO1, TRIM35, FRMDS, PCDHB15, CDCA7, FNBP1, PCDHBI11,
PKP1, CCNLI, IPH1, SHTNI1, KIAA0586, THAP9, CFAP44, ZNF557, BRMSIL,
GPN2, FLCN, and GCNTS3. The associated pathways with has-let-7d were shown in
figure 3.64. Fold enrichment dot plot of associated pathways for the shared genes
between hsa-let-7d targets and mCRC differentially expressed genes shows that the
common genes were enriched in epithelial to mesenchymal transition in colorectal

cancer (Figure 3.65).
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Figure 3.65: Fold enrichment dot plot of associated pathways for the shared genes between hsa-let-7d targets and
mCRC differentially expressed genes .
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4. DISCUSSION

Reprogramming of erythroblasts of colorectal cancer patients was investigated
and healthy donors’ erythroblasts were used as control group. Cells were transduced
with Sendai viral vectors encode for the reprogramming factors Klf4, c-Myc, and a
polycistronic vector that contains KIf4, Sox2, and Oct3/4. The day after transduction
of exogenous TFs, cells were cultured on vitronectin-coated plates and two days later
cells were fed with either homemade iPSC medium (table 2.4) or TeSR-
E7/ReproTeSR medium. Depending on the donor, 6-10 days after the first colony-
forming cells appeared, which were passaged and transferred onto vitronectin-coated
plates. The reprogramming of cells of patient#2 (CRC#2-iPSCs) could not be
reprogrammed with TeSR-E7 medium. CRC#1-iPSCs could be reprogrammed with
both medium types even at the lower concentrations of Sendai vectors (MOI: 3:1.5:2).
Varied reprogramming statuses show that the efficiency of the procedure could change
donor to donor. After re-plating, single cells formed tightly packed colonies on
vitronectin and these cells were positive for alkaline phosphatase (AP) activity, which
is an early marker of reprogramming (Figure 3.5). One of the strongest indicators of
functional iPSCs is the elavated expression of the endogenous pluripotency markers.
Sox2 is the orchestrated the hierarchical network of pluripotency factors in ongoing
reprogramming (Buganim et al., 2012). Partially reprogrammed cells have lower
expression levels of endogenous pluripotency markers even if the exogeneous
transgenes are expressed. All of iPSC line reprogrammed in this thesis study were
highly expressed endogenous pluripotency genes in both protein and transcript levels
(Figure 3.6-3.8). These data indicate that continuous expression of reprogramming TFs

successfully induced pluripotency in EPCs.

The reprogramming process includes a erasing of epigenetic make-ups. In

iPSCs, DNTM3L has an important role during the erasing process (Ooi et al., 2010).
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DNMT3L is upregulated in ESCs to prevent hypomethylation of developmental genes
and keep ESCs at undifferentiated state (Neri et al., 2013). Here, DNMT3a was found
to be upregulated in iPSCs at levels comparable to their sometic origins. Successful
reprogramming procedure needs a completed MET. E-cadherin (CDH1) is considered
as a representative surface marker of MET. Epithelial transition allows to monitor the
change of non-adherent cells’ characteristics during reprogramming process and can
be considered as an early indicator of reprogramming (LiL. et al., 2010). CDH1
increased 20-fold compared to parental cells. Increased expression 1 (REX1) is an
another widely used pluripotency marker. Previous studies show that REX1-silenced
pluripotent cells lose the self-renewal capacity and mesodermal differentiation
potential (Son et al., 2013). The expression of undifferentiated embryonic stem cell
factor 1 (UTF1) is directly regulated by Oct4 and Sox2. UTF1 plays an important role
in chromatin re-organization. UTF-1 works as both transcription factor and epigenetic
factor controlling H3K27me3 deposition on the promoters of bivalent genes in
pluripotent cells (Bao et al., 2017). REX1 and UTF-1 were found to be highly
expressed in all of iPSC lines in this study.

Complex molecules called heparan sulfate proteoglycans (HSPGs) are found in
the cellular membrane and extracellular moeity. HSPGs are essential for cellular
adhesion, migration, proliferation, and signaling transduction pathways. Syndecan-2
is one of the cell surface proteoglycans and it increases in CRC and promotes cell
motility. Other two syndecan protein, syndecan-1 and syndecan-4, are decreased.
Syndecan-1 and -4 have anticancer characterictics and decrease in CRC. Glypicans
and perlecan expression levels are also altered in CRC, however, it remains unclear
how syndecans contribute to tumor initiation (Vicente et al., 2018). Our bioinformatics
results showed that Perlecan (HSPG2), which is a matrix HSPG, levels were decreased
in mCRC donors in comparison with CRC donors. In general, all of our results
demonstrated “proteoglycans in cancer” is one of the most enriched pathways in
healhty intestinal organoids of CRC and mCRC patients. The differential expression

gene lists were filtered with the key phrases “Colorectal cancer” and “Proteoglycans
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in cancer”. Obtained gene list (Table 3.4A) was uploaded into GeneCodis and ShinyGo
to retrieve enriched pathways specifically. The final result showed “Focal adhesion”,
“Wnt signaling pathway”, and “PI3K-Akt signaling pathway” were enriched in the
differentially expressed genes in CRC (Figure 3.28, 3.30). These pathways might be
linked with CRC -carcinogenesis. “Ras signaling pathway”, “MAPK signaling
pathway”, and “Regulation of actin cytoskeleton” were enriched in the differentially
expressed genes obtained from control vs mCRC comparison (Figure 3.31, 3.33).
These pathways are directly or indirectly linked with metastasis process. “Wnt
signaling pathway” was the only signaling pathway which enriched in the
differentially expressed genes obtained from CRC vs mCRC comparison. This gene
list contains 27 genes and only with these genes directly gave the cancer pathways
such as colorectal cancer, breast cancer, hepatocellular carcinoma, and gastric cancer
(Figure 3.35, 3.37). The pathway enrichment analysis was performed according to the
identified markers in previous literature. In addition to these enriched pathways
retrieved from KEGG database, carbon metabolism, glycolysis/gluconeogenesis, and

metabolic pathways were also enriched in mCRC donors.

Metabolic reprogramming is one of the driving factors of cancer initiation. The
metabolic reprogramming is carried on by mutations and epigenetic changes. Altered
epigenetic make-up and oncogenic mutations might end up with increase in cellular
stress factors such as accumulation of reactive oxygen species generation. Increasing
cellular stress can cause damage in essential macromolecules including proteins,
lipids, and DNA. Especially damaged DNA might cause genomic instability and
promote tumor development. The nutrient absorption takes place in the small intestine,
mainly. In addition, small intestine also has endocrine secretion thus certain
immunological responses are orchestrated by small intestine. In recent years the
interest in lipid metabolism has been risen as a critical factor CRC initiation, and our
understanding of underlying mechanisms remains inadequate. The role of lipid
metabolism in cell-cell and cell-tumor microenvironment (TME) communications. A
detailed molecular understanding of the role of lipid metabolism might help us to find

new biomarkers and new therapeutic approaches for CRC (Hanahan Weinberg, 2011).
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As cancer cells need elevated levels of energy to promote rapid growth, cancer cells
switch from oxidative phosphorylation to glycolysis and lactic acid fermentation,
according to the theory of Otto Warburg (Warburg, 1956 ; Warburg et al., 1927).
Recent studies showed that lipid metabolism is considered as another important
initiator of malignant transformation as cancer cells have dysregulated lipid-associated
pathways (Matsushita et al., 2021). Molendijk et al. studied on alterations in lipid
metabolism, describing lipid metabolism as a crucial factor in carcinogenesis

(Molendijk et al., 2020).

Our bioinformatics analysis showed that especially in CRC group has
differentially expressed genes associated with lipid metasbolism. Further analysis
were also done with the detailed gene list that compose lipid metabolism enrichment
network. From three differential expression gene lists, genes involved in lipid
metabolism were found (Table 3.5, control vs CRC, control vs mCRC, and CRC vs
mCRC). In Table 3.5B, the common genes are shown, the gene list is sorted, and the
log2(fold-change) values are given. The enrichment pathway analysis of the
mentioned genes featured, and they were graded based on how many genes were
present in the pathways they were linked to (Figure 3.39 for control vs CRC, Figure
3.42 for control vs mCRC, Figure 3.45 for CRC vs mCRC). Consequently, networks
of control vs. CRC and control vs. mCRC (Figure 3.41 and Figure 3.44), and networks
of CRC vs. mCRC were displayed (Figure 3.47). The primary structural components
of both networks are, in general, lipid synthesis, and lipid metabolism. If two pathways
share 20% or more genes, they are depicted as connected. Gene sets are enriched in
darker nodes. Larger gene sets are displayed by bigger nodes. Thicker edges represent
more shared genes. Fat digestion and absorption, glycerophospholipid metabolism,
and ether lipid metabolism have the thicker edges as differentially expressed in

specifically mCRC patients’ healthy intestinal organoids (Figure 3.47).

The main pathways that Ras protein functions in are the phosphoinositide-3
kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways. Many of the

known growth factors bind to receptor tyrosine kinases, which causes them to dimerize
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and autophosphorylate and initiates the downstream cascades. After the ligand
binding, the following step includes PI3Ks. PI3Ks are classified in three distinct
classes yet class IA has higher impact on the cancer initiation and development. Class
IA regulatory subunit, p85, binds to the receptor tyrosine kinase (RTKs)
phosphotyrosine residues within other adaptors. PIP2 is phosphorylated and turn into
PIP3 (Nandan Yang, 2011). By directly interacting with p110 (PIK3CA), which is
catalytical subunit, Ras can also physiologically activate the pathway (Shaw Cantley,
2006). PTEN functions a a tumor suppressor protein and can reverse the activation by
dephosphorylating PIP3 back to PIP2 (Nandan Yang, 2011). PIP3 recruits pyruvate
dehydrogenase kinase 1 (PDK1) and AKT kinases. AKT is phosphorylated by PDK1.
As a result, AKT is activated and produces a number of downstream signals. The
primary role of these signals is to aid cells proliferaten and avoid apoptosis. In our
differential expression gene list of CRC donors showed the increase in PDKI1
transcript. Under normal circumstances acetylation of AKT prevents binding of AKT
and PDK1 and their localization, yet SIRT1 deacetylases AKT and increases binding
of AKT-PDK1. SIRT1 and PDK1 expressions increased in healthy colon organoids of
CRC patients. Our findings can be interpreted as SIRT1-PDKI1 axis might be a
potential mechanism that initiates PDK1-activated effector kinases activities. PDK1 is
a crucial master kinase as it phosphorylates at least 23 downstream kinases various

signal transduction pathways (Levina et al., 2022).

Ras mutations frequently occur with PIK3CA exon mutations (Baldus et al.,
2010). It was proposed that when Ras is mutated, it loses its ability of binding wild-
type P110. The functional binding of mutated Ras requires the altered version of
PIK3CA, which presumably will encode for mutated and shortened form of P110. In
CRC, PIK3CA mutations are reported that occur 15%—-25% and may increase PI3K
activity (Fearon, 2011). When the differential expression results of the mCRC group
are examined, it is seen that the expression of PI3K interacting protein 1 (PIK3IP1) is
significantly increased compared to the control group (Appendix 2). PIK3IP1 is found
in the literature as a negative regulator of hepatic PI3K activity. Under physiological

conditions, it allows functional binding of PI3Ks. As explained, the extensive role of
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the PI3K signaling pathway in CRC initiation, it should be considered that a protein
function as PIK3AIP1 may play a role in the development of early-stage cancer. The
fact that PIK3AIP1 expression was increased only in healthy organoids of metastatic
CRC patients. The difference between the gene expression profile of CRC and mCRC
donors might be important to assess the cancer or metastasis initiation susceptibility
of donors with different stages of malignancy. Previous studies demonstrated that

SIRT1 expression increases in colorectal cancer tissues (YuD.-F. et al., 2016).

Our bioinformatics results showed that Ras signaling pathway was enriched in
healthy intestinal organoids of mCRC donors. This pathway is initially activated when
a ligand interacts with a RTK. A ligand-bound RTK is dimerized and phosphorylated
(Reuter et al., 2000). The growth factor receptor-bound protein 2 (GRB2) attaches to
RTK while being bound by son of sevenless (SOS), and downstream complex of
proteins is recruited. GRB2-bound SOS protein binds RAS (Courtney et al., 2010).
After joining with RAS, SOS functions as a guanine nucleotide exchange factor. SOS
pulls guanosine diphosphate (GDP) molecules away from RAS, allowing guanosine
triphosphate (GTP) molecules to bind and activate it. An active GTP-Ras complex
attracts A-RAF, B-RAF, and C-RAF proteins towards the cell surface, recruited RAF
proteins are separated from their cytosolic partners and become activated; at the end
they pair up to form heterodimers that can bind to and activate the KSR1 enzyme
(Courtney et al., 2010). In a healthy cell, the aforementioned process is completely
normal and is stopped by RAS-GTPase activating (GAP) proteins. These proteins, as
their name implies, activate RAS-located GTPase enzymes, which hydrolyze GTP to
GDP and so turn RAS off (Courtney et al., 2010). AGAP-1 gene was increased in
healthy intestinal organoids of CRC donors as expected because of the non-malignant
nature of the organoids (Appendix-2). However, the same gene was decreased in
mCRC patients’ healhty organoids when their RNA profile was compared with the
CRC patients’ profiles but not with the control donors. Additionally, other GAP
proteins such as ARHGAPI12, SRGAPI, and antisense RNA-2 and -3 of SRGAP3

were also decreased in the same list (Appendix-2). This differential expression of
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AGAP-1 and other decreasing GAP proteins might indicate that the metastasis

potential of patient can be detected even before the cancer initiation.

Tight junctions, adheren junctions, desmosomes, and gap junctions form the
apical junctional complex (AJC). Monolayer polarized cells which attach to their
neighbour cells compose the epithelium lining of gastrointestinal tract. Another
function of Rho GTPases is to orchestrate both assembly and disassembly of AJC. The
disassmbly of AJC and following cell-cell adhesion loss promote signal transduction
that lead epithelial cell progression. AJC and actin cytoskeleton organization sustain
apico-basal polarity in epithelial cells. A loss in cell-cell connection and polarity,
increased proliferation rate, decreasing cell death, and acquired cell motility and
increasing invasiveness are the distict chaaracteristics of metastasis. Tight junctions
and adheren junctions are disassembled by the increasing levels of lipoproteinA (LPA)
and lower calcium levels, which result in Rho activation and finally change in
epithelial characteristic of cells and promotion of cell migration. Our mCRC healthy
colon organoids have elavated LPA levels (Appendix-2). BRAF mutation activates a
Raclb (tumor-specific splice variant of Racl GTPase), it promotes survival of CRC
cells. Our mCRC donors’ healthy colon organoids have decreased levels of BRAF, but
the levels of CDC42, Racl, and RhoA were not changed. As explained above, GAP
proteins hydrolyze RAS-bound GTP to GDP and inactivates RAS, NF1 functions as a
negative regulator of RAS. Alterations in NF1 structure disallows its efficient binding
so it cannot function as an inhibitor of Ras signaling. It was proposed that NF1 may
contribute to the initiation of CRC. Our results also showed that our mCRC data
showed increased expression of the NF1 gene compared to the control group. Although
no further mutation analysis was performed, the increase in NF1 expression in healthy
organoids of mCRC donors has led us to think that increasing levels of NF1 may be
associated with metastasis. The decrasing levels of GAP proteins indicate that Ras
signaling cannot be controlled as it controlled under physiological conditions in mCRC
patients intestinal tissue even there is no detected malignancy. Increasing levels of NF1

might has a compensatory function for reduced GAP levels. In our study, the intestinal
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organoids serve as a patient-specific in vitro models and control group did not have

differential changes in either GAP or NF1 gene levels.

Rho GTPases are essential participants in cancer cell proliferation and invasion
(Vega Ridley, 2008). A member of the Rho family named RhoA has a crucial role
sustaining cellular morphology, migration and invasion capacity of cancer cells
(Ridley, 2013). RHOT1 (Ras homolog family member T1, known as mitochondrial
Rho; MIRO-1), involves in mitochondrial transport (Fransson et al., 2003). In a 2015
study, it was discovered that pancreatic cancer lines had significantly higher transcript
levels of RHOT1. According to their research, RHOT1 might control cell migration
and proliferation by inhibiting the expression of SMAD4 in pancreatic cancer (LiQ. et
al., 2015). Another study shows that microvesicles derived from CRC cells carry
RHOTT1 protein and the microvesicles stimulated endothelial cell proliferation. Their
results indicate that microvesicles obtained from CRC cells may contribute to tumor
growth and metastasis by promoting angiogenesis-related activities (HongB. S. et al.,
2009). However, its function in CRC development and prognosis is still unclear. Our
results demonstrated that RHOT1 expression was increased in both CRC and mCRC
patients’ healthy organoids when their profiles were compared with the control donors.
There is no differential expression change between CRC and mCRC donors. This
might indicate that RHOT1 might function in cancer initiation. The cell migration
process is two distint types: mesenchymal migration and ameoboid migration.
Mesenchymal migration is the result of EMT process and includes a partial loss of
polarity and cells have fibroblastic phenotype. Ameoboid migration includes the
complete loss of polarity and cells have round morpholgy. Cancer cells can switch
between different motility formats depends on the Rho GTPase activity (Sanz-Moreno,
2008). For mesenchymal migration, Rho expression is needed to be reduced only at
one side of cells as to provide partial loss of polarity at the front of cells. The loss of
cell polarity results in stress fiber contractions and weakens cell-extracellular matrix
interation that reduces the strength of focal complexes. Membrane extension and
protrusion direct the migration. Increase in Rho GTPase expression leads the increase

of invasiveness (Vishnubhotla, 2007). PAK1, Rho-associated p21-activated kinase 1,
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and PKN2 (protein kinase novel-2) were also upregulated in mCRC donors’ healthy
colon organoids. PAK1 has a important role in lamellipodia formation. Rho binding
of PKN require the catalytic activation of PDK1 which might be the link between
dysregulated PI3K-Akt pathway and Rho GTPase signaling during the initiation of
CRC metastatis (Zhao Manser, 2005).

The tripartite-motif (TRIM) family is a single protein RING-finger E3 ubiquitin
ligase class. Cancer initiation, progression, oncogenic or tumor suppressive functions
are some of the processes which TRIM family involves. All TRIM members have
RING domain, yet the other domains like SPRY or bromo domain varies among the
members. PRY and SPRY domains are presented on the C-terminal of the proteins.
This specific portion contains PRY ans SPRY domains frrequently responsible for the
target recognition. Our CRC donors have elevated TRIM37 expression in their healthy
intestinal organoids. TRIM37 is a class VIII TRIM protein and has meprin (MATH)
domain. mCRC donors have increased TRIMS and TRIM35 expression in their
healthy intestinal organoids. TRIM35 is a member of class IV TRIM protein which
has PRY, SPRY, and COS domain. TRIMS is also a member of class [V TRIM protein
but does not have PRY domain. Previous studies showed that TRIM37 has role in
tumorigenesis through reprogramming of glucose metabolism. Also, it has an effect
on chemetherapy and targetted therapt contolling. HCC (hepatocellular carcinome),
RCC (renal cell carcinoma), and pancreatic carcinoma have differential TRIM37
expression. CRC and lung carcinoma have differential TRIM35 expression (Huang et
al., 2022). Another study showed that TRIM37 was significantly upregulated in CRC
tissue compared with the matched adjecent normal tissue (Hu Gan, 2017). Among
our samples, healthy intestinal organoids from CRC patients have significant levels of
TRIM37 expression. Although the difference between mCRC patients and control
patients is not statistically significant, it is expressed much less than in CRC patients.
In CRC cell lines, TRIM37 was both overexpressed and knocked down. Increased
TRIM37 expression was found to promote CRC cell invasion and proliferation (Hu
Gan, 2017). The studies either used CRC tissue and its paired healthy tissue or CRC
cell lines. We think that testing the function of TRIM37 in cells that have not yet
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developed into malignant cells would be more accurate to reveal the TRIM37 function
in cancer initiation. In terms of diagnostic/prognostic marker research, TRIM37
evaluation in prospective studies on its potential as an early carcinogenesis marker can
be valuable. Our hypothesis that TRIM37 may have a role in carcinogenesis is
supported by its low expression in healthy intestinal organoids of mCRC patients but
high expression in healthy intestinal organoids in CRC patients. Tumor-suppressing
properties of TRIM35 have previously been discovered in experiments with HCC cells
(ChenZ. et al., 2015). In mCRC patient organoids that have healthy phenotype,
TRIM35 expression is elevated. Since this expression increase is in organoids that
have not yet developed cancer yet the donor is known to develop CRC, we have a
speculative hypothesis that TRIM35 may have a temporary stopper impact on
carcinogenesis. Patients with low TRIMS and TRIM35 expressions showed poorer
survival rates than those with high expression, according the analysis of RNA samples
in the TCGA database. TRIM5'°Y 30% and TRIM35!°% 53% are the 5-year survival
rates, respectively (Figure 4.1-4.2). The 5-year survival rates for TRIM37 are
TRIM37"g" 67% and TRIM37'°% 57% when the TCGA data is examined (Figure 4.3).
Studies conducted in vitro demonstrate that TRIM37 affects EMT. In contrast to
TRIMS and TRIM35, TRIM37 expression levels have survival rates that are more
comparable. We believe that TRIMS and TRIM35 can be at least as conclusive as
TRIM37 in this situation.
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Figure 4.1: The survival plot of CRC patients according to the TRIMS5 expression levels. The plot was retrieved

from Human Protein Atlas on date 29.03.2023.
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Figure 4.2: The survival plot of CRC patients according to the TRIM35 expression levels. The plot was retrieved

from Human Protein Atlas on date 29.03.2023.
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Figure 4.3: The survival plot of CRC patients according to the TRIM37 expression levels. The plot was retrieved
from Human Protein Atlas on date 29.03.2023.

Hsa-mir-3157 targets were listed and shared genes with our differential
expression analysis were obtained from Set Comparison Appyter, shared genes were
listed in the results section. However, these shared genes are not associated with any
GO biological processes and pathways. Overall, all targets were analyzed and their
associated pathway is Wnt signaling pathway. The sama analysis was sone for hsa-
mir-4495. Its targets mainly associated with the regulation of cell migration and
angiogenesis. This miRNA was differentially expressed in the healthy intestinal
organoids of mCRC donors compared with CRC donors. miR-4495 might has a
reglatory role in CRC metastasis through HIF1A. Recently, there is no study focused
on miR-4495 and colorectal cancer relation. Has-let-7d is another differentially
expressed micro RNA in CRC vs mCRC comparison. Previous studies showed that
let-7d has inhibitory effect on colorectal cancer cell proliferation. Reduced expression
of let-7d was associated with poor outcome of CRC (Nair, 2012). In our mCRC
differential expression gene list, let-7d expression was high. Let-7d also has a role in
EMT process and formation of cancer initiating cells. Previous studies showed over-
expression of let-7d causes cell differentiation and neural phenotypes in vitro. Another
study showed that let-7d overexpressed fibroblasts have less mesenchymal-like but

have more epithelial-like phenotype. As in this case let-7d partially changes cell
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morphology. In general, current literature suggests that let-7d functions as a switch

between EMT and MET (Kolenda et al., 2014).

The pathway enrichment analysis of control and CRC healthy intestinal
organoids showed 6 enriched pathways: NAD+ metbolism, focal adhesion, Wnt
signaling pathway, TGF-8 signaling pathway, Hippo-Merlin signaling pathway, and
glycogen synthesis. The same analysis for control and mCRC donors showed 7
enriched pathways: eicosanoid synthesis, Hippo-Merlin dysregulation, HIF1A
regulation of glycogenesis, lipid metabolism, Ras signaling, EMT in colorectal cancer,
and regulation of microtubule cytoskeleton. The last comparison was done for CRC
and mCRC donors, only three pathways were enriched: amplification and expansion
of oncogenic pathways, Wnt/B-catenin signaling by small molecules, and regulation
of microtubule cytoskeleton. VEGF receptor mediating signal transduction and
PI3K/Akt/mTOR signaling pathway were also enriched for mCRC donors with lower

SCOICS.

VEGF receptor mediating signal transduction is induced by VEGF ligands.
VEGFR1 (FItl) and VEGFR2 (KDR) are VEGF receptors. The main VEGF
mechanism promotes angiogenesis through endothelial cell proliferation is VEGF
signaling through KDR. The VEGF/KDR signaling cascade has cumulative effects on
tumor growth and invasion (Dong et al., 2012). When VEGF and KDR interact with
each other, MAPK and PI3K/Akt, and other downstream signaling pathways are
activated and the activation favors the survival of endothelial cells (Dong et al., 2012 ;
Shibuya Claesson-Welsh, 2006). 3.3% of people with CRC have differential
expression in KDR (AACR Project, 2017). In our findings, KDR is downregulated in
both groups when CRC and mCRC are analyzed with control donors separately.
However, FIt1 expression was decreased in mCRC donors in comparison with CRC
donors. There are no statistically significant change in control vs mCRC results. This
might be interpreted as Flt1 possibly had slightly higher expression in CRC donors but
the difference was not statistically significant. The similar case is must likely be

applicable for control vs mCRC comparison as mCRC donors had lower Fltl
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expression than control donors but there is no statistically significant difference. Yet,
the expression difference between CRC and mCRC donors is statistically significant.
VEGF signaling is activated in CRC metastasis; bevacizumab, which is a monoclonal
antibody targets VEGF, is currently used for metastatic CRC. If the patient-specific
mechanism that mediated VEGF signaling in CRC can be detected before the
metastasis proceeds, metastasis can be avoided thorugh the inhibition of dominant
VEGEFR that promotes malignancy. Another downstream VEGF signaling protein is
NOSI1 (neural nitric oxide synthase 1), which responsible for nitric oxide (NO)
production after the FItl activation by VEGF-B. NO accumulation promotes
angiogenesis and vascularization. In our differential expression list of CRC vs mCRC
comparison, NOS1 expression was downregulated in parallel with Flt1 expression and

there are no significant changes in other two gene lists (Appendix-2).

HIF1a is one of the master proteins that has role in angiogenesis, tumor growth,
and EMT in several cancer types. Increasning levels of HIF-1 expression was
associated with metastatic tumor aggressiveness in the liver, according to a prior study
(Wada et al., 2020). Another study showed that HIFla expression changed from
primary to metastatic areas, and that a high level of HIF1a expression in the metastatic
site was associated with a poor prognosis (Shimomura et al., 2013). To sum, HIF1a
expression may play a crucial part in controlling tumor aggressiveness in colorectal
liver metastasis (CRLM). Our findings showed that HIF1a, HK1, and BAP1 increased
in healthy intestinal organoids of mCRC patients. HK1 is a one of the HIFI
downstream genes and BAPI1 is one of the upstream genes. HIFla is a crucial
regulatory gene that activates glycolytic genes like HK1 and promotes metabolic
adaptation in cancer cells. HIFla expression is expressen in both primary CRC and
matched metastatic tissues (Yin et al., 2020). HIF 1a overexpression is associated with
the poor prognosis of CRLM (Wada et al., 2020). In this study, mCRC patients have
liver metastasis and their healthy colon organoids showed elevated levels of HIF1a.
This differential expression change between mCRC organoids and CRC organoids
might be an important indicator that upcoming metastasis of colorectal cancer. HIF1a

also induces VEGF expression either directly or indirectly. Recent studies demonstrate
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that HIFla and VEGF are overexpressed in both CRC tissues and their matched
metastatic tissues (Uttarawichien et al., 2021). Our transcriptome analysis showed that
both Fltl and KDR were downregulated in mCRC healthy organoids. Increased HIF1a
levels and decreased VEGFR levels might be seen as a controversy. However, nuclear
translocation of HIF1a is important for VEGFR signaling cascade and the elevated
expression does not an indicator of functional translocation of the HIF1a protein. As
we examined, Flt]1 and KDR expression levels of mCRC organoids were lower than
the control organoids. There might be an unknown mechanism that possibly strings on
the induction of Fltl and KDR expression levels. If this is the case, HIFla increase

cannot be enough to trigger angiogenic cascades through VEGF signaling.

The most common reason for mortality in people with CRLM. The liver
resection is not a permanent treatment for CRLM as majority of patients experience
recurrence following liver surgery. Current understanding of CRC carcinogenesis has
broaden with the characterization of genetic changes in this disease. Potential
biomarkers were found in CRC and CRLM tissues by numerous proteomics
investigations that have been reported. When we examined our transcriptome results,
we found that 5 genes that have been identified as CRLM associated markers increased
in healthy organoids of mCRC patients in comparison with healthy CRC organoids.
These genes are FNDC1, JAG2, ADAMTS3, AP2A1, and HNRNPA2BI1. FNDCI1 is
an extracellular matrix protein encoding gene and its identified as characteristics of
CRLM (Naba et al., 2012). ADAMTS3 and JAG2 are associated with vascular
invasion in CRLM tissues (Kirana et al., 2019). AP2A1 and HNRNPA2BI1 are also
significantly correlated with CRLM (YangW. et al., 2019). These 5 genes were
identified as specific biomarkers in CRLM tissues. Our patient-specific intestinal
organoids did not have malignant characteristics but their donors have CRC or mCRC.
Our results showed all five genes were upregulated in intestinal organoids of mCRC.
It can be interpreted as 5 genes can be earlier biomarkers that indicate further
metastatic characteristics of a possible primary colorectal cancer. Moreover, C1RL
gene is also identified as a CRLM associated protein, but our results showed that our

mCRC healthy organoids have increasing expression of its anti-sense RNA C1RL-
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AS1. Anti-sense RNAs are a class of non-coding RNAs, and they can function as
transcriptional regulators. Anti-sense RNA can both increase and decrease the gene
encoded by their sense strand. The function of CIRL-AS1 is unknown but it might

have an important role in CRC metastasis

RNA-binding proteins (RBPs) involve in the maintaining cellular homeostasis
as they regulate post-transcriptional gene expression (Mittal et al., 2009). RBPs have
roles in transcriptional regulation of both tumor proteins and tumor-suppressor
proteins in various cancer types (Pereira et al., 2017). Chang et al. obtained the raw
RNA-Seq data of colorectal cancer patients from TCGA in 2021 and discovered 472
RBPs genes that were differentially expressed. Next, they carried out enrichment
analysis on genes that had been up- and down-regulated. They discovered CELF4,
LRRFIP2, ZNF385A, and PPARGCI1A as the four down-regulated RBPs (Chang et
al., 2021). Our enrichment analysis revealed that ZNF385A expression was
downregulated in healthy organoids from patients with CRC and mCRC. We suggest
that studies can be conducted in this area and that the decrease in ZNF385A expression
shown in intestinal organoids, where cancer growth has not yet been identified, can be

considered as an early marker.

Dysregulation of protein synthesis is a known background mechanism of the
cancer development. More than one signaling pathways contribute the translation
initiation process. In CRC, translation initiation is dysregulated and the dysregulated
initiation leads translational reprogramming. The reprogramming ends up with the
selective translation of mRNAs especially genes that are critical for the oncogenic
processes. Alterations in Wnt, MAPK, and PI3K/Akt pathways were common in CRC
formation and progression. To support varitey of oncogenic phenotypes, cells
selectively translate certain mRNAs through shifting their translation process. The
primary initiation mode is cap-dependent but it can be suppressed in response to
physiological/pathophysiological stress factors. Under such conditions, cell can switch
to cap-independent translation initiation mechanism. At this point, the translation

initiation machinery promotes the increasing in cellular stress response genes (Minnee
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Faller, 2021). Our bioinformatics results showed that only in mCRC donors display
the alteration in translation initiation-related genes. When mCRC results compared
with control donors, eukaryotic initiation factor 3 (elF3) and eukaryotic initiation
factor 5B (elF5B) were differentially upregulated but when mCRC donor compared
with CRC donors there is no statistically significant change in these two genes. This
situation might be interpreted as these genes were probably show expression change
in both CRC and mCRC patients healhty intestinal organoids. However, CRC donors
do not have significant expression change in comparison with healthy donors. The
change in cap-dependent translation and joining of 60S ribosomal subunit to 48S
protein initiation compelex (PIC) might have a connection between the matastasis
process. As our network results displayed that joining of 60S ribosomal subunit also

has statistically significant.
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5. CONCLUSION AND FUTURE ASPECT

The villi, which are tiny finger-like structures, and the crypts, which are
invaginations of the epithelium around the villi, are the two connected structures that
make up the small intestinal epithelium (Allaire et al., 2018 ; van der Flier Clevers,
2009). Every 4-5 days, the intestinal epithelium undergoes complete regeneration and

the process is mediated by constant cell division and maturation in crypts.

RNA sequencing provides a broad differential mRNA profile. We sequenced
three samples for eah group and performed dual comparison. The gene lists obtained
from the analysis were given in Appendix 2. Reprogramming of metabolism,
carcinogenesis related signal transduction pathways, proteoglycans in cancer, and Rho
GTPases were interpreted in parallel with the bioinformatics analysis. For the better
understanding of cancer initiation and underlying mechanisms that push metastasis,
further investigations are crucial. Proteoglycan regulation, lipid metabolism, VEGF
signaling, Rho GTPases, and protein initiation machinery are the most promising

concepts to asses cancer initiation and susceptibility.

Proteoglycans are located in basement membrane and lamina propria in
intestinal tract. They involve tissue regeneration and tissue repair mechanism. As
intestinal tract undergoes constant tissue regeneration, the errors occur in
proteoglycan-cell or proteoglycan-ECM interaction might lead cancer initiation.
Syndecans and glypicans are the specific proteoglycans that help tissue maintenance
of small intestine. Our bioinformatics results showed that Perlecan (HSPG2), which is
a matrix HSPG, levels were decreased in mCRC donors in comparison with CRC
donors. The further investigations of HSPG2 and revaling its molecular interaction

might have an impact on the understanding of cancer initiation.
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Lipid metabolism is important energy supplier for intestinal stem cells (ISCs)
and its tightly regulated in intestinal tissue. Cell membrane and ligand biosynthesis
require lipid and fatty acid supply. Morover, sphingolipid biosynthesis is crucial for
ISCs maintanence and sphingolipids involve signal transduction pathways. As
previously explained, distrupted sphingolipid metabolism is associated with intestinal
diseases and CRC. Fatty acid oxidation (FAO) is another important process for the
intestinal tissue regeneration. It is the process that break down fatty acids for energy
and the reprogramming of FAO might be one of the cancer initiating metabolic

alterations.

VEGF signaling is a well-known pathway that involve intestinal tissue
regeneration. Intestinal epithelium turn over is maintained by proliferation and
differentiation of ISCs and the VEGF signaling is one of the promoting mechanism.
The dysregulation of VEGF signaling ends up with CRC development and VEGF
signaling is a valuable pathway to examine for new biomarkers to assess cancer
susceptibility of individuals. FIt] and KDR expression were differentially changed in
our CRC and mCRC donors’ healthy intestinal organoids. Also, HIFla levels were
upregulated in mCRC organoids. However, the location of HIF1a is critical for the
functioning of HIF1a. For the deeper understanding, protein localization of HIF1a and

other molecular interaction between VEGFRs have to be examined.

Small GTP binding proteins involve in almost all cellular processes. Rho
GTPases is one of the small GTP binding proteins and they have roles in cell migration
regulation, cytoskeleton organization, and proliferation. Our bioinformatics results
showed that several Rho GTPase related genes (Table 3.6) were differentially
expressed in the intestinal organoids of CRC and mCRC donors even the organoids
have no malignant phenotype. Several GAP genes, AGAP-1, ARHGAP12, SRGAPI,
and antisense RNA-2 and -3 of SRGAP3, NF1, PI3K-involved genes, SIRT1, PDKI,
PAK1, and PKN2 are involved in Rho GTPase cascade. The links between these genes
and PI3K-Akt pathway/VEGF pathway are worth to examine for deeper understanding

of molecular organization in in vitro healthy intestinal model of CRC/mCRC donors.
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The protein translation initiation machinery is another crucial mechanism that
has to be maintained for the healthy intestinal tissue regeneration. Dysregulation of
protein translation initiation machinery is reported as a factor of CRC development.
Our results showed that genes involved in cap-dependent initiation and 43S protein
initiation complex formation were decreased. As we know, cells can shift their cap-
dependent protein translation initiation mechanism to cap-independent mechasims
towards their cellular needs. Cap-independent mechanism favors the upregulation of
cellular stress response genes. Morover, eiF5B and eiF3L are genes involved in the
joining of 60S ribosomal subunit to 48S protein initiation complex were increased.
The differential expression changes in eukaryotic translation initiation complex
proteins might be the beginnig of metabolic reprogramming of proteins which

associates with CRC development.

We conducted a joint analysis of our results with two different published
datasets. The first data set used (GSE32323) included gene expression profiling of
cancer tissue biopsies accompanied by healthy colon biopsy of 17 CRC patients
(Khamas et al., 2012). Of the CRC patients in this data set, 10 were non-metastatic, 7
were metastatic. In our own sample, our groups were grouped into non-metastatic and
metastatic. When the DEG list of the data set was created, patients were grouped by
metastatic status. According to the statuses of the DEG lists (GSE32323 without
metastasis and GSE 32323 with metastases), crossings with our DEG Lists were
examined as “Control vs CRC” or “Control vs mCRC”, “CRC vs m CRC”. (Figure
4.4). In our own sample, our groups were grouped into non-metastatic and metastatic.
When the DEG list of the data set was created, patients were grouped by metastatic
status. When the results were examined, when the healthy intestinal organoids of
metastatic patients were compared with the metastasized patient samples, the results
found to be more meaningful than in the non-metastatic comparative group. In
particular, the Rho GTPase signal pathway was also found to be enriched when
compared with patient samples in metastatic groups. In addition, protein translation

initiation and ribosomal activity were also shown to be prominent in metastatic groups.
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CRC vs mCRC comparison of metastatic patient samples contains a total of 232 genes

in the intersection set (Figure 4.4).
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Figure 4.4: Results of intersection of DEG lists obtained from RNA-seq results of healthy intestinal organoids of
non-metastatic (A) and (B-C) CRC patients with GSE32323 dataset. The results of pathway enrichment analyses
of the obtained common genes are given in the right panel.

The analyses we did up to this stage were based on comparisons of studies at the
mRNA level. Another published CRC study (GSE25071) was used to compare the
results we obtained at RNA level also in the protein level (Danielsen et al., 2011). This
data set included microarray data from a total of 31 CRC patients. Colon tissues used
as controls in the data set are not accompanying healthy tissue biopsies, as opposed to
the GSE32323 data set, but control biopsy samples taken from healthy individuals.
With the GSE25071 data set, when we examined the correspondence of 232 genes at
the protein level in CRC patients, which are the intersection of metastatic samples we

obtained in the previous stage, we found that 69 genes were common (Figure
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4.5).When the pathway enrichment analysis of the 69 gene was carried out with
Metascape, the protein translation initiation, the Mitotic cell Cycle and the VEGFA-
VEGF2 signal pathways were enriched. Change in cellular metabolism, protein
translation machinery and Rho GTPase signal pathway are the three most prominent

concepts in this regard.
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Figure 4.5: A list of common genes with the GSE25071 microarray data set of 232 genes, which is the intersection
of our CRC vs. mCRC DEGQG list with GSE32323 dataset.
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OZET

Metastazh ve Metastazsiz Kolorektal Kanser Hastalarmn Indiiklenmis
Pluripotent Kok Hiicrelerinden Saghkh Organoidlerinin Gelistirilmesi ve Transkriptom
Analizi

Kanser giiniimiizde 6liim orani ve goriilme siklig1 yiiksek multifaktoriyel bir hastaliktir.
Bir gastrointestinal kanser tiirii olan kolorektal kanser (KRK) her y1l diinya genelinde yaklagik
700.000 insanin 6liimiine sebep olmaktadir. KRK olusumuna neden olan mekanizmalar su an
icin kismi olarak genetik faktorlerle aciklanmaya calisilsa da net bir kanser baslangig
mekanizmasi ortaya konulmamistir. Yas ve ¢evresel faktorler KRK olusumunda 6n plandadir
fakat kolon hiicrelerinin bu gibi faktorlerden neye gore etkilendigi hala bilinmemektedir.
Erken teshis, diger kanser tiirlerinde de oldugu gibi, KRK i¢in de hayati 6nem tasir. Giincel
olarak kullanilan en giivenilir KRK tan1 yontemi distal kolon ve rektum i¢i kolonoskopi
sirasinda alinan siipheli doku biyopsilerinin patolojik incelemesidir. Ancak KRK hastalarimin
hissedilir belirti vermesi genellikle daha ileri evrelerde oldugu igin heniiz sikayeti olmayan
bireylere bu kadar invaziv bir yontemin erken tani i¢in uygulanmasi pratik degildir. Bu
sebeple, KRK gelisiminin erken tanisinin konulabilmesi i¢in yeni metotlarin gelistirilmesi
olduk¢a dnemlidir. Indiiklenmis pluripotent kok hiicreler (iPKH), somatik hiicrelere temel
pluripotensi transkripsiyon faktorlerinin (Oct4, Sox2, KIf4, c-Myc) aktarilmasiyla
olusturulmaktadir. Embriyonik kok hiicre evresine yeniden programlanan iPKH’lerin en temel
ozelligi lic germ yapragina ait hiicre tiplerine farklilasabilme kapasiteleridir. Giincel olarak
kanser caligmalarinda kullanilan hiicre modellerinin kanserin son evrelerini simiile ediyor
olmasi in vitro caligmalarin kanser baslangici ve gelisimi iizerine yogunlasabilmesinin 6niinii
kesmektedir. Ozelikle erken tan1 ve kisiye uygun tedavinin belirlenmesi konusunda iPKH’ler
umut vaat etmektedir. Bu tez ¢aligmasinda KRK hastalarimin periferik kanlarindan izole edilen
eritroid progenitdr hiicreler Sendai virlis sistemiyle yeniden programlayarak kolon
organoidlerine farklilastinnldi. KRK hastalarina ait saglikli  kolon organoidlerinin
gelistirilmesinin ardindan RNA sekanslama yontemi ile transkriptom analizleri tamamlanda.
KRK gelisen bireylerde kanser olusumunda yatkinlia sebep olabilecek transkriptom
seviyesinde Oriintiilerin olup olmadig1 bu sekilde degerlendirildi. Bu tez calismasinin basariyla
tamamlanmasinin ardindan KRK’in bireylerde gelismesinden dnce bu hastalarin saglikli kolon
organoidlerinde zaten kanser ile iliskilendirilmis yolaklarin saglikli-kanser 6ykiisii olmayan
donorlere kiyasla farkli bir profilde ifade edildigi goriildii. Ek olarak metastazsiz ve metastazli
hastalarin saglikli kolon organoidlerinde de epitel-mezenkimal trasizyon ile iliskili gen
kiimelerinin diferansiyel olarak ifade edildigi gortildii.

Anahtar sozciikler: Kolorektal kanser, indiiklenmis pluripotent kok hiicre (iPKH), kolon
organoid, RNA-seq
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SUMMARY

Generation Of Patient Specific iPSC-Derived Healthy Organoids from Primary
Colorectal Cancer Patients With/Without Metastasis and Transcriptome Analysis

Cancer is a multifactorial disease with high mortality and incidence rate. Colorectal
cancer (CRC) is a type of gastrointestinal cancer and causes about 700,000 deaths worldwide
every year. Although CRC propagation mechanisms are partially explained by genetic factors,
a clear cancer initiation mechanism has not been revealed. Age and environmental factors are
particularly prominent in non-hereditary (sporadic) CRC formation, but it is still unknown
how and why certain colon cells are affected by such factors. Early diagnosis is vital for CRC,
as in other types of cancer. The most reliable diagnostic method is the pathological
examination of suspicious tissue biopsies taken during colonoscopy in the distal colon and
rectum. However, since the perceptible symptoms of CRC patients are usually at more
advanced stages, it is not practical to apply such an invasive method for early diagnosis to
individuals who do not yet have any complaints. For this reason, it is very important to develop
new methods for the early diagnosis of sporadic CRC development. Induced pluripotent stem
cells (iPSCs) are formed by transferring certain pluripotent transcription factors (Oct4, Sox2,
Klf4, c-Myc) into somatic cells. The most basic feature of iPSCs, which are reprogrammed to
the embryonic stem cell stage, is their ability to differentiate into cell types of three germ
layers. The fact that the cell models currently used in cancer studies simulate the final stages
of cancer limits in vitro studies from being able to study cancer initiation and development. In
particular, iPSCs show promise for early diagnosis and determination of appropriate treatment.
In this thesis study, we reprogrammed erythroid progenitor cells from peripheral blood of CRC
patients into iPSCs by using the Sendai viral system. After that, we differentiated iPSCs into
colon organoids. Following the development of healthy colon organoids of CRC patients,
transcriptome analysis was done by RNA sequencing. Whether there were transcriptomic
patterns that may cause susceptibility to cancer formation in individuals who develop CRC. In
this way, it was assessed to see if there were any trends at the transcriptome level in people
who had CRC that would indicate a susceptibility to cancer. After this thesis was successfully
completed, it was discovered that the pathways already linked to cancer were expressed
differently in healthy colon organoids from CRC patients in comparison with the donors
without a history of cancer. Also, it was shown that the expression of gene clusters linked to
the epithelial-mesenchymal transition shifted between healthy colon organoids from patients
with and without metastases.

Key Words: Colorectal cancer, induced pluripotent stem cells (iPSC), colon organoid, RNA-

seq
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APPENDIX-2

Total Gene Number p-value cut off

Control vs CRC 309 0.05

Control vs mCRC 572 0.05

CRC vs mCRC 913 0.05
Control vs CRC

Gene ID log2(FC)
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REM?2 -1,7094

154



SHTN1 -0,8666
SIGLEC9

SLC28A1

SLC8B1

SORCS1

155



ST8SIA3

TMEM218 -0,8152

156



TRAF3IP1 -2,2331

UBL7-AS1
UBXNS -1,6151
UCN -2,1330

157



ZNF385A -2,2308
ZNF442 -1,1648
ZNF454 -1,7851
ZNF480 -1,7553
ZNF557 -1,5299
ZNF563 -1,2049

ZNF610 -1,0016

ZSCAN18 -1,1872
CRC vs mCRC

GenelD Log2FC

A2M -0,7216

ADI1 -1,3267
AGAPI1 -2,5168

158



ALDHI1L2 -0,8183

AMDHD?2 -1,5040

ANKRDS53 -1,1680
ANO6 -1,8059
ANP32E -1,0990
AP2A1 -1,2764

APCDDIL -1,2554
APOBEC3C -1,2895
APOBEC3F -1,2360
APOH -1,0716

ARCNI1

ATG2B -1,8617

ATP6V1B1

159



BBOXI -1,5634
BCAN -1,1071

BHLHEA41 -1,1812

BIVM

BRAF -1,0496

Cllorf87 -1,3876
C12o0rf40

Clorfl67-AS1 -1,3116
1QTNF1-AS1

C20rf27B

CCDC14

160



161



CNOT1 -0,8860
COCH -1,8555
COL3A1 -1,8579

COL6A3 -1,4113

CT75

D2HGDH -1,0657
DCAF6 -0,8089
DCC -0,7599
DCDC2B -1,2731

‘ppcast  1em0)
DDN -1,4198
DDX18 -0,9501

DDX47

DEFB119 -0,8753

162



DGLUCY

DIS3L2 -1,5002
DLD -0,9141
DLGI1-AS1

DMBT1 -1,0811

DMXL2 -1,2708
DNAHI11 -1,4074
DNAJB6

DNASE1L2

DPYSL3

DTNB

EFCAB14

EIF2AK4 -1,0623
EIF2B3 -1,5952
EIF31 -0,9523

163



ELOA -0,9434
ENTPD7 -1,6533
EPN2-AS1 -1,3847

EPS8

FADS6 -1,1670
FAM118A -0,9508

FAM229B

FANCD20S -0,8385
FAXC -1,2090
FBXO11 -1,1151

FBXO16

FDXR -1,4931
FGFBP3 -2,1363
FGFR10P -1,0158
FIBIN -1,4355
FIGNL2 -1,2614

FLCN -1,1235

164



FLJ39095

FLNC-AS1 -0,8593
FLT1 -1,2394

GAB3 -1,6040
GADD45GIP1

GCSAML-AS1 -1,1787
GDF5-AS1

GFPT1

GOLGAGL6 -1,9538
GOLIM4 -0,9101
GON4L -1,0118

165



GPR15 -0,8208
GPR61 -1,1548
GREM1 -1,6680

HOGAL1 -1,0856
HOXAI13 -1,8107
HOXAS

HPF1 -1,0941
HS3ST1

HSPG2 -1,1888

IGSF9B -1,1137

166



INSIG2 -1,0655
INTS6 -1,3259
1QCC -1,0421

KIAA0586

KLHL23 -0,8472
KMT2D -1,7908

KRT7 -1,2014
KRT80 -1,0239
KRT8P41 -1,2638

167



KRTAP4-2 -1,4975

LENG8-AS1

LINC00470

LINC00592

LINC01093 -1,2714
LINCO01143

LINCO01583 -1,9274
LINC01592

LINCO01686

LINC02003 -1,3166
LINC02029 -1,6622
LINC02050 -1,8066

LINC02197 -0,9742

168



LINC02443

LMBRD1 -0,9423
LMNBI1-DT

LOC100131496

LOC101926935

LOC101927377

LOC101927908 -1,3793
LOC101927914

LOC101928847 -0,9874
LOC101928882

LOC102724604 -1,1579
LOC102725021 -1,1104

169



LOC107985939 -1,0250
LOC145783 -1,4735
LOC284412 -1,0763

LOC284898

LOC645177

LSM10 -0,8701
LYPLA2

MALATI1 -1,5348

MAN2B2 -1,0169

MAPRE1 -0,8180
MAPRE2 -1,3763

MARF1 -0,9092

MARVELD?2 -1,7108

MCF2 -1,2651

170



171



172



PARP14 -1,0303
PARP15 -1,1798
PAUPAR -1,6489
PAWR -1,4323

PFKFB1 -1,0142

PKNOX2-AS1

173



PLXNBI1 -1,1793
PML -1,4943

PPPIRI12A -1,1396
PPPIR12B -1,0529
PPP1R3D -1,0654
PPP2R2A -0,9171
PPP3CB -1,0403

PPP4RIL -1,1245

PRR26 -0,7795
PRR29 -1,1232
PRR30 -0,9925

174



PTBP1 -1,0688

PYROXD1 -1,8552

RAP1GDS1

175



RTN3 -0,8444

SATBI 22,7296

SELENOKP3

SEPTIN7P2

SESTD1

SHTN1 -0,7565
SIGLEC7 -1,4872
SIGLEC9 -1,9826
SKA2 -1,3369

SLC10A1

176



SLC23A3 -1,5128
SLC24A1

SLC38A8 -1,2949
SLC41A2 -0,8857
SLC43A3

SPX

SRGAP1 -1,1940
SRGAP3-AS2 -1,0506
SRGAP3-AS3

SRP68 -0,7880
STARDA4-AS1

177



SUSD6 -1,2018

TESPA1

TLR2 -1,2675

178



TMEM272 -1,1116

TMX1 -0,9047

TP53111

TRMU -1,5483
TTC38 -1,4229

TXLNA -1,1291

UBR3 -1,1177

UPK3A -1,0829

179



180



181






