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Brief Definition of Research topics
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Diagnostic

Colorectal cancer (CRC) is one of the most common cancer-related causes of death
worldwide'. In the early stages of the disease, surgery and tumor resection are the
primary and preferred methods of treatment. However, the success of these methods
relies entirely on the time of diagnosis®. Colonoscopy programs are known to be the
most efficient method for detecting this type of cancer, however, socioeconomic factors
and the invasiveness of this method in nature are two setbacks for patients to use it>. At
the time of diagnosis, around one-third of patients are in the stage of lymph node
involvement (stage III) and one-quarter of them are in the stage of cancer cells invading
adjacent tissues without lymph node involvement (stage I1)°. Survival in CRC depends
on the stage of the disease*. According to American Cancer Society (ACS), year 2020
the five-year disease-free survival (DFS) for CRC patients in stage I was about 90%,
with a very low probability of recurrence. DFS was approximately 79.5% for stage I1
CRC patients and 63.3% and 18.9% for stage III and IV patients, respectively °.
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Treatment strategies for each of these stages differ from each other. For example, there
is no evidence that chemotherapy can provide better treatment in stage 11 of the disease,
while it is one of the most effective adjuvant therapies for patients with stage III colon
cancer (CC)°. The overall aim of the current thesis is to identify potential new prognostic
and predictable biomarkers for the detection of patients in the early stages of CC. More
specifically, this thesis is going to explore whether the expression of brain-derived
neurotrophic factor (BDNF) in stage II and III CC, alone or in combination with other
known molecular marker, can be a good candidate as a prognostic/predictive biomarker
for early detection of CRC. The secondary goal of the thesis is to investigate the role of
estrogen receptors in CC and study its association with inflammatory features in order
to assess the prognostic value of this ER in women.

Paper 1. Brain-Derived Neurotrophic Factor (BDNF) is highly expressed in some solid
tumors including CRC’. In this study, neutrophil-derived BDNF expression was
examined in a CC cohort with 72 patients in stage II and III of the disease. High BDNF
and CD66b (a neutrophilic marker) expression were associated with shorter overall
survival (OS). Mice lacking the expression of the Cysteinyl Leukotriene Receptor 1
(CysLTiR- Leukotriene D4 (LTD4) receptor) had lower expression of BDNF.
Furthermore, in a xenograft mouse model with human CC cells (SW480) with or
without treatment with the CysLTR antagonist showed a decrease in BDNF expression.

Brief summary: There was a positive correlation between CD66b, BDNF and
CysLT R expression and mice lacking the CysLT;R had a lower expression level
compared to wild-type mice.

Paper I1. (Manuscript), The clinical success of targeted therapy of CC patients is often
limited by treatment resistance. BDNF and its receptor tropomyosin receptor kinase B
(TrkB) have recently emerged as an anticancer target. In a CC cohort with 46 patients
in stages II and III of the disease, the expression of TrkB are higher in the normal colon
mucosa compared to its matched tumor tissues. However, the TrkB expression levels
had no significant value in the overall survival of these patients. But the correlation
between TrkB cytoplasmic expression and the nuclear CysLT|R expression was
significant in the TCGA database with 259 patients. SW480 CC cells treated with
recombinant BDNF showed accumulation of phosphorylated TrkB (p-TrkB) expression
in the cell nucleus as opposite to SW480 cells treated with LTD4 where the p-TrkB
expression was higher in the cytoplasm.

Brief summary: The expression of p-TrkB alternate between the cytoplasm or nucleus
depending on the type of stimuli and its receptor.

Paper I11. (Manuscript), The prognosis for CC is affected by various features found at
the initial diagnosis. In this study, we identified a five-panel gene signature as a
prognostic and early diagnostic biomarker in 5 independent in-silico CRCs cohorts, and
the results were independently validated in one clinical cohort. In all the data sets, four
tumorigenesis genes (BDNF, PTGS2, GSK3B, and CTNNBI1) were significantly
upregulated and one tumor suppressor gene (HPGD) was significantly down-regulated.
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To evaluate the diagnostic value of the selected gene signatures, we used plasma
samples from 19 CC patients and 9 matched healthy individuals as references.

Brief summary: This five-gene signature with good accuracy predicted overall survival
(OS) and recurrent survival (RFS) in patients with CC. The four upregulated genes were
shown, with high sensitivity, and proved to be promising diagnostic markers for CC
patients.

Paper IV. Altered expression of estrogen receptor beta (ERB) has been implicated in
CRC. In this study, we showed that patients with high expression of ERP had higher
levels of the CysLT,R, membrane p-catenin, and 15-Hydroxyprostaglandin
dehydrogenase (15-PGDH), all of which have an antitumor effect and played a
significant role in the survival for patients with CRC. In vitro data with CC cells treated
with ERb-041 (an ERp agonist) showed a lower ability to migrate, colonize, survive,
and had higher apoptosis levels. In vivo, in a zebrafish xenograft model with human CC
cells treated with ERb-041, tail metastases were lower compared to the control group.

Brief summary: ER was shown to have an antitumor effect on CRC, and the agonist
ERD-041 may be useful in the treatment of CRC patients.

Keywords: CC, neutrophils, CysLT1R, BDNF, TrkB, tumor microenvironment,
prognostic, predictive, diagnostic, gene signature
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My thesis discusses colorectal cancer in general; however, my research
projects focus specifically on the subject of colon cancer.






Populérvetenskaplig Sammanfattning

Cancer ir en icke-smittsam sjukdom som dr den nést vanligaste dodsorsaken béade i
virlden (17 %) och i Sverige (26 %). Med cirka 1,2 miljoner fall per ar é&r
tjocktarmscancer den fjdrde vanligaste cancertypen i véarlden. Sjukdomen kan uppsta i
alla &ldrar men &r vanligare hos personer over 50 ar. Tillvixten av tjocktarmscancer ar
mycket l&ngsam och den onormala vavnadstillvixten, polypen, blir gradvis malign. Det
tar ungefér tio ar fran att en polyp debuterar till dess den har utvecklats till en malign
tumor. Tidig upptiackt av denna sjukdom kan dramatiskt 6ka chanserna for att tillfriskna.
Det storsta problemet med tjocktarmscancer ar sen diagnos, ofta nir sjukdomen har
spridit sig till andra delar av kroppen och orsakat s& kallade metastaser. Sjukdoms fri
overlevnad ar cirka 80 % for stadium II tjocktarm cancer (begrinsad spridning av
tumoren till tarmvdggen) och cirka 63 % for stadium III (tumoérspridning till
intilliggande lymfkortlar) och 19% for stadium IV tjocktarmscancer (tumor som
stracker sig till omgivande lymfkortlar). Risken for aterfall beror ofta pa hur tuméren
har spridit sig vid diagnos. Det dvergripande malet med denna avhandling ar att
undersdka de prognostiska och potentiella riskindikatorer som kan forutsdga risken for
aterfall av tjocktarmscancer och svar pa behandling. Studier har visat att forekomsten
av inflammation i tum&rens mikromiljo ar forknippad med en dalig klinisk prognos. En
neurotrofisk faktor, BDNF, dr en nervtillvixtfaktor som finns i centrala nervsystemet,
men dven i minga olika cancerformer, inklusive tjocktarmscancer.

I delarbete I undersoktes uttrycket av BDNF i tjocktarmscancer och resultaten visade
att BDNF frisdtts fran neutrofiler i ndrvaro av cystinyl receptor 1 (CyslTiR) och dess
ligand LTDs, ett &mne som frisétts vid inflammation. Med en kohortstudie av 72
patienter med tjocktarmscancer visades att hdga nivaer av CD66b (en neutrofil markor),
BDNF och LTD; ar korrelerat med samre 6verlevnad hos koloncancer patienter jAmfort
med de som har lagre uttryck av dessa proteiner. Detta fynd utvdrderades i djurmodeller
(in vivo), laboratoriestudier (in vitro), samt publicerade data frdn en tumorcancer
genomisk atlas (TCGA), och alla resultat bekréftade véra fynd.

I delarbete II (pagdende studie) undersoks effekten av BDNF receptorn TrkB pa
tjocktarmscancerprogression.  Resultat  fr&n  tumdrvidvnadsprover  for 46
tjocktarmscancer patienter i stadier II och III visade hogre uttryck av TrkB jamfor med
den normala tjocktarmsslemhinnan fran samma patienter. TrkB-uttrycksnivéerna hade
dock ingen betydelse for den totala 6verlevnaden hos de patienterna. Tidigare forskning
fran vér grupp indikerade pa en sdmre 6verlevnad for tjocktarmscancer patienter med
hogt uttrycket av CysLTR i cellkdrnan. mRNA analyser fran 259 tjocktarmscancer
patienter tillhdrande ett TCGA data set visade en positiv korrelation mellan TrkB
cytoplasmatiskt uttryck och det nukledra CysLT;R-uttrycket. Resultaten fran en in vitro
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studie avslojade ackumulering av aktiverad TrkB (fosfor-TrkB) receptor i cellkdrnan
nér tjocktarmscancer celler behandlades med BDNF. Déaremot ackumulerades aktiverad
TrkB i cytoplasman nér tjocktarmscancer celler behandlade med LTD4. I nésta steg
undersoks lokaliseringen av fosfor-TrkB uttryck i tjocktarmscancer vid olika stimuli
och effekten det har pa utvecklingen av tjocktarmscancer.

I delarbete III (manuskript) bestimdes en panel med en 5-gens signatur som
prognostisk (kliniska eller biologiska faktorer som indikerar mojligheten till
sjukdomsprogression och resultat) och diagnostisk (kliniska eller biologiska faktorer
som mojliggodr tidig upptéckt eller bekriftelse av cancern pé ett icke-invasivt sitt eller
identifiering av individer med en subtypen av sjukdom) biomarkér for patienter med
tjocktarmscancer. Analyser av 5 oberoende publicerade tjocktarmscancer kohorter
visade en signifikant uppreglering av fyra tumorstimulerande gener (BDNF, PTGS?2,
GSK3B och CTNNBI) och signifikant nedreglering av en tumorsuppresiv gen (HPGD).
Den framtagna 5-gens signaturen bekrédftades dven som en prediktiv biomarkor for
overlevnad och tillfrisknande utan &terfall hos patienter med stadium I-1II
tjocktarmscancer. De fyra cancerstimulerande generna visade signifikant uppreglering
i plasmaprover fran 19 tjocktarmscancer patienter jamford med 9 oberoende friska
individer. Studien foreslar BDNF som en vardefull blodbaserad biomarkdr, antingen
ensam eller i kombination med andra cancermarkdrgener, for screening for
tjocktarmscancer.

I delarbete IV undersoks effekten av 0strogenreceptor-beta (ERp) i tjocktarmscancer.
Denna studie visade att patienter med hogt ERB-uttryck hade hogre nivéer av CysLT2R,
membran B-catenin och 15-hydroxiprostaglandindehydrogenas (15-PGDH), som alla
har tumoér suppressiva effekter och forbattrar Sverlevnaden hos patienter med
tjocktarmscancer. I in vitrostudier péd tjocktarmscancerceller behandlades dessa med
ERD-041 (en ERB-agonist), som visade minskad formaga hos tumoren att migrera,
kolonisera och &verleva samt hdgre nivder av tumdrcellernas apoptos. In vivo
experiment déir djur behandlades med ERb-041 visade farre metastaser av
tjocktarmstumorceller jamfort med kontrollgruppen. Arbetet foreslog ERB och dess
agonist ERb-041 som maélterapi for behandling av CRC patienter
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History of Cancer

Cancer is the second most popular cause of mortality in the world after cardiovascular
disease® Today, having made earlier detection possible and access to better treatment
technologies for the disease have enabled millions of people with cancer to live longer’.
Cancer is a term that refers to a pathological disorder which is characterized by
abnormal growth proliferation of cells in the body that can penetrate other organs and
tissues of the body and change their structure and function'®. But cancer is not a new
disease. The Greek physician Hippocrates (470-370 BC) was the first who used the
terms carcinos and carcinoma to describe non-ulcer forming and ulcer-forming
tumors'!. The name carcinoma was retrieved from the incision surface of a solid
malignant tumor with branching veins around it that gave it a crab-like appearance'’.
The oldest documented case of cancer in ancient Egypt dates back to 1500 BC. In these
descriptions written on papyrus, eight samples of breast ulcers have been mentioned as
being treated by burning (cauterization) with a tool called a fire drill. "There is no cure,"
the author wrote of the disease'”.

Cancer refers to a group of diseases that have a common general phenotype which is
defined as uncontrolled cell growth and proliferation'’. Cancer is a genetic and
multifactorial disorder that is usually caused by mutations in the DNA. All carcinogens
alter DNA sequences, leading to mutations and the possibility of cell proliferation,
preventing differentiation and escaping cell death'®. As cancer cells proliferate, they
ultimately form tumors and when the size of cancerous tumors increases, the process of
angiogenesis is stimulated, during which the tumors acquire a new source of blood
vessels and thus nutrition and oxygen. Finally, tumor cells target surrounding tissues as
metastases'”.

Cancer-related gene mutations can be passed from parents to progenies, or a person can
acquire them through somatic mutations. Approximately 85% of cancers occur in
epithelial cells and are categorized as carcinomas that cover the internal organs and
outer surfaces of the body. Cancers that develop in mesenchymal cells, such as bone or
muscle, are called sarcomas'®. Cancers of different origins have different characteristics,
and the molecular mechanisms involved in the carcinogenesis of each cell type and the
pattern of cell expansion from the original site are determined by the type of cancer'’.
In 2000, in a review by Hanahan and Weinberg, six hallmarks of most (but not all)
cancers have been introduced (Figure 1). They suggested that for normal cells to become
cancerous, they must acquire characteristics including: “1) the ability to divide in the
absence of growth factor stimulation, 2) the ability to divide in the presence of anti-
growth signals, 3) inability to apoptosis, 4) ability to maintain telomere length despite
repeated cell division, 5) stimulation of angiogenesis, and 6) ability to attack
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surrounding tissues and metastasize to other parts of the body'’. Later, genomic
instability and tumor-stimulating inflammation, which causes genetic diversity to
accelerate their uptake and inflammation, were added to this list”'’. In the background
of all these characteristics, there is genomic instability and tumor-inducing
inflammation, which leads to genetic diversity and distinct function in different types
of cancer. Subsequently, two other important features of cancer were discovered and
added to the list: reprogramming of energy metabolism and prevention of immune
deficiency in the tumor. As tumors grow, they develop a complete cellular environment
in and around themselves. This “tumor microenvironment" is composed of many
different types of cells, including immune cells such as T lymphocytes and
neutrophils'®. Understanding the response of the tumor microenvironment to therapy is
crucial to its treatment, especially when the tumor microenvironment inhibits the anti-
tumor effects of the cellular immune system.

Despite the long history of cancer, no certain cure has yet been found for the disease.
However, different treatments have been used over time and a few of them have been
successful, but the effectiveness of these treatments depend a lot on the time of cancer
diagnosis and are often successful when the cancer is in its early stages'”.

More insight into the nature of this disease along with considerations of personal genetic
characteristics of patients and not only based on the stages of cancer they are at, will
open new horizons in the field of cancer treatment.
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Introduction

In 2019, the number of people diagnosed with CRC in Sweden was estimated at
approximately 5000, and CRC caused over twenty-seven percent of all deaths in this
country?. The five-year survival rate for CC, according to statistical research, is 68%
in women and 64% percent in men, whereas this number for rectal cancer is 66% for
both sexes®'. In most cases, CRC starts as a small, noncancerous (benign) cell mass
(called a polyp) on the inside of the colon or rectum. Polyps have different
characteristics and are usually classified into adenomatous polyps (adenomas), sessile
serrated polyps (SSPs), and traditional toothed adenomas (TSAs) or hyperplastic and
inflammatory polyps. Over time, some adenomatous polyps can develop into CRC*.
Inflammatory bowel disease (IBD) can cause CRC. Patients with ulcerative colitis and
chronic Crohn's disease are at higher risk for CRC*. Inflammation may also be
associated with other types of sporadic and hereditary bowel cancer’*. However, little
is known about the molecular mechanisms underlying the effect of inflammation on
CRC.

CRC is a silent disease that takes years or even decades to develop, during which there
are almost no specific symptoms, such as bleeding or pain, until diagnosis of metastasis.
It usually takes approximately seven to ten years for an adenoma to develop into
carcinoma®. Immune cells, cytokines, and other inflammatory mediators play an
important role in the development of CRC, playing roles in growth, progression, and
metastasis?. A thorough analysis of the interactions between tumor epithelial cells and
their surrounding microenvironment is necessary to determine the prognosis of the
tumor early. Therapeutic advances over the past decade have also been influential in
increasing survival rates among CRC patients. However, most deaths from CRC occur
in the metastatic stage?’. Early diagnosis and early interventions can reduce mortality
from the disease. Colonoscopy is currently considered the “gold standard for diagnosing
CRC when combined with pathological examinations”’. However, cultural and
socioeconomic problems associated with this test and its aggressiveness as a screening
method are obstacles limiting its use®®. Therefore, it would be advisable to find
predictive biomarkers that can be used as non-invasive primary screening methods;
colonoscopy can then be used as a secondary screening method for high-risk groups.
Evaluating the possibility of finding specific biomarkers derived from the inflammatory
microenvironment surrounding CRC cells was the main aim of the current thesis. On
another level, this study aims to evaluate the relationship between estrogen receptors
and inflammatory mediators in CRC and analyze their effect on CRC cell migration and
wound healing.



Gastrointestinal (GI) tract

The gastrointestinal tract, also known as the digestive system or the alimentary canal,
consists of hollow organs that are interconnected. The GI tract extends from the mouth
to the anus and includes the pharynx, esophagus, stomach, small intestine, large
intestine and rectum. In addition, associated secretory organs and glands, such as the
pancreas, gallbladder, and liver, secrete substances into the digestive tract to facilitate
digestion. Excess and unabsorbed material is stored in the form of feces in the rectum
and anus. When the rectum is full, the nerves sense this fullness, and the pressure pushes
the stool toward the anus; anal sphincter muscles relax, allowing the stool to enter the
anal canal, pass through the pelvic muscles, and leave the body®® (Figure 2).
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Figure 2. The human gastrointestinal tract.

Structure and function of the intestine

The lower part of the GI tract is called the intestine and is a twisted muscular tube that
includes the small intestine and the large intestine®. The small intestine is the principal
organ in the digestive system and is responsible for mixing and transporting intra-
abdominal contents and producing enzymes and other compounds necessary for digestion
and absorption of nutrients. The small intestine is located between the stomach and the
large intestine and includes the duodenum, jejunum, and ileum®'. The large intestine - also
called the colon - consists of the cecum, ascending colon (right), transverse colon
(horizontally), descending colon (left) and sigmoid colon, which connects to the rectum.
The main function of the colon is the absorption of water and vitamins. Protein,
unabsorbed fats, polysaccharides, bacterial biomass, undigested food debris, and water
are excreted in the feces and eliminated from the body**. The structure of the small and
large intestines is different for different reasons. There are no villi in the large intestine,



and the microvilli of epithelial cells are much less abundant in the large intestine than in
the small intestine; goblet cells are more prominent in the large intestine, unlike endocrine
cells, which are more prominent in the small intestine. In addition, crypt movement in the
large intestine is slower than that in the small intestine. However, the general structures
of the small intestine and large intestine are similar, and both consist of four distinct layers:
the mucosa, submucosa, muscle, and serosa.

The inner layer of the intestine is called the mucosa, and its functions include secretion
(of water, enzymes, mucus, antibodies, hormones, and acids) and absorption (of water,
electrolytes, vitamins, bile, and nutrients), as well as serving as the first line of defense.
This layer is designed for maximal absorption because it is covered with villi extruding
into the lumen to increase the surface area. In the intestine, epithelial cell proliferation
and regeneration take place regularly®®. All the renewal processes are dependent on a
limited number of intestinal multipotent progenitor or stem cells (ISCs). ISCs have two
main properties: self-renewal and the ability to generate all intestinal differentiated
cells®. Cells are transferred from the crypt to the villi and are classified into enterocytes,
goblet cells, Paneth cells, or intrauterine cells*. Approximately one to seven
intraepithelial lymphocytes are sparsely distributed per 100 epithelial cells, and similar
to the case in the small intestine, these cells contain innate immune cells and T cells
(CD8+)* (Figure 3). The submucosa contains blood vessels, nerves, and connective
tissue. Throughout the GI tract, there is a neural network consisting of fibers and
ganglion cells called the Meissner network. This network, along with the neural network
in the outer muscle layer, forms the intestinal nervous system. This neural network is
autonomous, although it also affects other parts of the body's nervous system. The
muscularis is made up of two layers of smooth muscle: a narrow outer longitudinal layer
that shortens and stretches the intestines and a thicker inner circular smooth muscle that
causes contraction. The connective tissue between these two layers contains a neural
network, the myenteric plexus or Auerbach’s plexus, and allows the muscle layers to
transport waste products through peristalsis to the distal part of the colon. The outermost
layer of the large intestine is the serosa. The serosa consists of mesothelial cells and
protects the cecum and colon located in the abdominal cavity®.
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Figure 3. Difference between histology of the small and large intestine.

The Intestinal Microenvironment

Intestinal health largely depends on the balance between the intestinal microbiota and the
host, where mucus, with its antimicrobial properties, limits the transmission of
homogeneous and pathogenic microbes through the intestinal epithelial cell barrier’’. Under
steady-state conditions, microbial signaling and specific responses to each signal through
complex immune system activation mechanisms contribute to intestinal homeostasis and
keep the immune system ready for protective responses to pathogens™) (Figure 4).
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Figure 4. Intestinal microbiota in healthy (homeostasis), and unhealthy (dysbiosis) conditions. Intestinal dysbiosis has
been described as a colorectal cancer risk factor.

The human colonic microbiota has a symbiotic relationship with the host and plays an
essential role in maintaining immune and metabolic homeostasis and protection against
pathogens®. Most GI bacteria are found in the large intestine, and the rest are found in
the small intestine and stomach*’. A healthy microbiome digests the elements in the
chyme, which then moves along the colon, and bacterial fermentation converts the
chyme into feces and produces vitamins such as vitamins K, B1, B2, B6, and B12 and
biotin*'. When disruption to microbiota homeostasis is caused by an imbalance in the
microflora (dysbiosis), intestinal epithelial cells disintegrate, and the presence of germs
in the intestinal lamina propria activates innate immune cells, leading to a series of
diseases, including chronic inflammatory diseases called inflammatory bowel diseases
(IBDs)*.

Innate Immunity in the Intestine

The immune system adjusts its reactions under different conditions, depending on the
type of pathogen and the organs affected, to cause minimal damage to the host cells.
These basic immunological settings are called regional immunity*?. The innate immune
system is the first line of defense that protects the host against pathogens. Cells of the
innate immune system primarily act as antigen-presenting cells and phagocytes. Their
responses are thought to be immediate and nonspecific and include early detection of
pathogens and prevention of them entering the host, removal of microbial residue, and
activation of lymphocytes by expression and release of a large number of cytokines.



The innate immune system consists of physical and chemical barriers, antimicrobial
peptides and pattern recognition receptors (PRRs) and various cell types, including
neutrophils*

Neutrophils

Neutrophils are crucial regulators during microbial infection and are the first line of
defense against pathogens and abnormal cells. Neutrophils enter the bloodstream from
the bone marrow and migrate to the site of infection or inflammation, where they are
eventually cleared by tissue-resident (Figure 5). They protect the body against bacteria
by producing reactive oxygen species (ROS) and extracellular traps and by activating
other immune cells*
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HSC, hematopoietic stem cell; MPP, multipotent progenitor; LMPP, lymphoid-primed multipotent progenitors; GMP,
granulocyte monocyte progenitors.

Neutrophils make up fifty to seventy percent of leukocytes, and their presence in many
cancers, including CRC, has been reported, but their role in cancer is not well defined®.
Many studies have reported the tumor microenvironment and its secretions as important
influencers of recruited neutrophils and tissue-resident immune cells. The TME itself is



constantly changing due to oncogenic signals from the growing tumor over time and
affects other cells*.

Tumor-associated neutrophils (TANs) are activated by a variety of cytokines, such as
tumor growth factor B (TGF-f), and chemokines, such as CXCR2, present in the tumor
microenvironment, and depending on the form of exposure, TANs can be categorized
into proinflammatory and antitumorigenic (N1) or protumorigenic and anti-
inflammatory (N2) TANs*".

N2-TANs, with their genotoxic capacity are important etiological factors in
carcinogenesis and can lead to oxidative DNA damage and activation of chemical
carcinogenesis by releasing ROS*®. They can also express nitric oxide synthase (iNOS)
in the presence of TGFp or arginase 1 (ARG1) and inhibit the antitumor response of
CD8+ T lymphocytes. N1-TANSs play a cytotoxic role in tumors and are characterized
by the secretion of proinflammatory cytokines (IL-12, TNF-a, GM-CSF, and VEGF).
They can also absorb chemokines such as CCL3, CXCL9, and CXCLI10 or activate DCs
by secreting TNF-a*’(Figure 6).
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Figure 6. Polarization and activation of N1 and N2 TAN

The presence of neutrophils is observed in chronic inflammatory bowel disease .
Research has shown that in intestinal inflammation, neutrophils cause induced cell
arrest and replication failure in colon epithelial cells, which can lead to the production
of the carcinogenic compound N-nitroso and facilitate CC*°. New research has shown
neutrophils in colitis-associated CRC (CAC) lesions, where they produce the
proinflammatory cytokine IL-1B, which may be a factor promoting CAC formation®'.



Inflammation

Inflammation is part of the body's natural healing system and helps fight injuries and
infections®>. However, inflammation does not only occur in response to injury.
Sometimes the immune system is activated for unknown reasons without damage or
infection, and because there is nothing to fight, it begins to destroy healthy cells.

Inflammation can be acute or chronic. Symptoms of acute inflammation include
swelling, dilation of blood vessels, heat, redness, and pain. When the danger that
threatens the body is eliminated, there are factors in the blood that restore the condition
to normal. Chronic inflammation may not be severe or acute, but it is dangerous because
it can lead to a wide range of diseases, including autoimmune diseases such as
inflammatory bowel disease™.

Inflammatory Bowel Diseases (IBDs) and Colonic carcinogenesis

IBD is an irreversible, lifelong autoimmune disease that covers a wide range of clinical
phenotypes and has various ages of onset, but clinical manifestations usually vary
depending on the patient's age at diagnosis™. IBD is thought to be due to the complex
interaction of environmental, microbial, and host factors, including genetic factors,
although the mechanism of onset of the disease remains unclear**. Crohn's disease (CD)
and ulcerative colitis (UC) are two well-known clinical forms of IBD; CD can affect any
part of the gastrointestinal tract from the mouth to the anus, while UC is limited to the
large intestine. CAC that develops in the context of chronic inflammation differs from
sporadic CRC™ (Figure 7). CAC is an inflammation-dysplasia-carcinoma sequence and
has greater malignant potential, while CRC arises from an adenoma-carcinoma
sequence’. Survival in patients diagnosed with CAC is lower than that in patients with
CRC?. In patients with a recent diagnosis of UC, the risk of developing CRC is increased
20-30 times compared to that in the healthy population®’. In addition, eight to ten years
after the diagnosis of UC, the risk of developing CAC increases’’. The pathophysiological
mechanisms behind intestinal carcinogenesis in IBD, especially UC, are unclear.

Cancer stem cells (CSCs), also known as tumor-initiating cells, are a small subset of
cells in a tumor. These cells have the ability to self-renew and differentiate into diverse
specialized cell types and have high tumorigenic and metastatic potential °’. The most
important function of the inflammatory response is to eradicate foreign agents, which
destroy tissue homeostasis>®. Under normal circumstances, after tissue repair or removal
of the pathogen, inflammation is relieved, and the homeostatic state is recovered®®. In
chronic inflammation, a variety of cytokines and chemokines present in the
inflammatory microenvironment, such as tumor necrosis factor o (TNFa) and
interleukins (ILs) such as IL1b and IL6, and secreted by immune cells trigger CSC-
related pathway, such as the wingless integration site (WNT)-B-catenin and TNFa-
NF«B pathways. In this way, patients who are exposed to IBD are at greater risk of
developing CRC™.
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Figure 7. Comparison of molecular changes in sporadic colon cancer and colitis-associated colon cancer. APC
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Tumor Microenvironment

The tumor microenvironment (TME) plays a key role in the formation, onset, and
progression of tumors. Characterization of the TME by cell and molecular profiles shows
that there are different cell types in this environment that stimulate neoplastic changes and
metastasis, protect the tumor from the host immune system and lead to resistance to
treatment®. The TME consists of proliferating tumor cells, the tumor stroma, blood vessels,
associated tissue cells, and a variety of infiltrating inflammatory cells. Tumor cells produce
signals that cause disruption in the function of immune cells. In addition, immune cells can
be the source of signals that stimulate tumor growth®'. Infiltration of inflammatory cells
found in tumors is chronic and enriched by myeloid suppressor cells (MSCs) and
regulatory T cells (Tregs). Macrophages and neutrophils are important myeloid cells in the
innate immune system and the most important stimuli for inflammatory responses and have
a major impact on tumor progression®’. TAMs and TANs may show opposite behaviors
that are affected by the composition of the tumor microenvironment®. In general, TANs
are protomorphic factors in different types of tumors and have the least effect of all
leukocytes on the survival rate among patients with solid tumors®>. Understanding the
interactions between immune components and tumor cells at the molecular level can open
up potential therapeutic pathways (Figure 8).



Tumor cell — oo
W - CAF DMPY  cDNA . MDSCs . o:.' o Cytokine

N
( | Adi ( LS
- ece ( ) dipocyte ¢

DCs ECM
& O pericye % /l/

.

f .
Q \/ TAM ) Apoptotic ‘ T-cell
y cells

)

Becell 0@,  Chemokine
[ ]

“  Exosome

| Neutrophil
4

Figure 8. The tumor microenvironment (TME). Tumor cells affect all different cellular and non-cellular components in
non-malignant tumors, altering and accelerating them, and advantageously transforming them into more aggressive growth
of themselves.Many factors such as chemokines, cytokines, growth factors, cfDNA, etc. stimulate the activity of tumor cells.
CAFs, cancer-associated fibroblasts; DC, dendritic cells; ECs, endothelial cells; ECM, extracellular matrix; MDSCs,
myeloid-derived suppressor cells; NKs, natural killer cells; TAM, tumor-associated macrophages.

Colorectal Cancer

Colon cancer is usually divided into two categories: disease that extends from the
proximal colon to the spleen bend (the cecum, ascending colon and transverse colon)
and disease that extends to the left side of the colon (the descending colon and sigmoid
colon). When CC occurs within 15 cm of the anal sphincter, it is classified as rectal
cancer. Rectal cancer has a higher relapse rate and is more prone to lung metastases,
whereas CC has a better prognosis and is more inclined to liver metastases®. CC usually
begins with gland-like growths called adenomatous polyps (precancerous) inside the
colon. Colonic polyps are benign and superfluous tissues in the colon that occur after a
series of mutations (abnormalities) in cellular DNA®. Intestinal polyps are so common
that approximately one-third of adults over the age of 50 develop them®.
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Epidemiology

CRC is one of the most common and lethal cancers worldwide'. According to the
International Agency for Research on Cancer (IARC) in 2020, CRC was “the most
common cause of death after breast cancer in women and the third most common cause
of death after lung and prostate cancer in men” ®. The incidence and mortality of CRC
are not the same worldwide. Globally, the highest numbers are in Australia, New
Zealand, Europe and North America, and the lowest are in India, parts of Africa, and
South America®’. The prevalence and mortality of CRC seem to be related to
geographical elements, socioeconomic status, and a variety of modifiable behaviors,
such as diet, physical activity, smoking, and obesity®. Although the prevalence of CRC
in Western societies is higher than that in developing countries, due to the greater
potential for CRC screening and early detection of the disease, CRC mortality is lower
in these countries®. In 2019, the Swedish Cancer Foundation reported approximately
4,800 new cases of CC and 2,200 cases of rectal cancer. In total, “almost 75% of CRC
patients were over 65 years old and approximately 5% of patients diagnosed with CRC
were under 50 years old”. Among the patients diagnosed with CC, approximately 2,500
were female, and 2,300 were male. For rectal cancer patients, approximately 800 of the
patients were female, and approximately 1400 of the patients were male. CRC was the
fourth most common form of cancer in Sweden in 2019%°. (Table 1)

Table 1. Colorectal cancer in Sweden 2019 (Cancerfonden)

Tumor Site Female Male Total
Colon 2507 2391 4898
Rectum 831 1360 2191
Total 3338 3751 7089

Risk Factors and Etiology

CRC is a clear example that reflects the complex interaction between the environment
and genetic background in the pathogenesis of a common tumor. “The lifetime risk of
CRC and CRC death is approximately 5-6% and 2.5%, respectively”®. This risk is
exacerbated by hereditary factors, lifestyle, and environment”’. Most CRCs are
sporadic, meaning that the pathogenesis is affected by the patient's point mutations that
appear throughout life, and most cases are not related to inherited syndromes but “affect
individual cells and their offspring”. Seventy percent of all CRCs are diffuse’". In fact,
approximately 20% of all CRC cases have a known potential inherited cause, and
approximately 5% of familial syndromes occur with a high genetic risk of the disease’.

Environmental features, including a wide range of often adverse cultural, social, and
lifestyle-related habits, are considered to be very important factors in the development
of CRC. Age and Western world lifestyle factors, including low physical activity,
obesity, a high-fat diet, smoking, alcohol consumption, IBD and family history, carry a
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high risk for the development of CRC’. However, some of the risk factors for
developing CRC, including overweight and smoking, are modifiable, while others, such
as age or hereditary factors, are not>.

Hereditary CRC syndromes are autosomal dominant and can be caused by changes in
several sensitivity sites that have additive effects’*. In approximately 70% of CRC cases,
we can observe a specific mutation that translates into a morphological change in gene
sequence, leading to adenoma and subsequent carcinoma formation”'. “Familial
adenomatous polyposis (FAP) and Lynch syndrome, also known as hereditary
nonpolyposis CRC (HNPCC), are the most known hereditary CRC syndromes™’".

FAP is observed in approximately 1% of CRC cases and is a result of mutation of the
adenomatous polyposis coli (APC) gene on chromosome 5. APC, which is also known
as deleted in polyposis 2.5 (DP2.5), is a multidomain tumor suppressor protein that
controls many cellular activities, such as mitosis and migration””, and together with
AXIN1 and GSK3p regulates wnt signaling by managing the subcellular localization
and stability of CTNNB1 (B-catenin)’®. The three most well-known phenotypes in FAP
are classic FAP, attenuated FAP (AFAP), and Gardner syndrome’.

Lynch syndrome, also termed hereditary nonpolyposis CRC (HNPCC), is observed in
approximately two-three percent of all CRC cases and is caused by mutations in the
DNA mismatch repair genes MLH1, MSH2, MSH6, and PMS2"”.

Other CRC syndromes include Peutz-Jegher syndrome, caused by hereditary mutations
in the tumor suppressor gene STK11 (LKBI1), and MUTYH-associated polyposis
(MAP), caused by modifications in the MUTYH gene, which affect the monitoring and
correction of DNA and cellular defects during cell division”. (Figure 9)

Other CRC syndromes include Peutz-Jeghers syndrome, caused by inherited mutations
in the tumor suppressor gene STKI11 (LKBI1), and MUTYH-associated polyposis
(MAP), caused by changes in the MUTYH gene, which affect the monitoring and
correction of DNA and cellular errors during cell division®.

There are two major differences between FAP and HNPCC:

The number of mutated genes: In FAP, only the APC gene has abnormalities,
while in HNPCC, there are several gene mutations that cause the spread of
precancerous conditions.

The presence of polyps or cellular glands that can become cancerous: FAP is
known to have more than 100 benign polyps, but patients with a defective gene
with HNPCC have fewer polyps. However, these polyps can become cancerous
faster than usual.
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Figure 9. The progression of tumor-initiating cells from aberrant colon crypt until their subsequent transition and
transformation from primary adenoma to malignant polyps and finally to invasive metastatic cancer.

Unfortunately, most CCs are "silent tumors". They grow slowly and often induce no
symptoms until they reach large sizes. However, CC can be prevented and treated if it
is diagnosed early’.

Genomic Classification

In CRC, molecular alterations based on genetic instability are classified by two general
mechanisms: chromosomal instability (CIN); and microsatellite instability (MSI)”.

CIN, also known as the adenoma-carcinoma sequence, occurs in approximately 60 to
70% of cases and is characterized by extensive imbalances in chromosome number
(aneuploidy) and high differentiation grade; in addition, cases with CIN are infrequently
mucinous, seldom show lymphocytic infiltration, and often have poor prognosis*’. The
genomic mutations caused by CIN, often found on chromosomes 1, 5, 8, 17 or 18, lead
to “activation of the proto-oncogene KRAS; inactivation of tumor suppressor genes
such as APC, TP53, SMAD2, SMAD4, DCC, PIK3CA; and loss of heterozygosity
(LOH)”"". The Wnt/B-catenin signaling pathway is required for intestinal homeostasis®'.
In sporadic CRC, inactivation of APC causes stable, nonphosphorylated -catenin in the
cytoplasm to accumulate and translocate into the nucleus by inducing activation of the
Wnt/B-catenin signaling pathway, resulting in transcription of downstream target
genes®. Wnt hyperactivation is the major oncogenic driving force in CRC*.

The second type of genomic instability in CRC, MSI, occurs in approximately 15% of
all CRC cases and approximately 3% of all Lynch syndrome cases®. MSI is a
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hypermutable phenotype that usually occurs as a result of loss of DNA mismatch repair
(MMR) activity, often related to wild-type TP53 and a diploid pattern of chromosome
instability®. The progression of neoplasms requires inherited defects in the DNA-MMR
system in neoplastic cells. Lynch syndrome is the predominant inherited syndrome
associated with mutation of MMR genes (often MSH2 or MLH1), and there is often one
mutated and one wild-type variant of the MMR allele in all somatic cells®. The rest of
the cases of MSI are due to sporadic mutations and recurrent hypermethylation of gene
promoters, such as hypermethylation of the MLH1 promoter, the V300E mutation in
the BRAF gene, and mutations causing loss of TP53 and p16 functions®’, (Figure 10).
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Figure 10. Molecular modification in colon cancer. Mutational changes in colon tumor-forming genes promote the
histopathological malignancy of benign tumor cells to metastatic cancer. APC adenomatous polyposis coli; Bax, a
major proapoptotic member of the Bcl2 family; CDC4, cell division control protein 4; CIN, chromosomal instability; IGF2R,
insulin-like growth factor 2 receptor; DCC, deleted in colorectal cancer; LOH, heterozygosity; MSI, Microsatellite instability;
SMAD4, SMAD Family Member 4; TGFBR2, Transforming growth factor; TP53, tumor protein p53. Adapted from (Walther
A, etal., 2009).

Due to the heterogeneity of CRC, classification of disease type is pivotally important in
predicting patient prognosis and determining treatment strategies. The consensus CRC
subtyping, established in 2015, categorizes CRC into four molecular subspecies (CMSs)
with distinct molecular and biological characteristics: CMS1 (immune, 14%), in which
immune gene hyperactivity is highly associated with microsatellite instability (MSI-h);
CMS2 (canonical, 37%), in which activation of epithelial/canonical wnt/B-catenin signaling
indicates over activity of the epithelial growth factor pathway and higher expression of
epidermal growth factor receptor (EGFR); CMS3 (metabolic, 13%), a metabolic disorder
caused by increased activity in glutaminolysis and lipogenesis; and CMS4 (mesenchymal,
23%), which is considered a pro-inflammatory type with activation of TGFp and epithelial-
mesenchymal transition (EMT) genes, stromal invasion and angiogenesis, more advanced
stage and chemoresistance®.
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Symptoms

Many patients with CRC do not experience symptoms in the early stages of the disease.
The symptoms vary for different patients depending on, e.g., the tumor size and
location. Two important symptoms of CRC are rectal bleeding and changed bowel
habits (diarrhea and constipation). The feeling that the colon is not completely empty
from feces, bloating, gastric pain and mucus in the feces are also symptoms exhibited
in CRC. High fatigue, weakness, and weight loss can occur in advanced stages of the
disease®.

Diagnosis

Early diagnosis of CC is critical to improving patient outcomes and survival®.
According to the American Cancer Society (ACS), people with a history of CC or
colonic adenomatous polyps, or IBD, strong hereditary background of CRC, or a history
of radiation therapy of the bowel and pelvis are at higher risk of developing CC at some
point in their lives®'.

Noninvasive methods include various tests based on stool samples. In the stool sample,
blood, immunochemical and DNA markers are assessed. This method should be
repeated annually. If a stool sample shows a positive result, a colonoscopy should be
performed. In invasive screening methods (sigmoidoscopy, colonoscopy, and
colonography), the structure of the colon and rectum is observed. This type of screening
is performed with a scope (an instrument with a light and small camera at the end) that
is inserted through the rectum or performed with special imaging tests (X-rays). The
number of recommended colonoscopies is less than screening based on stool tests and
usually needs to be repeated every five or ten years, depending on the type of method.
Colonoscopy is now considered the gold standard of screening methods®.

After a preliminary diagnosis of CRC, the patient is usually tested to determine the
extent (stage) and location of the tumor, and selection of the best CRC treatment strategy
hinges on correct disease staging.

Pathology and Staging

The cancer stage describes how widely the cancer has developed in the body and helps
to determine how serious and dangerous the cancer is and what the best treatment is.
Cancer stage is also used for statistics on cancer survival. The most common
classification system for CRC malignancy is the tumor-lymph node-metastasis (TNM)
staging system promulgated by the American Joint Committee on Cancer’. TNM
staging is often used in solid tumors to provide a broad prognosis based on cancer stage
aimed at predicting survival and providing more effective therapeutic recommendations
for patients’.
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The first stage of cancer is called stage 0, followed by stages 1 to 4. In general, the lower
the cancer stage is, the less widespread the cancer, and higher stages are associated with
more spread. Early stages of cancer have a lower stage and less spread. Although each
person's experience is different, cancer patients who have disease of the same stage are
viewed similarly and are often treated in the same way.

The TNM staging system

Table 2. TNM classification according to the 8" edition of AJCC Cancer Staging Manual

> Primary tumor can not be assessed
TO No sign of the primary tumor
(Tumor)

size T1: Tumor is found only in submucosa
T2 Tumor has grown into muscularis propria
T3 Tumor invades through muscularis propria into the subserosa
T4 T4a Tumor perforates visceral peritoneum

T4b Tumor has grown into or has attached to other structures

NX No regional lymph node can be assessed
NO No sign of the regional lymph node metastasis

(Node) 9 g ymp!

involvement N1 A small number of the nearest regional lymph nodes (less than four) have

been invaded by tumor cells

N2 Tumor cells have invaded more lymph nodes in the nearby areas
N3 Tumor cells are now found in many lymph nodes as well as in more distant
lymph nodes
MX No distant metastasis can be assessed
MO No distant metastasis
(Metastasis)
appearance - -
M1 Distant metastasis

T: The letter T (tumor) and numbers 0 to 4 are used to describe the rate of growth of the primary tumor and invasion into
the adjacent tissues. TO shows no signs of tumor, while T1-T4 are assigned based on increasing tumor size, progression
and invasion.

N: The letter N (node) characterizes the lymph nodes in the area near the large intestine that are involved in the tumor.
Lymph nodes are immune organs that contain lymph fluid. These nodules are widely spread throughout the body, including
the armpits and intestine, and are associated with lymphatic vessels. Lymph nodes contain many immune cells, such as B
and T cells. In the TNM system, NO indicates no tumor spread in regional nodes, while N1-N3 indicates some degree of
nodal expansion, with gradual distal expansion from N1 to N3 (Sapin MR, 2007).

M: The letter M (metastasis) describes cancer that has spread beyond the regional lymph nodes to other parts of the body,
including the liver or lungs, which is called distant metastasis. In the TNM system, MO0 is classified as a tumor without
distant metastasis, while M1a, M1b, and M1cc indicate spread to 1 area, more than 2 areas, and spread to the peritoneal
surface, respectively.
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Recurrence

Return of cancer after treatment usually happens sometime after the initial treatment in
the same place it starts or in another part of the body. Recurrent cancer anywhere in the
body retains the original name. For example, CC may recur in the colon or rectum or
may have spread to the lungs and liver, but in all cases, it is called CC.

Recurrent cancer is usually divided into three subgroups: local recurrence is when the
tumor has recurred where it first appeared, regional recurrence is when the tumor returns
in the lymph nodes near its original location, and distant recurrence is when the cancer
reappears in another part of the body and at a considerable distance from the original
site (often the lung or liver in the case of CC)"’.

To date, no reliable method has been found to predict the recurrence of CC after removal
of the primary tumor. This shortcoming may be offset by the identification and clinical
use of molecular and biological markers to identify patients with early-stage CC and
improve the prognosis of patients at high risk for recurrence.

Treatment

The specific treatment strategy for CRC largely depends on the exact site of cancer and
the stage at which the tumor was identified. Most colon polyps can be removed by
colonoscopy. In the early stages of CRC, large benign tumors are removed by surgery.
Advanced CRC can be treated in different ways depending on its location. “Treatment
includes surgery, radiation therapy, chemotherapy, and targeted therapy””.

Colorectal treatment may include any of the following or a combination of these:
-Surgery

-Radiation therapy

-Therapy using medication (chemotherapy, targeted therapy, or immunotherapy)

In stage 0 CRC, polyps can only be observed in the inner lining of the colon, and surgery
is generally the first treatment choice. In stage I CRC, when the tumor has penetrated
into the colon wall but not outside the walls or to the adjacent lymph nodes, if the tumor
is totally removed by colonoscopy, with no cancer cells left around the site of the
removed part of the colon, no other treatment is needed. In stage I1 CRC, the breadth of
the tumor is large, and it has grown through the colon wall and probably adjacent tissues
but not lymph nodes. This is one of the most challenging stages of CRC to treat. Surgery
and tumor removal are the first treatment options. To date, no effective adjuvant therapy
has been proposed for stage I CRC. Adjuvant therapy is used only if indicated by the
physician based on the patient’s risk scores for recurrence. For stage II rectal cancer,
radiation therapy is normally combined with chemotherapy before or after tumor
resection. In stage II1 CRC, the tumor has invaded lymph nodes. Treatment for this stage
includes removal of the tumor and all lymph nodes involved, followed by adjuvant
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therapy. In cases where it is difficult to remove the entire tumor, neoadjuvant
chemotherapy in combination with radiation therapy (called chemoradiation) may be an
option. In stage IV CRC, the cancer has metastasized and migrated to another part of
the body, such as the liver or lungs, via the bloodstream. Removal of the colon and
metastatic organs is the first treatment option. Metastatic stage 4b in CRC differs from
stage 4a in that it represents metastases to more than one site or peritoneal metastasis.
Often, patients with stage 4b disease will not benefit from resection treatment, and their
treatment is usually palliative’".

Treatment of recurrence of CRC includes removing the recurrent cancer. If all the cancer
tissue cannot be removed by surgery, chemotherapy becomes the main treatment’*.

Survival and Prognosis

Patient, treatment, and tumor-related characteristics are the three main prognostic
factors in CRC. The survival of CRC is strongly dependent on the stage of the disease
at the time of diagnosis and the biology of the tumor. The approximate 5-year survival
at different stages of CRC is as follows: stage I, 92%; 1A, 87%; 1IB, 65%; I11A, 90%;
B, 72%; and stage I1IC, 53%. CRC is more difficult to treat and has a worse prognosis
when it spreads to other parts of the body. The relative expected survival after 5 years
of stage IV or metastatic CRC is 12%'. The survival rate of CRC patients of all stages
has been steadily improving in recent years. Nevertheless, the improvement in patient
survival is not evident in all geographical zones and is better in countries with high life
expectancy and good access to modern professional health care®®. In many cases,
survival estimation may not be accurate. Although the disease stage is relatively
predictable, due to the differences in subgroups and the exceptions of each classification
as well as differences in patient overall health, the stage of CRC may not correctly
predict the prognosis for the disease. Approximately 85% of relapses occur during the
first two years after initial resection in both local and limited liver metastasis cases.
Liver metastases are more frequently found two years after primary tumor resection.
Metastases found less than 12 months from diagnosis of the primary resection indicate
a worse prognosis’’.

Early detection of liver metastases in patients with treated locoregional disease and in
patients with treated metastases increases the number of patients who benefit from
metastatic resection and chemotherapy. If recurrent disease is not identified in time, it
may no longer be removable and therefore can only be treated with palliative
chemotherapy”®. However, in many cases, survival statistics do not include tumor
heterogeneity, tumor markers, or proteins that affect treatment, and therefore, such
statistics may not be reliable for determining prognosis®™'®. A biomarker-based
prognostication tool may improve the evaluation of CRC risk and may also provide

insight into actionable therapeutic targets'®".
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Biomarkers

In medicine, “biomarker” is a portmanteau of “biological marker” that refers to an
indicator that is measurable, specific, accurate, and consistent'”. A biomarker is a factor
in the blood, tissues, or body fluids that indicates a patient's clinical condition in the
presence of disease, infection, or other abnormal conditions. Biomarkers have a variety
of uses, including being used in monitoring patient response to treatment and disease
progression'®. In cancer, biomarkers are often produced by tumors or chemicals
secreted in the body in response to cancer. Biomarkers can be observed in several forms.
They may be found in feces or secretions such as urine and sputum that do not require
invasive methods to isolate. The presence of biomarkers in the blood can also be
detected through minimally invasive tests, such as a simple blood sample (e.g.,
carcinoembryonic antigen (CEA), a CRC marker). Some biomarkers are present in
tissues and organs, and tissue biopsy or organ imaging is required to identify them'**,

Types of Biomarkers

Cancer cells contain a large number of genetic changes, including gene rearrangements,
point mutations, and gene amplifications. These genetic changes disrupt the molecular
pathways that regulate cell proliferation, survival, and metastasis. This change can be
in the structure of the marker (qualitative changes) or in the value of the marker
(quantitative changes)'®. In situations in which these changes are common or in most
patients with a particular type of tumor, they can be used as biomarkers to predict
prognosis and develop therapies'®.

Deoxyribonucleic acid (DNA) is a commonly used biomarker. Mutations in proto-
oncogenes that bring about the formation of oncogenes are commonly used to assess
cancer. Tumor inhibitory genes that help prevent cancer can also be considered
biomarkers. “Other abnormal genetic changes, such as the number of copies of a
particular gene and the fusion of genes not normally seen (by translocation) with each
other, are also used as biomarkers”'*. The sources of DNA can be plasma, serum,
sputum, saliva, stool, cerebrospinal fluid, or circulating tumor cells (CTCs)'"’.

Ribonucleic acid (RNA) is very similar to DNA, and changes in it can indicate disease.
One of the key factors that has led to the growth of cancer research and biomarkers is
small noncoding RNA molecules called microRNAs (miRNAs). miRNAs are known as
markers for various types of cancer, including CRC, breast cancer, leukemia, liver, lung,

and pancreatic cancer'®®.

Proteins are probably the most prominent type of biomarkers. Their responsibility is to
control most cellular processes. Proteins can be a very reliable indicator of certain
diseases because proteins, unlike DNA molecules and certain RNAs, are rapidly formed
and destroyed. Proteins can indicate the current state of illness in the body'®.
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Viruses can also be considered a biomarker. Viral infections are involved in 15 to 20%
of cancer cases''.

Bacteria can also act as biomarkers. Bacteria that induce mild chronic inflammation are
known to cause cancer. Helicobacter pylori, for example, is a bacterium found in the

stomach wall that has been linked to the formation of ulcers and stomach cancer''°.

Exosomes are small bubble-shaped (vesicular) structures that are secreted by cells.
These structures may contain miRNA, RNA, DNA, or specific proteins in cancer
cells'!'". Exosomes are found in body fluids, including blood and urine. In many cancers,
exosomes have been observed to prepare sites far from the primary cancer site for
metastasis. Many ongoing efforts have been made to use exosomes as a tool to diagnose

cancer and predict the likelihood of cancer occurring''2.

Cancer cells can be used as biomarkers. Cancer cells migrating through the bloodstream,
called circulating tumor cells (CTCs), can be used as a marker for disease progression.

Cancer stem cells (CSCs) can also be used to monitor disease'".

Application of Biomarkers in CRC

Biomarkers can be divided into several categories based on the information they give in
the evaluation of patient status in different clinical situations:

Patient status (diagnosis): The purpose of using biomarkers as a diagnostic tool
is to identify cancer in its early stages. These tests can be used to determine the
specific biology of the cancer, and can also be used to guide treatment.

Determining the probable outcome for the patient (prognosis): Prognostic
biomarkers are used to determine the rate of cancer progression.

Predicting disease progression: A predictive biomarker is used to assess how
a patient responds to a particular treatment. A predictive biomarker can also be
used to determine the maximum effect of drugs or chemotherapeutic agents in
specific patients.

Monitoring disease progression: Biomarkers can be used to measure treatment
effects and thus guide decisions on subsequent treatment(s). ''*

Biomarker Requirements

Although many molecules have the potential to act as biomarkers, only a small number
have been approved'"”. A biomarker is considered effective when it can detect primary
tumors and is very specific for the disease. This molecule must be present in the body
in sufficient quantities to be detectable. Preferably, the biomarker should be easily
identifiable in the infected person's blood, serum, or other body fluids. It should also

have other features, such as low-test cost and simple test performance''°.
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Limitations of Biomarkers

Even though biomarkers may seem perfect in theory, there are several practical
limitations to their use. “Although biomarkers have been used successfully to detect and
monitor disease, there is a conflict between sensitivity (ability of a test to identify people
with the disease), specificity (ability of a test to exclude people who do not have the
disease), and cost”'!”. “Another caveat for non-tissue-specific biomarkers is when the
level of a biomarker is affected by a noncancer disease, and utility for cancer detection
may also be compromised” ''®. An example of such a biomarker is the prostate-specific
antigen (PSA) test, as the PSA level is increased in prostate cancer but also in benign
prostatic hyperplasia (enlarged prostate) and prostatitis (inflammation of the
prostate)'”.

To date, biomarkers in CRC include DNA biomarkers (such as mutation of DNA
(MMR)"?’; RNA biomarkers (especially miRNAs as diagnostic, treatment-related and
prognostic biomarkers)'?!; protein biomarkers, which are considered the most accurate
biomarkers (e.g., KRAS, CEA, and TP53)'*; small molecule metabolite biomarkers

(including volatile compounds that can be detected by metabolic techniques)'?; and

biomarkers related to changes in the composition of the intestinal microbiota'?.
Ongoing studies are underway to identify biomarker panels with high sensitivity and

specificity for the early detection of CRC.

Other biomarkers in CRC may include inflammatory responses and associated
microenvironmental changes'?’. Recently, a number of neutrophil proteins in the feces,
including calprotectin, fecal lactoferrin, lysozyme, myeloperoxidase, and elastase, have
been studied as specific markers of intestinal inflammation'?’. On the other hand, the
structure of the gastrointestinal tract creates permanent interactions between its
epithelial tissue and the intestinal microbiota, so the inflammatory effect in CRC is more

significant than that in any other neoplasm'?’.

Cancer cells have a high number of genetic alterations, including gene rearrangements,
point mutations, and gene modifications. These genetic modifications cause
disturbances in the molecular pathways regulating cell proliferation, survival, and
metastasis. If these high-sensitivity modifications can be measured and are specific to a
particular type of cancer, they can be viable candidates as biomarkers to predict survival
and for the development of a variety of therapies'.

Leukotrienes

Chronic inflammation and an impaired immune system are two important and
significant components in the microenvironment of the tumor, and extensive studies are
necessary to evaluate tumor growth and response to immune therapies. The biological
mechanism in patients with chronic inflammation induces arachidonic acid (AA)
production and leads to the generation of anti-inflammatory eicosanoids leukotrienes
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and prostaglandins via the isoenzymes 5-lipoxygenase (5-LOX) and cyclooxygenase
(COX), respectively. Leukotrienes and prostaglandins are inflammatory lipid mediators
found in higher concentrations in the lining of the colon'?® (Figure 11).

Leukotrienes (LTs) regulate the function of immune cells in a paracrine and cell type-
dependent manner. All leukocytes produce leukotrienes, and leukotriene production is
also associated with the production of histamine and prostaglandins in mast cells, which
act as inflammatory mediators. Leukotrienes are divided into two types: dihydroxy fatty
acid leukotriene B4 (LTB4), including LTC4 and its metabolites LTD4 and LTE4, and
cysteinyl leukotrienes (CysLTs). LTB4 is a secondary chemoattractant secreted by
neutrophils and is the most prominent leukotriene in acute inflammatory responses. LTB4
is responsible for activating other leukocytes and increasing their survival'”’. LTCy, LTDs,
and LTE, are three structurally similar, but functionally distinct, eicosanoid lipids known
for mediating inflammation, bronchoconstriction, and vascular leakage. The fatty acid-
peptide conjugate LTC4 is mainly produced by myeloid cells, such as
macrophages/monocytes, neutrophils, eosinophils, and mast cells. It can be converted into
its metabolites, the potent constrictor LTD4 and the stable degradation metabolite
LTE4"°. The presence of LTDy leads to smooth muscle contraction, mucus production,
and asthma and allergic rhinitis pathogenesis. Inhibition of LTD4 production or activity

by antagonists such as montelukast is used to treat these disorders''.
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Figure 11. Schematic drawing of arachidonic acid metabolism pathway. Alox-5, arachidonate 5-lipoxygenase; COX,
cyclooxygenase; FLAP, 5-lipoxygenase activating protein; 5-HpETE, 5-hydroperoxyacosatetraenoic acid; LTC4, LTD4, LTE4
LTs, cysteinyl leukotrienes LTCa, LTD4 and LTE4; LOX, lipoxygenase; LTs, leukotrienes; PG, Prostaglandin.
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Cysteinyl Leukotriene Receptor 1 (CysLTiR)
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Figure 12. LTD4/CysLT4R signaling cascade induces cell survival and cell proliferation in colon cancer. Bcl2, B-cell
lymphoma 2; GSK3, Glycogen synthase kinase-33; MEK, Mitogen-activated protein kinase kinase; PI3K,
Phosphoinositide 3-kinases; PLC, Phospholipase C; TCF/LEF, T cell factor/lymphoid enhancer factor family.

Leukotrienes mediate their functions by binding to G protein-coupled receptors
(GPCRs): high-affinity BLTL and low-affinity BLT2 binding receptors for LTB4 and
high-affinity CysLTiR and CysLT2R for LTD, and LTCy4, respectively'*>. LTE4, as a
relatively stable cysteinyl leukotriene, has the lowest affinity for both CysLTRs
(Laidlaw T, et al., 2012). LTE4 is partly responsible for a range of inflammatory effects,

such as bronchoconstriction, vasoconstriction and smooth muscle contraction'*.

CysLTiR and CysLT2R are both G protein-coupled receptors located on the plasma
membrane of several cell types'*. Initially, these two receptors were thought to be
structurally similar, but after being cloned and characterized, they were shown to be
derived from different chromosomes and were homologous in only 38% of their
sequences. CysLTR is a high-affinity receptor for LTDs, while CysLT;R is a high-
affinity receptor for LTC4. Both receptors are expressed in immune cells (such as
macrophages, neutrophils, mast cells, and B lymphocytes), as well as smooth muscle
cells and heart, brain, and spinal cord tissues'**. Research has shown that low expression
of CysLTiR and high expression of CysLT2R are associated with better prognosis and
longer survival for CRC patients (Figure 12). Ltp4 signaling via the G protein-coupled
receptor CysLT|R leads to a series of downstream signaling pathways. LTDs-induced
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CysLTiR signaling regulates several carcinogenic proteins, such as COX-2, B-catenin
and Bcl-2, in intestinal epithelial cells. Upregulation of CysLT R in CC correlates with
a poor prognosis. When CysLT R is downregulated via gene knockdown or antagonists
such as montelukast, the effect of carcinogenesis decreases'*°. Expression of CysLTRs
is a primary event in CC progression and seems to mediate the invasion and metastasis
of tumor cells to other parts of the body (Savari, et al., 2013). For this reason,
retrospective clinical follow-up research on LTD4 and CysL TR could be valuable for
the detection of new potential biomarkers in CC.

G Protein-Coupled Receptors

GPCRs, with seven membrane-spanning domains (7TM), are a large group of protein
receptors located on the outer surface of cell membranes. GPCRs bind to an intracellular
heterotrimeric protein called a G-protein, which consists of three distinct subunits (a, f3,
and vy). Prior to ligand binding to the receptor, the inactive G protein o subunit releases
GDP and binds GTP to take on its active state. The subunits of the G-protein are then
split into the a subunit and the By subunit, and then either or both o or B are able to
activate downstream signals. To turn off the signaling pathway, GTP in its active state
is hydrolyzed to GDP, and the a subunit is inactivated. The o/p subunits rejoin to form
the inactive G protein'*’. GPCRs exhibit an important role in the body's physiological
interactions and have been implicated in many steps of tumor progression, including
tumor cell proliferation, angiogenesis, invasion, and metastasis. Understanding the
mechanisms of responsiveness of a given GPCR can shed light on the functional impact
of the receptor in physiological and disease states but also identify regulatory molecules
as potential and remarkable biomarkers for the early detection of cancer.

Brain-Derived Neurotrophic Factor

Neurotrophins (NTs) are a family of growth factors that play important roles in the
development, maintenance, survival, and death of cells in the nervous system138.
Neurotrophins are made up of at least 4 family members: nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin
(NT-4/5)"*°. The brain is considered the main regulator of neuronal differentiation and
synaptic plasticity, and the process of cell death also plays an important role in learning
and memory. Brain-derived neurotrophic factor is the most important trophic factor
known in the nervous system and is expressed throughout the CNS. BDNF, despite its
name, is not only found in the brain but is also expressed in a variety of tissues and cells,
including the retina, kidneys, and colon'?’. Various studies have shown that in the
hippocampus and cortex of mice exposed to proinflammatory mediators, BDNF
expression is significantly reduced'*'. BDNF is recognized as an essential modulator in
central physiological and pathological pain. High levels of this protein in the colon
epithelium and lamina propria in patients with IBS are significantly associated with
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symptoms of abdominal pain and increases in neurotransmitters such as substance P and
serotonin'* BDNF essentially mediates cellular biological effects via its high-affinity
tyrosine kinase receptor, called tropomyosin-related kinase B (TrkB) receptor. The
TrkB receptor binds to BDNF via the extracellular N-terminus and, after

autophosphorylation, activates intracellular signaling pathways'*.

Receptor Tyrosine Kinases (RTKs)

The process by which molecular signaling is transmitted from the extracellular surface
to the cytosol is known as signal transduction and typically amplifies and produces
multiple intracellular signals for every receptor that is activated. Protein kinase
activation is often part of a larger signal transduction pathway, such as the platelet
activation signal pathway'*. Protein kinases reversibly catalyze the phosphorylation of
substrate proteins using adenosine triphosphate (ATP). The ATP binding site is well
conserved in all protein kinases and enables their phosphorylation, which is one of the

most critical steps in cell signal transduction'®.

RTKs are a group of membrane proteins that participate in the regulation of intracellular
processes, such as growth, survival, differentiation and motility, by transmitting signals
from the extracellular environment to the cytoplasm or cell nucleus. Ligand binding to
RTK causes activation of different molecular and cellular responses, and each receptor
monomer is coupled to another monomer (dimerization) and phosphorylated'*®
(Figure13). Activation of RTKSs leads to phosphorylation of downstream intracellular
signaling pathways and subsequent changes in cell physiology and behavior. Internal
domains of RTKs mediate intracellular pathways such as the PI3K, JAK, STAT, AKT,
ERK, and MAPK pathways'?’. In cancer cells, due to mutations in oncogenes and
tumor-inhibiting genes, several intracellular transmission pathways are strongly
activated, ultimately resulting in differentiation, increased cell proliferation and
inhibition of apoptosis'*®. In recent years, the understanding of the molecular processes
involved in intracellular pathways in cancer has led to the identification of chemical
biomarkers that target these pathways and either inhibit or stimulate signaling in cancer
cells.
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Figure 13. Canonical RTK signaling cascade. When the tyrosine kinase receptor (RTKSs) binds to its ligand, the receptor
is dimerized and activated. The intracellular kinase domains of the receptors are in the correct orientation so that
oligomerization and trans autophosphorylation of tyrosine occur in the activation ring (ring A) and subsequent kinase
activation. Phospho-tyrosine residues, in turn, cause secondary transphosphorylation in the kinase insert, which induces
RTK phosphorylation. Secondary messenger proteins activate downstream proteins, which in turn send signals to regulate
gene transcription to the nucleus. RTK, Receptor tyrosine kinase

BDNEF/TrkB Signaling

BDNF is a homodimer protein formed of a signal peptide sequence and an N-
glycosylation site located at nerve terminals and transmitted anterogradely throughout
neurons'*’. Released BDNF binds to the tropomyosin B (TrkB) receptor, a member of
the tyrosine kinase family, resulting in its dimerization and subsequent
autophosphorylation'>*!*!. BDNF activation of TrkB induces chemoresistance through
activation of phosphatidylinositol-3-kinase (PI3K)/Akt signaling and mitogen-activated
protein kinases (MAPKSs), which in turn affect gene expression by activating
transcription factors, such as cAMP response element-binding (CREB) protein.
Activated AKT causes activation of mammalian target of rapamycin (mTOR) and
suppresses autophagy. Induction of MAPK and extracellular signal-regulated kinases
(ERK1/2) increases apoptotic markers that induce cell survival, as well as
phosphorylation of synapsin-1, which mediates the release of synaptic vesicles, causing
activation of CREB'? (figure 14). BDNF/TrkB activity can even modulate
proinflammatory mediators such as NF-kB and lead to limitation or enhancement of the
inflammatory response'>. In most tumors, BDNF/TrkB signaling leads to several
important biological processes in tumor cells, including proliferation'**, migration, and
epithelial-mesenchymal transmission'>, as well as resistance to apoptosis and anoikis
(a form of detached apoptosis) and suppression of antitumor immunity'>®. High
expression of BDNF in neoplastic tissue compared to non-neoplastic adjacent tissue
from the same person and the presence of both BDNF mRNA and protein in serum in
CRC patients make BDNF a possible candidate biomarker in CRC'"’.
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Figure 14. Schematic drawing of the BDNF / TrkB signaling cascade. BDNF / TrkB activation generally activates the signal

paths PI3K, Ras, and PLC y. The activity summary of this pathway is as follows: Activation of the PI3K pathway leads to

cell survival. Activation of the Ras pathway leads to cell growth and differentiation. Activation of the PLCy pathway leads to

tumor cells motility and migration. All three pathways link to the CREB transcription factor, which can regulate gene
expression. diacylglycerol. AKT, Protein Kinase B (PKB); CREB, cAMP response element-binding protein, DAG,
Diacylglycerol; IP3, Inositol Trisphosphate; MAPK, mitogen-activated protein kinase; PKC, Protein Kinase C.
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Hormones in Cancer

Hormones are chemicals secreted by endocrine glands, including the ovaries and
testicles. Hormones are responsible for making cancer cells grow in certain cancers,
including breast and prostate cancer. In other cases, hormones can kill cancer cells,
shorten the growth cycle of these cells, or prevent them from growing. Hormone
therapy, which is used as a treatment for cancer, means using medicine that enhances
the activity of these specific hormones or stops the body from producing them'*®, but
using them optimally to achieve the best health benefits and prevent side effects is still

a major challenge'®’.

Estrogen and estrogen receptor beta (ERp) in CRC
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Figure 15. Molecular mechanism for ERB-mediated anti-tumorigenic activity. Adapted from Williams C, et al., 2016,

Young women with CRC exhibit better survival than young men'®'. Previous research
has shown the role of female hormones in preventing CC. Sex, age and the amount of
estrogen in a woman's body are three important factors that increase the likelihood of
recovery and life expectancy'®. Research has shown that women with CC who are less
than 45 years old live on average two years longer than men with the disease'®, and
respond better to anticancer drugs. Hormone replacement therapy and estrogen
injections will increase the chances of disease improvement in postmenopausal
women'®, Estrogens are steroid hormones that are important for the sexual and
reproductive organs in women and men. Estrogens regulate various physiological
characteristics in the female body, such as bone integrity, muscle mass, subcutaneous
visceral fat, and homeostasis'®. Abnormal estrogen activity can lead to a wide range of
diseases, including CRC. Estrogen signals through two nuclear receptors, ERa and ER.
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These receptors are encoded by two distinct genes (ESR1 and ESR2) on two different
chromosomes'®. ERo. and ERB show major differences in their biological functions
dependent on both nuclear and extranuclear signaling. ERa is amplified by differential
expression of proapoptotic and anti-apoptotic proteins as well as cyclin D1 to promote
cell cycle transfer due to promoted proliferative signals in cells, while ERp can activate
the proapoptotic signal cascade in the absence of ERa and via the p38/MAPK pathway
to induce antitumor and antiproliferative effects'®. ERp is the predominant estrogen
receptor in both normal and malignant colonic epithelium, while little is known about
the level of ERa protein in the colon epithelium or in CRC. ERa and ERf interact with
many receptors and signaling substances, including tyrosine kinases, scaffold proteins,
and guanine (G) nucleotide exchange proteins, and are involved in activating
cytoplasmic signaling pathways. Previous studies have shown that ERB expression
decreases during colon tumorigenesis and that the level of expression is inversely
related to the prognosis of disease'®” (figure 15). Further knowledge of ER activity in
CRC may enable prevention of the disease and provide more treatment options for
tumors with high ERB expression.

29






Aims

Specific Aim

The general aim of this thesis was to investigate the role of BDNF in CC and its
microenvironment by focusing on inflammatory mediators, as well as the estrogen
hormone and its receptor.

Paper I: The main goal of this project was to investigate better strategies for
diagnosing CC. This study focused on the neutrophil/BDNF/CysLT;R axis as an
independent prognostic marker for the early detection of CC.

Paper II: The main goal of this project was to investigate the correlation between
BDNF/TrkB and LTD4/CysLT;R for the early detection of CC. Here, we focused on the
molecular interactions between TrkB and CysLT;R.

Paper III: The main goal of this project was to identify a new and robust gene
signature based on the link between BDNF and cancer diagnosis that could predict
tumor recurrence in patients with stage I, II, and III CC.

Paper I'V: The main goal of this project was to investigate the correlation between
ERp and inflammatory mediators and the antitumor effect of ERp and its selective
agonist ERB-041 in CRC.
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Patient data and Methodology

Patient Material

In Papers I, 11, and III, the Malmo Hospital cohort including 72 formalin-fixed and
paraffin-embedded samples and matched normal mucosa samples from primary CC was
used. Tumor microarrays were stained with hematoxylin and eosin according to the
manufacturer’s instructions for further study with immunohistochemistry.

In Paper I, 197 CC patients with stage I, II or III disease from the public TCGA-COAD
dataset were included.

In Paper II, 259 CC patients in stages I, Il and III from the public TCGA-COAD dataset
were included.

In Paper I11, a total of 1758 CRC samples from public TCGA-COAD cohorts including
five discovery cohorts, two training validation cohorts and one RNA-seq-based clinical
cohort were included. Additionally, 19 plasma samples from CC patients and 9 plasma
samples from healthy donors were used in the study.

In Paper 1V, 314 female CRC patients were studied.

Methodology

All experiments were repeated at least three times.

In Paper I, using [HC, we analyzed the protein markers CD66b, CysL TR, and BDNF.
To determine the transcriptional correlation between BDNF and CYSLT/R, total RNA
from colon tumor tissues and matched normal tissues from patients with CC was
isolated according to the manufacturer's protocol. Real-time PCR was performed, the
cDNA samples were normalized to HPRT1, and the results were prepared using the
comparative threshold cycle (Ct) method. To study and validate the expression of
related genes, we also used a published TCGA dataset. For in vivo experiments, two
mouse models were used: colitis-associated mice lacking the cysltl gene (and reference
mice) and a xenograft mouse model in which mice were administered the CC cell line
SW480. We determined relevant gene and protein expression in vivo using qPCR, THC,
and Western blot.
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In Paper 11, using IHC, we stained colon tissue samples from 46 patients with CC and
assessed TrkB expression based on the intensity of staining in the tumor tissue as well as
adjacent normal tissue. The SW-480 CC cell line was cultured using RPMI-1640 medium
with 10% fetal bovine serum (FBS). At 80% confluence, the cell culture media was
changed to 0.5% FBS, and the cells were then treated with either recombinant BDNF or
LTD; at different times. Treated cells were used to either analyze gene expression using
gPCR or investigate the localization of receptors using immunofluorescence. A published
TCGA dataset was used to evaluate the correlation of TrkB with CysLT;R mRNA levels.
All the results were analyzed by suitable statistical methods.

In Paper III, a systematic gene expression assay was performed in 5 independents in-
silico CRC cohorts, and 5 differentially expressed genes were detected in CC. mRNA
analyses of the 5 significant differentially regulated genes (BDNF, PTGS2, GSK3p,
CTNNBI and HPGD) were performed between the normal colon and tumor tissues to
analyze patient 5-year survival. The results of the mRNA assays were normalized using
RMA algorithms (multiarray average). Using Cox regression analysis, the risk scores
were calculated based on survival analyses, and the prognostic utility of the selected
genes was estimated in each dataset (using the Youden index value as a cutoff). Using
IHC, primary tumor tissues and the adjacent mucosa were stained with antibodies
against the proteins of interest, and the correlations between the mRNA expression of
BDNF and 4 other genes PTGS2, GSK3B, CTNNBI (COX-2, GSK3f and B-catenin)
and HPGD (15-PGDH) were analyzed. To evaluate our suggested five-gene signature
as a diagnostic marker, plasma was collected from 19 CC patients and 9 healthy
independent controls. According to the manufacturer’s protocol, cell-free plasma was
provided and stored at -80 °C in 1 ml of QIAzol reagent (Qiagen). In addition, 6 tissue
samples and adjacent normal mucosa from patients with CC from Malmd Hospital were
used. Total RNA isolated from tissue samples and plasma samples along with controls
was sent to the Lund University sequencing facility for sequencing for transcriptome
analysis. A sequencing library was prepared, and mRNA expression levels were
measured by reads per million mRNAs mapped (RPM). To measure mRNA for the four-
gene signature, total RNA in CC patient plasma and relevant controls was isolated with
a RNeasy mini kit; the levels were normalized to B-actin and analyzed using qRT-PCR.
The results were analyzed by statistical methods.

In Paper IV for in vitro experiments, four CC cell lines, SW-480, HCT-116, Caco-2,
and HT-29, were treated with or without the ERP agonist ER-041 and subjected to
further tests to study CRC progression (migration, wound healing, clonogenic cell
survival, cell survival, and colonosphere formation tests). 70 analyze the expression of
genes of interest in CC cell lines treated with or without ER-041, qRT-PCR was used.
For in vivo studies, 3 different mouse models were used to confirm the correlation
between ERP and antitumor membrane-associated P-catenin, cysteinyl leukotriene
receptor 2 (CysLT,R), and 15-hydroxyprostaglandin dehydrogenase (15-PGDH), and a
negative correlation of ERp with nuclear B-catenin, cysteinyl leukotriene receptor 1
(CysLTiR), and cyclooxygenase-2 (COX-2) was identified. A zebrafish study was
conducted to study the antimetastatic effect of ER.
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Results and Discussion

Paper I: Brain-Derived Neurotrophic Factor, Neutrophils and Cysteinyl Leukotriene
Receptor 1 as Potential Prognostic Biomarkers for Patients with CC168.

Main findings:
A significant positive correlation between the levels of neutrophils and
BDNF and between the levels of CysLT R and BDNF was found (P = 0.02
and P = 0.03, respectively), as were correlations with CC patient prognosis.

There was significant downregulation of BDNF expression in mice lacking
the cysltrl gene and in a mouse xenograft model with human SW480 CC
cells treated with the CysLT;R antagonist montelukast compared to that in
wt mice and untreated mice, respectively (P<0.001).

Potential predictive value of CD66b, BDNF and CysLT;R expression as an
independent prognostic predictor for CC progression with and without
regard to clinicopathological factors (sex, TNM stage and LNM) was
identified in CC patients (P=0.01).

Previous studies have shown that high neutrophil infiltration in the tumor is associated
with a poor prognosis for CC patients.

To study the role of tumor-associated neutrophils, we used the neutrophil marker CD66b
in CC tissues and matched normal mucosa. Our results showed that tumor infiltration
of neutrophils is higher than that in normal colon mucosa and associated with poor
prognosis for CC patients.

We differentiated human leukemia cell lines (HL-60) into neutrophil-like cells (NLCs).
NLCs were treated with LTD4 or TNFa for 24 hours, and then the medium was collected
and used to investigate cytokine secretion. Analyses of the data showed significant
increases in both BDNF and CysLT)R secretion in NLC media (data not shown). Next,
we examined the expression levels of CD66b, CysLT|R, and BDNF in 56 tumor tissue
samples from CC patients with stage I, II, and III disease from the Malmoé CC cohort
and observed a positive correlation between the expression of all three proteins. mRNA
data from 197 CC patients from the TCGA database confirmed our finding.
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Previously, our group showed that low levels of CysLTR and high levels of CysLT2R
are associated with a better prognosis for CC patients. In addition, BDNF, which is a
nerve growth factor for the central nervous system, contributes to the differentiation,
maturation, and survival of nerve cells. In cancer, BDNF binds to its high-affinity
receptor TrkB, which phosphorylates and increases tumor cell proliferation and
contributes to metastasis via epithelial-mesenchymal transition (EMT).

Interestingly, our results showed a low level of BDNF expression in the intestinal tissue
of mice lacking the cysltrl gene. A mouse xenograft model with human cancer cells
treated with montelukast, a leukotriene receptor antagonist, also showed lower levels of
BDNF expression than the control group.

We also confirmed these results by measuring BDNF in mouse tissues using Western
blotting analysis.

The results from the Malmé cohort were further validated with the TCGA cohort, in
which high BDNF expression independently correlated with poorer OS in CC patients.

Sex, TNM stage, and LNM have been shown to be significantly associated with OS in
patients with CC and are often used to estimate the prognosis of CC patients. We
calculated the risk score for CD66b, CysLT R and BDNF and clinical factors (sex, TNM
stage and LNM) in stage I-I1II CC patients from the Malmé cohort. We found a strong
correlation between the clinical factors and CD66b, CysLT;R and BDNF, which makes
them possible candidate predictors for high-risk CC patients. We examined the three
CD66b, CysLT R and BDNF signature markers in both the Malmo cohort and TCGA
(mRNA) datasets, and the results indicated that the signature containing CD66D,
CysLT R and BDNF had significant positive value and high accuracy as a predictor for
high-risk CC patients. This signature in combination with clinical factors obtained a
high AUC (AUC = 0.81), implying high accuracy, sensitivity and specificity of the three
indicators that therefore may be able to be used in combination as a marker for high-
risk CC patients.

What is new:

To the best of our knowledge, the study showed, for the first time, a significant
positive correlation between CD66b, BDNF, and CysLT;R expression in CC.

Our data revealed the CD66b/BDNF/CysLT R signature as an independent
prognostic biomarker for CC patient survival.

We reported that the CD66b/BDNF/CYSLTRI genes signature along with

clinical features (TNM stage and LNM) might be valuable as a prognostic
marker to identify patients with poor prognosis.
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Paper II Cytosolic expression of the brain-derived neurotrophic factor receptor

TrkB and nuclear cysteinyl leukotriene receptor 1 goes with poor prognosis for CC
patients.

Main findings:
Significantly higher expression of TrkB in the normal colon mucosa compared
to colon tumors was found in CC patients (P= 0.0002).

No correlation between TrkB expression and CC patient overall survival was
found (P=0.3).

LTD4 induced increased NTRK?2 (TrkB) gene expression in human SW480 CC
cells.

We found a significant correlation between NTRK2 and CYSLTRI gene
expression in TCGA-COAD (P=0.001).

There was nuclear accumulation of phosphorylated TrkB in SW480 CC cells
(P=10.006).

This study is part of an ongoing project aimed at investigating the expression and
subcellular localization of TrkB in CC in the presence or absence of its ligand, BDNF.
In addition, the biological effects of the activated isoform of TrkB in human CC were
assessed.

Research has indicated that targeted therapy against TrkB/BDNF greatly reduces tumor
growth in patients with CC. The colon is known as a site for the expression of
neurotrophins and their receptors. In the study, TrkB expression was analyzed in both
colon tumor cells and normal matched colon tissues from patients with CC, as well as
in the SW480 CC cell line. High TrkB expression intensity was observed in only 6% of
tumor tissues, while 24% of normal colon tissues from the same patient showed high
TrkB expression. The expression level of the tyrosine kinase receptor did not show any
effect on CC patient OS. Our preliminary data showed that the effect of TrkB expression
in CC patients may be mostly due to the localization of the receptor on tumor cells rather
than the total amount of TrkB expression. We showed that TrkB is abundantly expressed
in CC cells, and the expression of TrkB when CC cells were stimulated with BDNF or
LTDs, a high-affinity ligand for CysLT R, increased in these cells.

Extensive research has been performed on TrkB’s extracellular domain, which has a
high affinity for BDNF. However, TrkB can also be activated by other ligands. Our data
revealed that stimulation of cancer cells with LTD4 might cause TrkB phosphorylation.
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Studies have shown that TrkB can possibly be activated by GPCRs. Activated TrkB can
stimulate an intracellular mitogenic cascade, followed by a downstream signaling
pathway through the well-characterized PI3K/Akt pathway, causing uncontrolled
growth of cancer cells.

In the current study, using a published available TCGA-COAD cohort, we showed a
positive correlation between NTRK2 and CYSLTR1 gene expression in CC patients. The
same correlation was observed between TrkB and CysLT;R protein expression in colon
tumor tissues from CC patients belonging to the Malmo cohort. However, whether LTD4
activates TrkB is still unclear. TrkB has several different isoforms, including a full-
length (TrkB-FL), a truncated membrane receptor (TrkB-T), and an intracellular
fragment (TrkB-ICD) isoform. In CRC, two different domains of TrkB have been found
mutated, whereas in lung cancer, the extracellular domain of the TrkB receptor seems
to be mutated. Using IHC, we showed a similar pattern with high expression of
phosphorylated TrkB in healthy tissues from the skin, breast, prostate colon, kidney,
and uterus.

To investigate the localization of TrkB expression in CC cells, we treated SW480 CC
cells with recombinant BDNF (rBDNF) at different time points. We found the
appearance of phosphorylated TrkB receptors after 10 minutes of treatment, with
accumulation in the cytoplasm. Our results indicated translocation of the pTrkB receptor
to the nucleus after stimulation of SW-480 CC cells with rBDNF for 20 minutes.

Research questions and future plans

Is the localization of TrkB in the nucleus in CC cells induced by soluble factors
from other cell types? If it is, which of the TrkB domains are activated?

How does blocking BDNF and LTDj4 affect CRC progression?

Paper I1I: 1dentification of a novel five-gene signature as a prognostic and diagnostic

biomarker in colorectal cancers.

Main findings:
A promising role of a gene signature containing BDNF, PTGS2, CTNNBI,
HPGD and GSK3B as independent biomarker of OS and RFS in patients with
CRC was identified.

The five-gene signature alone was superior to the tumor stage for prognostic

evaluation, and the results differed slightly from those obtained using TNM
stage and lymph node metastasis.
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A significant AUC value (>0.75) indicated a good prognostic ability of the five-
gene signature.

Significant upregulation of mRNA expression of the four genes, BDNF,
PTGS2, CTNNBI, and GSK3B, was found in CRC patient plasma samples.

To investigate whether our four-gene signature is a suitable blood-based diagnostic
predictive marker, assessment of OS and RFS of patients and an extensive study of
blood samples from CRC patients are required.

The five-year survival drops from 80% for patients in the early stages to 63% for
patients with CRC in the later stages of the disease. Colonoscopy screening is currently
the most accurate diagnostic tool for CRC patients, but given its invasiveness and
associated socioeconomic issues, the need to find non-invasive blood-based methods to
reach more individuals for CRC screening is substantial.

A reproducible and robust gene signature can be very helpful for a more precise clinical
diagnosis of the disease. In this study, we performed a comprehensive assessment of
transcriptome profiling data and found a novel signature for the early diagnosis and
prognosis of CRC patients. We used five in-silico CRC cohorts as discovery, training,
and validation cohorts to identify gene signatures based on changes in BDNF mRNA
expression in CRC. All data were filtered, and differential gene expression analyses
were performed in five independent in-silico CRC cohorts to create the associated gene
signature for CRC, with genes considered significant if their expression was more than
log2(fold change) upregulated or downregulated in tumor tissues compared with
adjacent normal mucosa.

Using the Gene Ontology database and the discovery cohort, 32 cancer-related and
dysregulated genes, including five genes (BDNF, PTGS2, CTNNBI, HPGD, and
GSK3B), were initially identified. All the genes were associated with the overall
survival of CRC patients (P<0.05).

For prognostic assessment and to identify the expression level of the five selected genes
in adjacent normal and tumor samples from CRC patients, we used in-silico detection
cohorts. Four genes (BDNF, PTGS2, CTNNBI, and GSK3B) were significantly
upregulated and one gene (HPGD) was significantly downregulated in primary tumor
tissues compared to adjacent normal tissues in all five in-silico datasets. Correlation
matrices and heatmaps were generated for the selected markers, and we found a
significant association between BDNF mRNA expression and all four other genes in
primary tumor tissues compared with adjacent colon mucosa and colon mucosa from
healthy donors.

We determined the risk scores for the five selected genes, compared mRNA expression
in high-risk versus low-risk CRC patients using the Youden index cutoff from the
training TCGA dataset (N = 324), and built a prognostic model to calculate the risk
scores for selected genes for CRC patients with stage I, II and III disease. We found that
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patients who belonged to the high-risk group had a worse OS than those who belonged
to the low-risk group. Using data from the in-silico cohort, we compared the prognostic
performance of the risk scores for the five selected genes and found a significant
improvement in the risk scores for each individual marker. Our data indicated that
relapse-free survival for patients in the high-risk group was significantly worse than that
for patients in the low-risk group. Nonsurvivors and recurrent CRC patients had
significantly high-risk scores for the five selected genes in this training TCGA-COAD
patient cohort.

To validate the prognostic utility of the five-gene risk score, we employed a validation
cohort and assigned patients to high and low risk score groups with the same cutoff used
for the in-silico training cohort. High-risk patients had worse OS than low-risk patients
(HR =3.36, P = 0.01). We obtained the same results in the in-silico validation cohort.
Time-dependent ROC curves revealed a high AUC value of 0.82, which confirmed the
predictive accuracy of our suggested model. The ROC analysis showed that the five-
gene panel with the clinical risk stratification system was significantly correlated with
OS (AUC = 0.89, P<0.001).

To validate our biomarker panel, we used a training cohort with plasma sample and
clinical data. The level of HPGD gene expression was considered insufficient to
determine the validity of the biomarker panel in plasma, and therefore, the gene was
removed from the five investigated genes.

Furthermore, to evaluate our selected genes as an mRNA-based signature, we used 6
colon tumors and 6 matched normal tissues for RNA-seq-based mRNA expression
profiling. All four genes showed significant upregulation in tumor tissues.

Next, based on our mRNA-seq data, we measured the levels of the 4 selected genes
(BDNF, PTGS2, CTNNBI, and GSK3B) in a plasma-based microarray in an in-silico
training cohort, and the results showed significant upregulation of the 4 genes in the
cohort.

To estimate the robustness of our four-gene panel, we selected a clinical validation
cohort with 19 CRC cases and 9 healthy independent controls. Upregulation of all 4
genes was significant in the CRC patient plasma. The results revealed a robust AUC
value of 0.83 (P<0.0001) in CRC patients.

What is new:

The study proposed a five-gene signature (BDNF, PTGS2, CTNNBI, HPGD,
and GSK3B) that was found to be an improved potent prognostic biomarker
compared to currently available clinical pathological risk factors.

Based on the results obtained, the gene signature is a potential independent
predictor of tumor recurrence, which, in combination with TNM stage and
LNM, can offer a more personalized risk assessment in patients with stage II/111
CRC.
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Upregulation of 4 of the 5 selected mRNAs in plasma from CRC patients was
correlated with BDNF, and these factors could be used either alone or in
combination with PTGS2, CTNNBI, and GSK3B as diagnostic markers for
CRC.

Research questions and future plans

Large-scale cohort validation of the diagnostic utility of our suggested 4-gene
signature as an affordable, noninvasive CRC screening marker is warranted.

Paper IV: Tumor-suppressive effect of estrogen receptor P in colorectal cancer
patients, CC cells, and a zebrafish model'®.

Main findings:
There was a negative correlation between Erf and the tumorigenesis markers
CysLTR, B-catenin and COX-2.

There was a positive correlation between Erf and the antitumor mediators
CysLT2R and 15-PGDH.

Erp and CysLT:R levels are positively associated with CRC OS and DFS.
The Erf} agonist ErB-041 reduced CC cell migration and colony formation and
cell survival but induced apoptosis of human CC cells.

In vivo models showed a suppressive effect of Erff on CC metastasis.

Our group, like others, has previously reported the antitumor effects of ERP in CRC,
showing that high expression of ERp is correlated with better OS and DFS in women
suffering from the disease.

In this study, we investigated the antitumor effect of ERp and its selective agonist ERB-
041. Using in-silico, in vitro and in vivo experiments, we showed that the presence of
ERP reduced cell proliferation, migration and invasion. IHC analysis revealed that
women with CRC who had higher expression levels of ERp had significantly higher
levels of membrane B-catenin, CysLT:2R and 15-PGDH, all of which have antitumor
effects, and lower levels of nuclear B-catenin, CysLTR and cyclooxygenase-2 (COX-
2), which have tumor-promoting effects.

In vitro experiments with three different CC cell lines showed that ERP was
significantly positively correlated with CysLT,R, membrane B-catenin and 15-PGDH
and negatively correlated with CysLT;R, nuclear f-catenin and COX-2. In addition, CC
cells treated with the ERpB agonist ERB-041 showed a decrease in CysLT;R, active -
catenin and COX-2 levels but increased levels of CysLT:R and 15-PGDH, as well as
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increased apoptosis, compared to untreated control groups. IHC staining of the intestine
of the CAC mouse model lacking the cysltrl gene showed higher expression of ER,
while the CAC mouse model lacking the cysltr2 gene showed lower expression of ERp.
The APCmin/+ spontaneous mouse model, with activated Wnt-B-catenin signaling,
showed prevented phosphorylation and degradation of B-catenin, which caused its
translocation into the cell nucleus. Using a zebrafish xenograft model, we found less
distant metastases in fish treated with ERB-041 than in vehicle-treated fish.

What is new:

Induction of ER[ expression is significantly correlated with antitumorigenic
activity and results in a reduced metastatic burden in CRC. Our results support
the hypothesis that the ERP agonist ERB-041 has a suppressive effect on tumor
cells and is beneficial for CRC patients
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Conclusions

Paper I. High expression of CD66b, CysLT;R, and BDNF in human tumor tissues
indicated worse overall survival for CC patients. There was a positive correlation
between CysLT;R and BDNF in CC, where BDNF expression was affected by the
presence or absence of CysLT R in the TME. The data suggest that CD66b, CYSLTRI,
and BDNF gene signatures may have prognostic value as predictive biomarkers for CC
and may be an appropriate option for identifying high-risk CC patients in the early
stages of the disease.

Paper II. We found no association between TrkB expression levels and the overall
survival of CC patients. In in vitro experiments, our results showed an increase in TRKB
mRNA expression levels in SW480 CC cells during rBDNF or LTD, stimulation. In
addition, we found different degrees of phosphorylated TrkB translocation into the
cytosol and nucleus in CC cells at different times after exposure of SW cells to rBDNF.
The duration of stimulation of CC cells with -BDNF may play a role in the cytosolic or
nuclear localization of the TrkB receptor. Further studies are needed to investigate the
localization of TrkB receptors in CC cells and their effects on tumor cell progression.

Paper III. The main findings of this project confirm that the five-gene signature
(BDNF, PTGS2, CTNNBI, HPGD, and GSK3B) is an effective stratification marker for
patients with stage I, II, and III CRC who are at risk of relapse based on their clinical
results. This tool could be a new prognostic biomarker with much higher accuracy than
the currently used biomarkers for prognostication. Considering the five-gene signature
in combination with clinically validated progression-related risk factors such as TNM
stage and LNM can provide an accurate and noninvasive screening strategy to assess
personal risk. The presence of four out of five gene markers in CRC tissues in the plasma
of CRC patients, which can be easily assessed in clinical practice, was correlated with
BDNF, and these factors with significant plasma expression levels could be an effective,
robust tools for CRC screening.

Paper I'V. The survival of female CRC patients with high ERB expression was longer
than that of patients with lower ER} expression. ERf} and its agonist ERB-041 reduced
cell proliferation, migration and invasion in both in vitro and in vivo experiments on
CC cells. Women with CRC who had higher expression levels of ERp also had higher
levels of antitumor factors such as membrane B-catenin, CysLT>R and 15-PGDH, and
tumor-enhancing effects were shown to be lower due to lower expression levels of
nuclear B-catenin, CysLT;R and COX-2. In addition, xenograft zebrafish treated with
ERB-041 showed fewer distant metastases. In summary, we believe that ERP has an
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antitumor effect in CRC and that its agonist ERb-041 may be a treatment for CRC
patients.
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