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ABSTRACT

Background: African Americans (AAs) present with the highest incidence and mortality

rate for CRC. When compared to Caucasian Americans (CA), AAs present reduced

response to the chemotherapeutic agent 5-Fluorouracil (5-FU), and an increased

expression of genes encoding proteins involved in inflammatory processes. Here, we

investigate the role of Interleukin-1 b -{ b L, i n promoting cel/l sur
chemotherapeutic response in novel AA colon cancer cell lines.

Methods: RNA sequencing analysis was performed to detect expression of genes in AA

and CA colon cancer cell lines. MTS and Western Blot assays were used to assess the

effectsof IL-1 b i n terms of cel | proliferation and |
performed cell viability assay and apoptosis analysis to evaluate the effects of IL-1 b 0o n

5-FU response. Finally, we used an IL-1 Receptor antagonist (IL-1Ra) to inhibit IL-1 b

induced effects on cell proliferation, 5-FU treatment and activation of inflammatory

pathways.

Results: AA colon cancer cell lines displayed significant increase in expression of genes

related to IL-1 b a n-8B phitkways. Our results showed a more pronounced increase

in cell proliferation, following treatment with IL-1 b , in the AA cell l i nes.
response to 5-FU treatment was observed followingIL-1 b t r eat ment , i n both
cell lines, as well as activation of different molecular pathways among the four cell lines.

IL-1Ra blocked the effects induced by IL-1 b by decreasing cell prol
sensitivity to 5-FU and inhibiting activation of NF-kB pathway.

Conclusions: Our results revealed a differential expression and activation of

inflammatory pathways that might regulate the variable responseto IL-1 b bet ween AA

12



and CA colon cancer cell lines. Our data also demonstrated that IL-1 b i s i nvol vec
modulating 5-FU response in both AA and CA colon cancer cell lines and that IL-1Ra
could be used to further improve sensitivity to 5-FU therapy in presence of high levels of
IL-1 b . Further | asemehanisgnawili helmeluadate thehdifferences seen

in incidence, mortality, and response to therapy in AA colon cancer patients.
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CHAPTER I: INTRODUCTION

i. Colorectal Cancer Overview
a. Epidemiology

Colorectal cancer (CRC) is the third most common cancer worldwide, representing
about 11% of all cancer diagnoses (1). In the United States alone, there are approximately
160,000 new cases of CRC every year and it is estimated that in 2022 a total of 52,580
people will die from both colon and rectal cancers (2,3). Both incidence and mortality
trends for CRC have declined over the past forty years, the latter due to earlier diagnosis
and improved treatment options (2). Despite showing improving trends, CRC still
represents a burden, especially in the developed countries, with a 5-year relative survival
rate ranging from 91% to 72% for patients diagnosed at early stages and 15% for patients
diagnosed at later stages (1, 2).

Multiple risks factors have been implicated in the development and progression of
CRC (Figure 1), which are classified as modifiable and non-modifiable (1). Among the
modifiable risk factors, we find lifestyle choices such as diet, physical activity, tobacco
and alcohol use. It has been shown that a diet high in red meat and processed food, and
low in fiber, calcium and vitamin D, is associated with an increased risk of developing
CRC (1, 4). In the same way, a sedentary lifestyle has been associated with a 50% higher
risk of developing CRC, while an active lifestyle has shown correlation with a 25%
decrease in the likelihood of disease development (1). Lack of physical activity often leads
people to become overweight and obese which has also been associated with
development of CRC, due to an increase in adipose tissue which relates to a higher
secretion of pro-inflammatory factors in the bloodstream (1,4). Tobacco use has been

associated with risk of developing many types of cancer, especially lung cancer, and it
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has been shown that cigarette smokers have a 50% increased risk of developing CRC
(1). Finally, alcohol use has been associated with a 20-40% increased risk of CRC,
depending on the amount of alcohol consumed. Alcohol consumption has been
recognized as a contributor to CRC development, due to its ability to induce production
of reactive oxygen (ROS) and nitrogen (RNS) species, as well as other pro-tumorigenic

mechanisms (4).

RISKFACTORS

LIFESTYLE OTHERS

FAMILY AND PERSONAL
MEDICAL HISTORY

Family history Overweight and

Dietary patterns Gut microbiota [

and genetics obesity
boweldienss | | " rocomaimen [| [ Psiatinactvey - .
—  Colon polyps fru[::tal:: Viengzr:l;lles ] [ Clearetta smoking Gender and race —
— Diabetes mellitus \ll)iiteatn:(i’: l;na:m;k:;:ir:; - co;::‘:::lion Socioeconomics | |
products factors

“— Cholecystectomy

Figure 1. Schematic of risk factors for Colorectal Cancer.

Figure adapted from Ref #4

Sawi cki T, Ruszkowska M, Dani el ewicz A, KHNI
A Review of Colorectal Cancer in Terms of Epidemiology, Risk Factors, Development,
Symptoms and Diagnosis. Cancers (Basel). 2021 Apr 22;13(9):2025

Among the non-modifiable risk factors, we find family history and genetics, certain
medical conditions, race, sex and age. About 20% of CRC patients present with a family

history of cancer and less than 10% develop CRC as part of hereditary syndromes. The
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most frequent hereditary type of CRC is Hereditary Nonpolyposis Colorectal Cancer
(HNPCC), also known as Lynch syndrome (2-3% of all cases), followed by Familial
adenomatous polyposis (FAP). There are also certain medical conditions that predispose
to development of CRC, such as Inflammatory Bowel Disease (IBD), Diabetes Mellitus
and Colon Polyps (1). Another important non-modifiable factor is represented by race
(and ethnicity): African Americans and Native Americans are considered to have the
highest risk as well as lowest survival rate for CRC (1). Moreover, men have 1.5 fold
increased chance of developing CRC when compared to women, and people over the

age of 65 years have a greater risk than those aged 50-64 and below (1, 4).

b. Stages and Diagnosis

Colon cancer almost always begins as polyps, a precancerous growth that
develops in the mucosal layer of the colon (5). Polyps can be categorized as non-
neoplastic and neoplastic: the latter are known as either adenomatous or serrated polyps
and represent the precursors to the majority of colon cancers. In the course of 5-15 years,
polyps can turn into invasive adenocarcinoma, and the risk of this happening increases
based on size of polyps, degree of dysplasia and age of patient (4).

Colon cancer can be classified according to the American Joint Committee on
Cancer (AJCC) tumor, nodes and metastasis (TNM) system (5), which takes into
consideration the location of the primary tumor, lymph node involvement and presence of
distant metastasis (Figure 2). According to the AJCC system, there are 9 different stages
of colon cancer. At stage 0, the tumor is represented by abnormal cells that are confined

to the mucosa, with no regional lymph node or distant metastasis. At stage | the tumor
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Figure 2. Stages of
colon cancer.
Representative
progression of colon
cancer from polyps
(Stage 0) through
growing tumor (Stages I,
1, I1l), to metastatic
cancer spreading to
distant sites and organs
(Stage V). Figure
adapted from Ref #3
American Cancer Society.
Colorectal Cancer Facts &
Figures 2020-2022,
American Cancer Society,
Atlanta, Georgia.

g Spread to other organs

©2005, Terese Winslow
U.S. Govt. has certain rights

invades the submucosa or the muscularis propria but there is still no evidence of spread
to lymph nodes or metastasis. Stage Il is subcategorized as stage IIA, where the tumor
has spread to the serosa, stage IIB where the tumor has spread to the visceral peritoneum
and stage IIC where the tumor has reached adjacent organs or structures. At stage IlIA
the tumor has spread to the submucosa and the muscularis propria, and to one to three
nearby lymph nodes; or the tumor has spread to four to six nearby lymph nodes. In stage
[1IB tumor invades the serosa and has spread to one to three lymph nodes, or tumor is
confined in the muscularis propria and has spread to seven or more lymph nodes. In
stage IIIC, tumor has spread to visceral peritoneum plus four to six lymph nodes, or it has
already spread to nearby tissues. Lastly, stage 1V, also known as metastatic colon cancer,
is divided into stages IVA, IVB and IVC: in stage IVA the primary tumor has spread to one

distant organ or distant lymph node. In stage IVB the tumor has spread to more than one
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distant organ or lymph node. In stage IVC, the cancer has spread to the tissue that lines
the wall of the abdomen and may have spread to other areas or organs (6).

Due to its usually asymptomatic nature, most polyps can go undetected for many
years, until symptoms develop and cancer is already at a more advanced stage.
Therefore, screening represents a crucial part in the diagnosis of colon cancer since it
can detect disease at an early stage (5). The age to start screening has changed recently:
previously it was recommended for both men and women to begin at age 50; however in
2021 the screening age was decreased to 45 for those at average risk, or even earlier for
those patients at a higher risk due to family history or medical conditions (5). There are
several methods recommended for screening, based on either stool collection or visual
examination, and each of these methods has its own benefits as well as limitations. The
stool-based tests include Fecal immunochemical test (FIT), High-sensitivity guaiac-based
fecal occult blood test (gFOBT) and Multitargeted stool DNA test (Cologuard): these tests
are low cost and non-invasive and can be performed at home, however they have lower
sensitivity compared to the visual examinations and might miss polyps during the early
stages of the disease. Among the visual examination tests, we have Colonoscopy,
Computed tomographic colonography (CTC) and Flexible sigmoidoscopy. Colonoscopy
is the most commonly used CRC screening test in the US, and it has the highest
diagnostic sensitivity and specificity of all available tests since it enables direct visual
examination of the entire colon and rectum. When the colonoscopy is performed, biopsies
in real-time can be done and polyps can be removed, however it is a very invasive test,
which requires sedation and presents a higher risk for bowel tears and infections

compared to other less invasive tests. Both CTC and flexible sigmoidoscopy are more
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simple procedures, less invasive and with fewer risks and complications: however, they
are not as sensitive and in case of positive results, a colonoscopy is required for further

diagnosis (4, 5).

c. Treatment Options

Treatment for colorectal cancer has improved vastly over the years, however
outcomes are still closely related to patient characteristics, tumor stage and location, as
well as molecular features (5). Among the different types of treatment options for colon
cancer, the most commonly used are surgery, chemotherapy and radiation therapy.
Surgical options consist of local excision, where the polyp/tumor is removed without
cutting through the abdominal wall, or resection, where the tumor and part of the healthy
nearby tissues are removed. The different treatment options change according to the
stage of diagnosis: for stage 0, where usually the tumor consists of small polyps, the
removal takes place during a colonoscopy by local excision. For stage | and II, where the
tumor is still localized, resection of the tumor and adjacent tissue is the only treatment
needed. For some patients with stage Il cancer presenting with a higher risk of recurrence,
adjuvant therapy might be recommended after surgery. For stage lll, the patient goes
through resection of the tumor, part of the colon and nearby lymph nodes, followed by
post-operative chemotherapy regimens. For stage 1V, there are different options: if the
cancer has spread to a limited number of organs, such as liver, lungs and ovaries, surgery
is performed to remove the metastasis as well as the primary tumor. Usually for stage 1V

colon cancer the chemotherapy regimen is given both pre- and post-operative. However,

19



if the cancer has been deemed unresectable, the patients are offered palliative therapy
which consists of combination chemotherapy, targeted therapies and radiotherapy (5, 6).
1 Chemotherapeutic agents

In terms of chemotherapy, Fluorouracil (5-FU) represents the main systemic
chemotherapeutic agent used for CRC treatment, and it can be administered orally or
intravenously (7). It is primarily combined with Leucovorin, as well as in combination
regimens with oxaliplatin (FOLFOX), or irinotecan (FOLFIRI), mainly for metastatic CRC
(7). Leucovorin (folinic acid) is often combined to chemotherapeutic agents to help
decrease side effects. In the context of CRC, itis combined to 5-FU to enhance the effects

of the drug, by inhibiting thymidylate synthase. Oxaliplatin is a Platinum-based

4-—@4—-—>-

¥ [PRPP]
e

ERD > @D -*m

T

Figure 3. 5-FU metabolism.

Zhang N, Yin Y, Xu SJ, Chen WS. 5
Fluorouracil: mechanisms of resistance and
reversalstrategiesMolecules 2008;13(8):1551
1569.
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antineoplastic drug, similar to carboplatin and cisplatin, and acts by creating crosslinks
between DNA strands therefore interfering with DNA replication and transcription.
Irinotecan, on the other hand, is in a class of antineoplastic drugs called topoisomerase |
inhibitors. It acts by forming a complex with topoisomerase and DNA which interferes with
the advancement of the replication fork, inducing replication arrest and DNA breaks.
5-FU is classified as an antimetabolite and is a fluorinated pyrimidine which is
converted intracellularly to three active metabolites via the action of multiple enzymes
(Figure 3). Once transported inside the cell, 5-FU is converted to either fluorouridine
monophosphate (FUMP) or fluorodeoxyuridine (FUDR). FUMP is first phosphorylated to
fluorouridine diphosphate (FUDP), then it can be converted into two different active
metabolites: fluorodeoxyuridine triphosphate (FAUTP) or fluorodeoxyuridine diphosphate
(FAUDP). FAUTP is a fluorinated analogue and can be misincorporated into RNA and
cause RNA damage. FAUDP on the other hand, can be further phosphorylated to
fluorodeoxyuridine triphosphate (FAUTP) and cause DNA damage. Alternatively, once
inside the cell, 5-FU can be converted into fluorodeoxyuridine (FUDR) first and then into
fluorodeoxyuridine diphosphate (FAUMP), which binds to the nucleotide-binding site of
thymidylate synthase (TS) and inhibits its action in DNA replication (8).
Recently, more effort has been put into understanding the mechanisms behind the
different responses seen in patients, due to development of resistance to 5-FU. Since the
conversion and mechanism of action of 5-FU relies on different enzymes, alteration of
such proteins has been involved in development of resistance. Moreover, genetic and
epigenetic alterations, and dysregulation of multiple cellular pathways can all contribute

to an altered response to 5-FU (9).
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Thymidylate synthase (TS)

Thymidylate synthase (TS) represent the key enzyme in the mechanism of action
of 5-FU. TS catalyzes the conversion of deoxyuridine monophosphate (dUMP) to
deoxythymidine monophosphate (dTMP). 5-FU metabolite FAUMP binds to the
nucleotide-binding site of TS, forming a stable complex with TS and blocking access of
dUMP to the nucleotide-binding site. This results in inhibition of dTMP synthesis and
consequent DNA damage (8). Therefore, it is not surprising that altered expression levels
and specific polymorphisms of the TS genes are associated with 5-FU resistance (9).
Analysis of CRC patient samples showed a correlation between low TS expression and
good response to 5-FU therapy (10). In contrast, overexpression and amplification of the
TS gene, and polymorphisms of the promoter have all been characterized as main
determinants of 5-FU resistance, both in clinical studies and in vitro studies (8, 9).

Thymidine phosphorylase

Another enzyme involved in 5-FU metabolism is Thymidine phosphorylase (TP),
which converts 5-FU to fluorodeoxyuridine (FUDR). TP is also involved in activation of
orally administered prodrug Capecitabine (11). It has been shown that TP could have a
predictive role in the prognosis of CRC patients treated with 5-FU (11). There have been
contradictory findings in the literature on the role of TP in 5-FU resistance, with some
studies suggesting that patients that had low expression of TP in their tumor samples
were less likely to respond to 5-FU. However there seems to be a discrepancy in the
prognostic value of TP between the early stages and advanced metastatic colorectal

cancer (8, 9).
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Dihydropyrimidine dehydrogenase

Dihydropyrimidine dehydrogenase (DYD) is the rate-limiting enzyme in 5-FU
metabolism and it limits the bioavailability and plasma concentration of 5-FU (9). Patients
with DYD deficiency experience high level of toxicity to 5-FU, due to accumulation of
metabolites in the system. In accordance, overexpression of DYD is associated with
higher 5-FU degradation and therefore reduced response to treatment (8, 9).

Microsatellite Instability

Several studies have reported association between 5-FU resistance and failure of
the DNA mismatch repair (MMR) system. CRC tumors that present with a deficiency in
the MMR system represent about 15% of all cases and they are known to be
characterized by regions of high instability, therefore they are known as Microsatellite
Instable (MSI) (2). Several authors have demonstrated that patients presenting with MSI-
H tumors do not benefit from chemotherapy with 5-FU as much as Microsatellite Stable
(MSS) patients do (12, 13). This is also supported by in vitro studies, in which restoration
of genes involved in MMR system increases sensitivity to 5-FU treatment (14).

Drug Transport

Another mechanism involved in resistance to 5-FU is related to altered expression
and function of membrane drug transporters. 5-FU resistance could be due to decreased
transport of the drug into the cellular compartment as well as increased transport from the
cell, both of which lead to reduced concentrations of 5-FU in the cell (9, 15). Multiple
studies have associated changes in the expression levels of members of the ABC
transporter superfamily to development of 5-FU resistance (9, 15). Recently,

polymorphisms in the transporter gene ABCC4 have been found to affect 5-FU efficacy,
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due to decreased expression of the transporter and accumulation of 5-FU in the
intracellular compartment (16).

Apoptosis

Apoptosis, or programmed cell death, is the main mechanism by which cells
respond to cytotoxic agents such as 5-FU. It has been shown that many cancer cells
presented altered balance of pro- and anti-apoptotic proteins, which makes them more
likely to escape chemotherapy toxicity. 5-FU resistant cells often have higher levels of
anti-apoptotic proteins such as Bcl-2 and Bcl-xL, and inhibition of the pathways related to
these proteins have shown to induce re-sensitization to 5-FU treatment (17).

Tumor microenvironment and inflammation

An important role in resistance to chemotherapy is played by the interaction of
cancer cells with the tumor microenvironment. Several studies have shown a correlation
between resistance to therapy, the presence of immune cells and activation of
inflammatory pathways. A key role is played by cancer-associated fibroblasts (CAFs),
which are part of the tumor microenvironment and act by recruiting different immune cells
as well as secreting soluble factors to remodel the stroma and support cancer cells growth
and survival (15). Among the factors secreted by CAFs, there are many pro-inflammatory
cytokines such as IL-6, IL-8, TGF-b and IL-17. These cytokines are known to activate pro-
inflammatory and pro-survival transcription factors, such as JAK/STATand NF-a B, whi c h
have been associated with resistance to chemotherapy, including 5-FU (9, 18, 19, 20).

1 Targeted therapy and Immunotherapy
Targeted therapy consists of monoclonal antibodies that target different pathways

involved in cancer progression and regulate cell proliferation, cell death and
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angiogenesis. Some of the monoclonal antibodies used to treat colon cancer include
Vascular endothelial growth factor (VEGF) inhibitors (Bevacizumab and Ramucirumab)
and Epidermal growth factor receptor (EGFR) inhibitors (Cetuximab and Panitumumab).
VEGF inhibitors target pathways involved in angiogenesis, a process which has been
involved in cancer initiation, progression and metastasis. Bevacizumab represents the
breakthrough anti-angiogenic therapy, which has shown good results in treating different
types of cancer, including CRC (21). Another line of therapy targets the EGF pathway,
which has been involved in many different processes in cancer. EGFR has been found
overexpressed in a large percentage of CRC, and has also been associated with poor
prognosis. EGFR inhibitors have been proven to improve survival, especially when
combined with chemotherapy regimens. However, a limitation of targeted therapy like
cetuxi mab i s trkiactases df ®gorsavithrmatated WRAS (21).

A small percentage of CRC, known as Microsatellite Instable (MSI), present
specific characteristics that makes them good candidates for immunotherapy.
Immunotherapeutic agents act by boosting the immune system response and ability to
suppress cancer cells. Immune checkpoint inhibitors are the main immunotherapies to be
approved for the treatment of both hematopoietic and solid malignancies. Among those
we find CTLA-4 inhibitor, Ipilimumab, and PD-1 inhibitors, Pembrolizumab and Nivolumab

(21).
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ii. Colorectal Cancer Biology and Mechanisms
a. Pathogenesis of Colorectal Cancer

From a genetic point of view, CRC can be classified as hereditary and sporadic.
Hereditary CRC represents about 5% of all CRC cases and is associated with specific
syndromes such as Familial Adenomatous Polyposis (FAP), Hereditary Nonpolyposis
colorectal cancer (HNPCC, also known as Lynch Syndrome), and other inherited
gastrointestinal tumor syndromes (4). In addition, about 25% of cases present with familial
risk. However, the majority of CRC cases, about 70%, fall under the category of sporadic
CRC, in which the patients have no well-defined risk factor (2). (Figure 4) CRC can arise
from three distinct mechanisms (Figure 5), all characterized by the accumulation of
genetic or epigenetic mutations in a multiple-step process (2, 22). The most common and
well characterized mechanism is the Chromosomal Instability (CIN) pathway (Figure 5A)
which is characterized by a series of mutations targeting oncogenes and tumor

suppressor genes (2, 22). The first step is usually a loss of function of tumor suppressor

Colon Cancer Cases Arising in Various Family Risk Settings

Sporadic Cases

Cases with Familial
Risk
10% to 30%
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(Hereditary
Nonpolyposis
Colorectal Cancer)
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Familial Adenomatous
Polyposis
<1%

Figure 4. Colon Cancer distribution in the U.S.
NCI, National Cancer Institute
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gene Adenomatous Polyposis Coli (APC), which may occur through germline and somatic
mutations or due to hypermethylation of its promoter. Therefore, inactivation of APC is
seen in both sporadic CIN and in Familial Adenomatous Polyposis (FAP) (22). Mutation
in the APC gene induces stabilization and decreased degradation of b-catenin, which
consequently increases activation of the WNT pathway. The APC/b-catenin/WNT
signaling will lead to activation of downstream transcription factors that are involved in
cell proliferation, differentiation, migration, etc. (2, 22). The early mutations in the CIN
pathway are then followed by subsequent events that promote the transition from
adenoma to carcinoma. One of the key late-stage events is mutations occurring in
oncogene K-ras, which leads to constitutional activation of the GTPase activity, with
consequent evasion of apoptosis and uninhibited cell growth. The later stages of CRC
are also often characterized by mutation in p53 gene, causing loss of function of the gene
and loss of control over the cell cycle and apoptosis (22).

The second mechanism is the Microsatellite Instability (MSI) pathway (Figure 5B),
which represents 15% of sporadic CRC cases and >95% of Hereditary Non Polyposis
Colorectal Cancer (HNPCC) syndrome, also known as Lynch Syndrome (22).
Microsatellite Instability is characterized by genetic hypermutability due to impaired DNA
mismatch repair (MMR) system, which results in the accumulation of mutations (insertions
or deletions) in regions of the DNA that encode for genes involved in the regulation of cell
cycle and apoptosis (2). The HNPCC syndrome, an autosomal dominant disorder, is
characterized by point mutations in the gene hMLH1, which is involved in the MMR
system playing an important role in DNA repair, while in sporadic MSI CRC is mainly due

to epigenetic silencing of the promoter of hMLH1 (22). In either case, the mutant
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phenotype leads to alteration of other genes, involved in cellular processes such as
proliferation and apoptosis. The most common mutated genes are BRAF, TGF-6R2 and
BAX (22). Colorectal cancers can be classified based on their MSI status as MSI-high,
MSI-low or MSS (Microsatellite Stable). MSS and MSI-low tumors arise through the CIN
pathway, while MSI-high arise through the MSI pathway, which puts them in a distinct
group with specific clinical features: MSI-high tumors are more often located on the right
side of the colon, are more poorly differentiated, and have an overall better prognosis
compared to MSS and MSI-low tumors (2). However, they do not respond to 5-
fluorouracil-based chemotherapies (12, 13).

The last pathway, known as the Serrated pathway (Figure 5C), is initiated by
mutation in oncogene BRAF followed by epigenetic silencing of genes that are involved
in cell differentiation, cell cycle regulation, apoptosis and DNA repair (2). The mechanisms
by which this pathway leads to carcinoma it is not well known, however, mutations in
BRAF may cause constitutive activation of the protein which will in turn lead to enhanced
MAPK/ERK pathway signaling, with consequent effects on cell proliferation,
angiogenesis, invasion and metastasis, and escape from apoptosis (2). It was reported

that clinical features of this pathway are similar to those associated with MSI tumors (23).
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Figure 5. Distinct genetic mechanisms involved in colorectal cancer
pathogenesis.

A: Chromosomal Instability Pathway (CIN). B: Microsatellite Instability Pathway
(MSI). C: Serrated Pathway

Colussi D, Brandi G, Bazzoli F, Ricciardiello L. Molecular Pathways Involved in
Colorectal Cancer: Implications for Disease Behavior and Prevention. Int. J. Mol. Sci.
2013, 14, 16365-16385
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b. Inflammation and Colorectal Cancer

Chronic inflammation has been established as an important risk factor and driver
of CRC, as suggested by the association between Inflammatory bowel disease (IBD) and
CRC development. In fact, it has been shown that about 20% of people with IBD will
develop colon cancer, a type known as Colitis-Associated Cancer (CAC). In CAC, the
presence of a pro-inflammatory environment in the colon appears to promote
mechanisms of tumor initiation, as shown by multiple mouse models of CAC (24).
However, even though inflammation does not seem to promote sporadic CRC, it is
involved in its progression (24). A study showed a correlation between continued use of
low dose NSAIDs and reduced risk of developing CRC (25). The specific mechanisms
behind the inflammation-induced colon cancer are still being investigated, however
findings suggest a role for the gut microbiota and immune cells in driving the initiating
steps involved in tumor promotion (26, 24). During a process known as dysbiosis, in which
mutagens secreted by the commensal microbes enter the colon cells, there is increased
production of Reactive Oxygens Species (ROS) by different types of cells, which can
directly cause DNA damage. Furthermore, the entrance of mutagens into the lumen of
the colon and activated immune cells, which will secrete soluble factors such as cytokines
and chemokines. These soluble factors can act on other immune cells as well as the
epithelial cells of the colon and induce activation of tumorigenic pathways. Among the
mechanisms described, cytokines and chemokines can activate oncogenic transcription
factors, as well as promote silencing of tumor suppressor genes, by induction of DNA

methyltransferases (DNMT) and MicroRNAs (miRNA) (26) Figure 6.
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Following invasion of the colon by microbiota and food mutagens, activated immune
cells promote the establishment of a pro-inflammatory environment with secretion of
soluble factors, such as cytokines and chemokines. Cytokines can activate
transcription factors that regulate cell proliferation, angiogenesis and survival. They
can also act by silencing tumor suppressor genes via induction of DNMT or miRNAs.

Irrazdbal T, Belcheva A, Girardin SE, Martin A, Philpott DJ. The multifaceted role of the
intestinal microbiota in colon cancer. Mol Cell. 2014 Apr 24

It is well established that a key step in tumor progression is the ability of cancer
cells to escape immune surveillance. In this context, a crucial role is played by the tumor
microenvironment, which includes a number of different types of immune cells that have
infiltrated the tumor, as well as vasculature, extracellular matrix (ECM), and other matrix-
associated molecules (27). During the initial steps of tumorigenesis, the immune cells

have a protective role against tumor formation, by detecting and eliminating dysregulated
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cells. There is an important balance maintained in the tumor microenvironment, in which
inflammatory processes appear to be helpful in recruiting cytotoxic cells with antitumoral
activity, such as T cells (CD8, CD4) and Natural Killer cells (NK). However, at later stages
of carcinogenesis, this balance might be disrupted and inflammation outcompetes
immunosurveillance to help protect the survival of cancer cells (24) (Table 1). Cancer
cells develop the ability to evade the immune system by decreasing their inmunogenicity
and changing the tumor microenvironment. At this stage, tumors are infiltrated with
suppressive immune cells such as T-regulatory cells (Tregs) and myeloid cells, which
have the ability to secrete pro-inflammatory cytokines and chemokines and suppressing

the anti-tumor immune response. Some of the myeloid cells, such as macrophages and

Table 1. Immune cells of the tumor
microenvironment and their role

Cell type Function or mechanism

T cells (CD4 and CD8) Cytokine production (IL-6, IL-10, TNF, IL-21,
IL-17, IL-22, IFN-y, lymphotoxin, RANKL)
Direct cytotoxicity or T-cell help
Treg cells Cytokine production (IL-10, TGF-3)
Immunosuppression
Suppress inflammation
Macrophages, DC, Cytokine production (IL-6, IL-1,VEGF, IL-23,
MDSC, neutrophils TNF)
Chemokine production
MMP production
Angiogenesis
Immunosuppression (arginase)

NK cells Cytokine production (IFN-y, IL-22, IL-17)
Direct cytotoxicity
B cells Cytokine production?

Antibody response?
Epithelial and tumor IL-1, IL-6, TNF, EGF
cells

DC, dendritic cells; IL, interleukin; MDSC, myeloid-derived
suppressor cells; MMP, matrix metalloproteinase; NK, natural
killer; TGF, transforming growth factor; TNF, tumor necrosis
factor; Treg, regulatory T cells; VEGF, vascular endothelial
growth factor.

Terzil J, Grivennikov S, Karin
cancer. Gastroenterology. 2010 Jun;138(6):2101-2114.e5. doi:
10.1053/j.gastro.2010.01.058. PMID: 20420949.
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monocytes, also have the ability to promote angiogenesis, thus promoting further growth
and spreading of cancer cells (27).

The immune cells in the tumor microenvironment have the ability to secrete
cytokines and chemokines which have been shown to play a key role in linking
inflammation and cancer (28). Some findings have demonstrated that CRC patients
present altered expression of specific cytokines, both systemically and locally (29, 30).

Many cytokines have been studied with a focus on their role in colorectal cancer and it

Table 2. Cytokines in colon cancer

Cytokine Mechanisms/pathways in cancer and
immune cells

TNF-ce Survival, activation, recruitment, growth.
AP-1, MAPK and NF-kB activation
IL-6 Survival, growth, T-cell survival and

differentiation, myeloid cell recruitment.
STAT3, ERK, and Akt

IL-11 Survival, growth. STAT3, STAT1, ERK

IL-23 T-cell differentiation (Th17) and
interference with Tregs, production of
IL-17 and IL-22 by immune cells.

No direct effect on cancer cells? STAT3.

I-1e, IL-B Survival, growth, cytokines, chemokines,
T-cell activation and differentiation. NF-
kB, MAPK

IL-22 Survival, mucosal integrity, chemokines.
STAT3

IL-17A,F Survival, chemokines, T-cell regulation,
monocytes, and neutrophil recruitment.
MAPK, NF-xB

EGF Survival, proliferation. MAPK, STAT3

IL-10 Anti-inflammatory, Treg stimulation.
Unknown effects on cancer cells. STAT3,
MAPK

EGF, epidermal growth factor; ERK, extracellular signal-regulated
kinase; IL, interleukin; MAPK, mitogen-activated protein kinase; NF-B,
nuclear factor-B; STAT3, signal transducer and activator of transcription
3; TGF, transforming growth factor; TNF, tumor necrosis factor.
Terzil J, Grivenni kov S, Karin
cancer. Gastroenterology. 2010 Jun;138(6):2101-2114.e5. doi:
10.1053/j.gastro.2010.01.058. PMID: 20420949.
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has been shown that they initiate the cascade of events that lead to activation of specific
transcription factors involved in the tumorigenic processes (24) Table 2. Cytokines such
as IL-1, TNF, IL-6 and IL-8 have been linked to CRC via activation of two main
transcription factors, NF-a Band STAT3. Both IL-1 and TNF-U are potent and pleiotropic
pro-inflammatory cytokines. Their role in cancer has been well established, however both
cytokines have still shown some contradictory functions, as in some cases they have a
protective role against cancer. Despite this, most of the literature shows a pro-tumorigenic
role for both IL-1 band TNF-U, as shown by in vitro and animal models (28). Studies show
that, once secreted by immune cells, IL-1 bcan act on cancer cells to promote their
survival, as well as acting on stromal cells to promote angiogenesis and further tumor
growth (31, 32). Furthermore, elevated levels of IL-1 b vk hBeen associated with an
increased risk of developing colon cancer (33). Similarly, elevated serum levels and tissue
expression of TNF-U in CRC patients has been associated with worse prognosis and
lower survival rates (34). In vivo, it has been shown that increasing the expression of
TNF-U correlates with increased carcinogenesis and that blocking TNF-U activity
decreases formation and progression of tumors (35). Interestingly, both IL-1 and TNF-U
have been shown to promote tumor progression via activation of transcription factor NF-
9 B(28). NF-a Bis activated rapidly and transiently by different stimuli, including
pathogens, DNA damage, oxidative stress and pro-inflammatory cytokines (36). NF-a B
has been found dysregulated in multiple types of cancers, including CRC (36, 37). The
NF-a Bpathway can be activated via two signaling modes: the classical (canonical), which
is most commonly activated by cytokines and is a rapid activating pathway, and the

alternative (non-canonical) pathway, which is slower, since it requires de-novo synthesis
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of proteins involved in the pathway. Independent of the type of pathway, activation of NF-
8 Bnduces downstream regulation of multiple genes, involved in cell survival, apoptosis,
angiogenesis and metastasis (36, 37) (Figure 7A). Importantly, NF-a Bcan be activated
in both immune cells and cancer cells, creating a pro-inflammatory, pro-survival loop in

the tumor microenvironment (36) (Figure 7B).
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Figure 7. Correlation between NF-kB, inflammation and cancer

A: Inflammation-induced NF-kB activates many pathways involved in tumor promotion
and survival. B: Crosstalk between immune cell and cancer cell and establishment of
pro-tumorigenic and pro-inflammatory tumor microenvironment. Taniguchi K, Karin M.
NF-a B ,nflammation, immunity and cancer: coming of age. Nat Rev Immunol. 2018
May;18(5):309-324. doi: 10.1038/nri.2017.142. Epub 2018 Jan 22. PMID: 29379212.

When immune cells are recruited at the tumor site following inflammation, soluble factors
present in the environment will interact with receptors on the immune cells and induce
activation of NF-a B which will in turn promote production and secretion of pro-
inflammatory cytokines, chemokines and growth factors. These will then act on the cancer
cells and active NF-a Band, consequently, all the genes regulated by this pathway. Via

NF-a Bpathway activation, cancer cells can further promote their own survival by
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secreting more pro-inflammatory cytokines and chemokines, thus recruiting additional
immune-suppressive cells to the tumor site, creating a feedforward loop based on
constant activation of NF-a Bpathway (36). In the context of CRC, NF-a Bhas been found
constitutively activated in both colon cancer tissues and multiple cell lines, and it was also
seen to correlate with tumor promotion and decreased response to therapy (38). In vitro,
multiple studies have shown that activation of NF-a Bn colon cancer cell lines increases

cell proliferation and angiogenesis (39, 40).

c. IL-1b in Colorectal Cancer

IL-1 is a pleiotropic cytokine involved in many physiological and pathological
processes. IL-1 family members include agonists (IL-1 U ,-1 b [-18)Il-33,IL-36 U, b and
2), which induce pro-inflammatory responses, and antagonists (IL-1Ra, IL-36Ra, IL-37,

IL-38), which act by decreasing inflammation. Many members of the family have been
studied in relation to cancer, and the most commonly associated with CRC are IL-1a, IL-
1b,-18land IL-33.IL-laandIL-1 b ar e t h-&«nowndlsltfamilyenenbers, whose
role in cancer has been described to be mainly pro-tumorigenic. However, a few studies
have suggested an anti-tumorigenic role for both cytokines as well (41). In CRC, studies
have supported a pro-tumorigenic role for IL-1a and IL-b, an anti-tumorigenic role for IL-
18, and a dual role for IL-33 (41). IL-18 has been found to be downregulated in CRC
tumors and its presence has been correlated to NK recruitment and activation, as well
as maintenance of an immune suppressive role of the immune system. On the contrary,
IL-la and IL-1 b have both been found wupregul ated i

patients, and evidence has shown that they promote cell growth, angiogenesis and
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metastasis (41). Finally, IL-33 still has a contradictory role: in some studies, it was found
to promote carcinogenesis by promoting angiogenesis and colon cancer cell stemness;

in other studies, however, it appears to suppress progression of colon cancer (41).

IL-1 consists of two main activator cytokines, IL-1a and IL-b, both existing as pro-
forms and cleaved forms. Interestingly, while both forms of IL-a are active, only the
cleaved form of IL-1 fs functional. Despite often being grouped together, these cytokines
show varied functions in different organs and tissues therefore they have been studied
separately in the context of cancer (41). Here, we will focus on describing the role and
function of IL-1 Band its association with CRC. IL-1 s secreted by immune cells primarily
following infections or inflammatory processes. Once secreted, it interacts with receptors
situated on the surface of multiple types of cells. Two receptors can bind IL-1 b : -1R1 L
and IL-1R2, the main difference being their structure and their ability to propagate signals.
IL-1R2 is active as both a surface receptor and soluble form. As a surface receptor, when
itbindstolL-1b it acts as a decoy by not activating
absence of a cytoplasmic domain. Therefore, it has been shown that one of the main
roles of IL-1R2 during the immune response, is to sequester IL-1 b and turn (0
inflammatory processes. In contrast, IL-1R1 is the main activating receptor for IL-1 b
pathways. It binds the cytokine with high affinity and allows dimerization with IL-1RACP,
followed by recruitment of adapter molecules IRAK1/4 and TRAF6 at the cytoplasmic
domain. This will start a phosphorylation cascade of multiple proteins that will culminate
in activation of two main pathways: the NF-a Bpathway and the MAPKinases pathway

(which will lead to activation of transcription factor AP-1) (41, 42) (Figure 8).
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Figure 8. IL-1 pathway

IL-1 interacts with IL-1R1 and induces dimerization with IL-1RAcP. Following
dimerization, adapter proteins are rectuited at the cytoplasmic domain of the
receptor and start a cascade of phosphorylation that can go in two directions: a.
activation of NF-kB pathway via IkB-kinase complex; b. activation of AP-1, via MAP

kinases

Martin MU, Wesche H. Summary and comparison of the signaling mechanisms of the
Toll/interleukin-1 receptor family. Biochim Biophys Acta. 2002 Nov 11;1592(3):265-80. doi:
10.1016/s0167-4889(02)00320-8. PMID: 12421671.

It has been shown that via activation of these pathways, IL-1 hinduces genes involved in
cell cycle regulation, proliferation and apoptosis, angiogenesis and metastasis. Ping et
al., showed that both IL-1b and NF-a Bexpression is upregulated in colon cancer tissues
and cell lines, and that IL-1 bmediated activation of NF-a B i n aall preliferation and
activation of oncogenic genes (39). Elevated levelsof IL-1 6 and di fferent pol

of the cytokine have been associated with multiple types of cancer, including CRC (41).
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Specific polymorphisms have also been found in the gene that encodes the IL-1R (41). It

has beenshownthatlL-1 b can contri bute t o -ipducedrcoldréactaln of i
cancer by many mechanisms. It is known that an important step in initiation of CRC is the
accumulation of mutations in oncogenic or tumor suppressor genes, and that these

mutations are often induced by continuous DNA damage. Reactive species oxygens

(ROS) play a role in contributing to DNA damage, and it was previously mentioned that

cytokines, including IL-1 b , can promot e ROS producti on fr
microenvironment (TME). ROS are also involved in increasing the productionofIL-1 b a n d

other cytokines, further promoting the inflammatory microenvironment. In the TME, IL-1 b

is secreted by immune cells, mainly macrophages, monocytes and neutrophils. Evidence

showed thatIL-1 b secreted by these cells acts on can
and protect from apoptosis, and that depletion of such cells correlates with decreased

tumor growth in both in vitro and in vivo models of CRC (31,32, 43). In some tissues,

cancer cells can produce and secrete IL-1 b which will act by recr
suppressive cells at the tumor site, further promoting their own survival and escape from
immunosurveillance. A study from Tu et al. demonstrated thatIL-1 b pr esent i n t he
microenvironment accelerates gastric inflammation and carcinogenesis, as well as

inducing recruitment of Myeloid-derived suppressor cells (MDSCs), via activation of NF-

aB signaling pat hway (44). Anot her mechani s
Cyclooxygenase (COX-2), a rate limiting enzyme in the production of prostaglandins,

which are potent pro-inflammatory molecules: in colon cancer cells it has been shown

that COX-2 isup-regulated by IL-1 b vi a act d®Batiadmhwafy NBEH. A r

pathway was also shown in resistance to therapy. Li et al. have shown a function for IL-
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1b i n mmresistemde iof colon cancer cells to oxaliplatin (46), a chemotherapeutic

agent, often used in combination with 5-FU. Another study showed that blocking IL-1

pathway increased sensitivity to 5-FU treatment in colon cancer cell lines (47). Taken

together these findings suggest an important role forIL-1 b6 i n medi ati ng the
between inflammation and CRC, mainly by activation of pro-inflammatory and pro-survival
mechanisms in both immune cells and cancer cells.

Another member of the IL-1 family is the IL-1Receptor antagonist (IL-1Ra), a
naturally occurring protein that binds competitively to IL-1R, interrupting dimerization and
thus blocking activation of downstream signaling (48). IL-1Ra is available under the brand
name Anakinra and it is approved for the treatment of rheumatoid arthritis, based on the
ability to block collagenase and prostaglandin synthesis (48). However, due to the
important role played by IL-1 in tumor promotion, much interest has been raised in recent
years around the possibility of using IL-1Ra to improve cancer treatment. Many studies
have shown a role for IL-1Ra in counteracting IL-1-induced tumorigenesis, both for
hematological and solid tumors (48). Konishi et al. found that IL-1 Binduced Vascular
Endothelial Growth Factor secretion was reduced when colon cancer cells were treated
with IL-1Ra (49). Similarly, Ma et al. have shown a function for IL-1Ra in blocking
angiogenesis and metastatic potential in colon cancer cell lines (40, 50). Furthermore, in
clinical studies, a correlation was shown between circulating levels of IL-1Ra and CRC
progression and prognosis (51, 52). The information related to IL-1Ra and cancer is still
limited, however, based on these previous in vitro and in vivo findings, IL-1Ra has been
tested in multiple clinical trials for cancer treatment and it has demonstrated positive

results in increasing overall survival in metastatic CRC patients (mMCRC) (53).
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iii. Racial/Ethnic Health Disparities in Cancer
a. CRC in African Americans

Cancer incidence and mortality varies among racial and ethnic groups, and the
cause is to be found in the interplay of socioeconomic, environmental, and genetic factors.
it is important to mention that the terms race and ethnicity have been used and combined
together for long time in the medical field (54). However, these terms hold no specific
relation to actual biological and genetic characteristic. Race groups individuals on the
basis of physical features and skin color, while ethnicity refers individuals sharing of
cultural believes and languages (55). In the medical and research field, race and ethnicity
are used to self-identify patients, but they do not necessarily represent the entire
spectrum of genetic features in the different populations.

In the context of CRC, African Americans (AA) carrying the highest burden for this
disease (54, 55). The reasons for racial/ethnic disparities in CRC are complex and often
associated with access to screening and treatment options as well as socioeconomic
status. However, even after adjustment for these factors, AA still present a higher
incidence and mortality rate. Specifically, when compared to Caucasian Americans (CA),
AA have >20% higher likelihood of developing CRC and even higher risk of not surviving
the disease (55). As shown in Figure 9, even though there has been an overall decrease
in incidence and mortality rates for both populations, mainly due to efforts in improving
screening rates and better treatment options, there still is a large gap between AA and

CA, with AA patients also presenting a lower 5-year survival rate (56).
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Figure 9. Trends in Colorectal Cancer

Left: Mortality trend in CRC for AA and CA

Right: 5-year survival rate, per stage and location

Figure adapted from Ref #56

American Cancer Society. Cancer Facts & Figures for African Americans
2019-2021, American Cancer Society, Atlanta, Georgia

AA also are diagnosed with more advanced stages at earlier ages, therefore it has been
suggested that AA begin screening at 45, instead of 50 years old (55, 56). A study from
2007 focused on the location of CRC and it found that AA had higher prevalence of
proximal (right-sided) tumors, which, other than being more difficult to diagnose, have
been associated with a worse prognosis (54, 57). In terms of treatment, it has been
reported that AA patients were less likely to receive surgery for advance stage disease
and less likely to receive adjuvant chemotherapy in comparison to CA. Even when
receiving therapy, AA have lower response rates to 5-FU based therapies when
compared to CA (58).

It is becoming clear that the differences seen in incidence, progression and
mortality in AA canodt be explain Dbyresentci oeco
years many studies have focused on genetic and epigenetic changes found in the AA

population to better understand the cause behind the racial disparities seen in CRC. It
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was suggested that a reason behind the higher prevalence of right-sided tumors in AA
was the higher frequency of MSI tumors found in AA (59). As mentioned previously, MSI
tumors have specific clinical features and differ in terms of prognosis and treatment
options. However, a recent study has shown that no differences were seen between AA
and CA in terms of MSI incidence (60). An important focus has been identifying mutations
in CRC-related genes that were unique to AAs. Guda et al., focused on the identification
of novel genes that are be uniquely mutated in AAs. They found a set of 15 genes that
were preferentially mutated in CRC AA patients, and among those, the more frequently
mutated were ephrin type A receptor 6 (EPHAG) and folliculin (FLCN) (61). Moreover, in
a study analyzing the most commonly mutated driver genes in CRC, it was shown that
mutation in KRAS were more frequently found in AA patients, while BRAF were found in
CA and BRAF/KRAS wild type tumors were more common in Asians (62). Other than the
commonly known genes involved in development and progression of CRC, a relationship
between CRC and Vitamin D has been observed. Accordingly, one study showed a higher
prevalence in AA of a specific haplotype of the vitamin D receptor (bFLA), which was
found to be associated with increased risk of colon cancer. In contrast, CA presented with
a different haplotype of the same receptor (bLFG) which has been associated with
reduced risk of colon cancer (63).

Previously it has been mentioned of the strong association between inflammatory
processes and CRC (24). Findings from Jovov et al., based on expression profiling of
sporadic CRC from AA vs. European Americans (EA), demonstrated that there were a
number of differentially expressed genes between the two populations, and that the

majority of those genes were related to immune response and inflammatory pathways
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(64). Furthermore, our collaborator at Stony Brook University found that AA tumors
present higher number of hypermethylated (suppressed) genes that encode for anti-
inflammatory proteins. Among those, it is worth mentioning Integrin Alpha 4 (ITGA4),
which has been found hypermethylated in inflamed colon tissue/colitis, and its
suppression aggravates colitis by IL-1 b, -ONF ane IpF N d u66)t Taken
together, these findings demonstrate that AA patients are characterized by a more
pronounced inflammatory response, which could potentially drive CRC initiation and
progression. Similarly, our team found that AA tumors present higher expression of
GZMB, increased presence of exhausted CD8+ T cells and T regulatory cells, which
correlates with a lower level of antitumor activity. Moreover, our data showed that, among
the pathways upregulated in AA patients, the cytokine-cytokine receptor interaction
pathway is the most significantly expressed. Our results have also identified an increased
expression of IL-1 @olL-8 and other pro-inflammatory genes in tumors from AA patients
compared to tumors from CA patients (66). Our findings are in accordance with those
published by our collaborator at Louisiana State University, in which a specific haplotype
IL-1 b (-CATB), associated with CRC risk, was more frequently found in Colombians
with African Ancestry, suggesting a correlation between ancestry, inflammation and CRC

risk (67).

b. Disparities in CRC models

AA are still underrepresented in the genomic database and in the availability of in vitro
and in vivo models. Genome-wide association studies (GWAS) panels show that 78% of

participants have European ancestral backgrounds, and only 2% are of African ancestry
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(Asian: 10%, Hispanic: 1%). Furthermore, among the large number of human cell lines
available, 62% were of European descent and only 0.86% were from African-American
patients, and among those cell lines, none was from colon cancer patients. Therefore, the
lack of commercially available colon cancer cell lines of African American ancestry or
derivation represent a critical obstacle in decreasing the existing racial disparities in

research and medicine (68).

For this study, we used two newly generated colon cancer cell lines derived from
African American patients and established by Dr. Jennie Williams from Stony Brook
University. The cell lines, CHTNO6 and SB521, were respectively derived from a stage 3
adenocarcinoma from a 69-year-old AA woman and a stage 3c splenic flexure
adenocarcinoma from a 53-year-old AA man. First established in vitro from the
dissociated tumor, these cells were then cultured and expanded in mice and later
transferred for consecutive passages in vitro. The cell lines were characterized by
immunohistochemistry (IHC) staining for CRC marker Carcinoembryonic antigen (CEA),
and for their ability to form tumors in mouse xenograft models. Expression of different
proteins related to CRC was evaluated, such as p53, Villin-1 and E-cadherin.
Microsatellite status of the cell lines was evaluated by analyzing expression of Mismatch
repair system proteins such as MLH1, MSH2 and MSH6. MLHL1 is absent in MSI cell line

SB-521 and is expressed in MSS cell line CHTN-06 (69).

For comparison, we used the commercially available Caucasian American HT-29
and HCT-116 cell lines. HT-29 was derived from a stage 3 colon tumor from a 44 years
old, Caucasian American woman, while HCT-116 was isolated from a stage 3 colon

cancer from a Caucasian American man. The cell lines were matched for their
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microsatellite status as MSS cell lines (CHTN-06 and HT-29) and MSI cell lines (SB-521

and HCT-116).
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iv. Significance

As suggested by multiple research studies, CRC progression is highly influenced
by inflammatory pathways (24, 25, 26, 28) and the role of various pro-inflammatory stimuli
has been extensively investigated, using both in vitro and in vivo models (24, 28, 31, 32,
35). The limitation of the in vitro studies was that they all utilized colon cancer cell lines
derived from CA patients.

However, the aforementioned studies did point out a strong correlation between,
African ancestry, inflammation and colon cancer progression. As our previous findings
show, there are differences in the activation of inflammatory pathways and tumor immune
responses between AA and CA patients (66), which would require further investigation at
the molecular and cellular level. Unfortunately, to date, there are no commercially
available CRC cell lines of AA background, which results in a lack of race specific in vitro
and in vivo knowledge. In the era of targeted therapy and personalized medicine, it is
important to expand the representative racial and ethnic research models available to the
scientific community. This would allow for more appropriate mechanistic studies and the
ability to identify targets that are race-specific. Therefore, with this study we aim to provide
more insight into the mechanisms involved in colon cancer disparities, and specifically
the correlation between inflammation, cell growth and response to treatment using in vitro
models derived from patients of diverse backgrounds. Our team has shown previously
how differences in tumor-related immune responses and inflammatory patterns might
have a greater impact on disease progression in African Americans compared to
Caucasian Americans (66). We plan to build on our previous findings by using the only

available African American colon cancer cell lines with the goal of elucidating potential
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mechanisms of tumor progression in AAs and finding better treatment options for these
patients. Specifically, we evaluated the effects of IL-1b on AA colon cancer cell lines and
related these findings to the higher incidence (inflammation and colon cancer) and

mortality (5-FU response) rates observed in AA colorectal cancer patients.
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CHAPTER II: AIM 1 — INVESTIGATING CELLULAR AND MOLECULAR EFFECTS
INDUCED BY IL-1BETA, IN AA AND CA COLON CANCER CELL LINES
i. Introduction

In our previous study we analyzed the gene expression in tumors from AA and CA
colon cancer patients and demonstrated a higher expression of genes involved in pro-
inflammatory and immuno-suppressive pathways in the AA patientsd s a n(p6). €he
study comprised the analysis of a total of 30 colon tissues from self-identified African
American patients (15 tumors and 15 adjacent non-tumor tissues) and 35 from self-
identified Caucasian American patients (18 tumors and 17 adjacent non-tumor tissues).
For the purpose of the study, patients with known infectious diseases such as HIV and
hepatitis, patients currently treated with immunosuppressive drugs or antibiotics, and

patients diagnosed with Crohn's disease or ulcerative colitis, were excluded. Our results

Table 3 Differential gene expression of cytokine-encoding

genesinAAandCAcol on cancer patientso
Cytokine-cytokine receptor Fold change (Tumor vs.
interaction pathway Non-tumor)
AA CA

p = 0.0000001 p = 0.0000007

Inflammatory IL8 220 28.9
LB 103 11.4
ILTA 60.5 18.5
11 3 44 .4
Anti-Inflammatory IFNG NS 7.3

*IL8, Interleukin 8; IL1B, Interleukin 1Beta; IL1A, Interleukin 1Alfa; IL11, Interleukin 11;
IFNG, Interferon Gamma. Pathways were generated with KEGG software and gene
expression values with RNAseq (lllumina).

Paredes J, Zabaleta J, Garai J, Ji P, Imtiaz S, Spagnardi M,
Alvarado J, Li L, Akadri M, Barrera K, Munoz-Sagastibelza M,
Gupta R, Alshal M, Agaronov M, Talus H, Wang X, Carethers JM,
Williams JL and Martello LA (2020) Immune-Related Gene
Expression and Cytokine Secretion Is Reduced Among African
American Colon Cancer Patients. Front. Oncol.
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showed that tumors from AA patients had higher expression of genes encoding for pro-
inflammatory cytokines IL-1b, IL-8 and IL-1U (Table 3). When other pro-inflammatory
genes were evaluated, we found that several of the IL1 family genes were upregulated in
both AA and CA, as were some of the downstream genes. Specifically, we saw a drastic
increase in the expression of IL-1 Receptor antagonist gene (IL1RN) in AA tumors when
compared to CA tumors (Figure 10).

Based on these results, we investigated a potential role for IL-1 busing in vitro
models, to assess the effects of the cytokine on promoting tumor progression and
resistance to chemotherapy. In Aim 1 of this project, we evaluated if and how treatment
with IL-1 baffected cell proliferation, response to 5-FU and protein expression in our AA
colon cancer cell lines and if the observed responses differed between the AA and the

CA colon cancer cell lines.
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Figure 10 Differential expression of genes involved inthe IL-1 b p a't
Data is shown as fold-change between Tumor vs. Non-tumor samples for

AA and CA patients. AAs had higher expression of ILARAP, ILIRN and
IRAK2 when compared to CAs. Figure adapted from Ref # 66
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Author contributions to Aim 1:

1 Project design, hypothesis, and research strategy

1 Handling of all cell lines (seeding, maintenance, treatments, collection)

1 Performed all in vitro experiments (except for RNA sequencing data*)

1 Data collection, analysis and interpretation
* RNA sequencing data for colon cancer cell lines: cells were collected and RNA was
extracted by Jennie Williamsélaboratory at Stony Brook University. RNA sequencing was
performed by Jovanny Zabaleta at Louisiana State University. Data analysis was
performed by Jovanny Zabaleta and Jenny Paredes. Extrapolation of data of interest for
this study was performed by Marzia Spagnardi and Jenny Paredes, at SUNY Downstate

Health Sciences University.

ii. Materials and Methods

Cell Lines and Reagents

CA colon cancer cell lines HT-29 (MSS) and HCT 116 (MSI) were purchased from the
American Type Culture Collection (Manassas, VA), while AA colon cancer cell lines,
CHTN-06 (MSS) and SB-521 (MSI), were generated at Stony Brook University as
previously described (65). All cell lines were maintained in DMEM media (Corning)
supplemented with 10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin, 4.5 g/L glucose
and sodium pyruvate, in humidified incubator at 37°C and 5% CO:x.

Human recombinant IL-1b was purchased from Cell

resuspended in PBS for a final stock concentration of 10 ug/ml (catalog #8900). 5-FU was
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purchased from Sigma-Aldrich (catalog #F6627-1G) and resuspended in DMSO (Thermo

Fisher Scientific) for a final stock concentration of 380 mM.

RNA Sequencing

RNA sequencing and analysis was done at the Translational Genomics Core (TGC) at
the Stanley S. Scott Cancer Center, LSUHSC, New Orleans, LA, as performed previously
(66). Briefly, RNA was isolated from untreated cells seeded in triplicate (N=2) using the
Universal RNA/DNA Isolation kit (Qiagen) according to manufacturer's protocol. Isolated
RNA was quantified using a Qubit (ThermoFisher) and checked for RNA integrity using
the Agilent BioAnalyzer 2100 (Agilent). Paired-end libraries (2 x 75) were prepared using
the TruSeq Stranded mRNA Library Prep kit, validated, and normalized following the
recommendations of the manufacturer (lllumina). Libraries were sequenced in the
NextSeq500 using a High Output Kit v2.5, 150 cycles from Illumina. FASTQ output files
were uploaded to Partek Flow, contaminants (rDNA, tRNA, mtrDNA) were removed using
Bowtie2 (version 2.2.5) and the unaligned reads were then aligned to STAR (version
2.5.3a). Aligned reads were quantified to the hg19-Ensembl Transcript release 75 and
normalized by log2 (x+1) transformation. Normalized counts were used to determine
differential gene expression between AA cell lines and CA cell lines. The data shows the

results from two independent experiments

Cell Viability Assays
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assays were performed using the CellTiter 96 AQueous One Solution
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Cel | Proliferation Assay (G3582; Promega) acc
ForlL-1b studi es, c ckin ttipEcatenie 96-6vell plates dited x 102 cells/well in

complete DMEM (with or without 10% FBS) in the presence of different concentrations of

IL-1 f(1, 5, 10, 30, 60 ng/ml) and incubated overnight at 37°C in 5% CO2. Concentrations

were determined based on previous studies involvingIL-1 b and col on cancer
(70, 71, 72). 24, 48, 72 and 96 hours after seeding, the MTS reagent (20 ul/well) was

added and incubated at 37°C for 2.5 hours. For 5-FU cytotoxicity assays, cells were

seeded as previously described, in complete DMEM alone or containing 10 ng/ml of IL-

1b for 24 hours and then treatFd @ 2,510, 1% i f f er ¢
nM) for 72 hours. Cell viability was measured by absorbance (490 nm) using a plate

reader BioTek Lx800.

Apoptosis Assays

1.5 x 10° cells were seeded in 6-well plates in DMEM supplemented with 10% FBS, in
presence or absenceofIL-1 b (10 ng/ ml ), and incubated over
were treated with either DMSO, or 5-FU (2.5 or 5 uM) and incubated for 72 hours. Cells

were harvested and washed with PBS two times. The samples were then resuspended

in FACS binding buffer (5% FBS in 1X PBS) and incubated for 30 minutes. The cells were

then stained with Annexin V-FITC, Propidium lodide-PE, or both, for 45 minutes. The

population of viable cells and apoptotic cells was evaluated by flow cytometry, using

Novocyte 3000 Flow Cytometer, and analyzed by NovoExpress Software (Agilent).

53



Cell Cycle Analysis

1.5 x 10° cells were seeded in 6-well plates in DMEM supplemented with 10% FBS and
incubated overnight. After 24 hours, cells were treated with 10 ng/ml of IL-1 Bor 72 hours.
Cells were harvested and washed with PBS two times, and incubated with RNase for 30
minutes. The cells were then stained with Propidium lodide (PI), and cell cycle was
evaluated by flow cytometry, using Novocyte 3000 Flow Cytometer, and analyzed by
NovoExpress Software (Agilent).

The experiment was also performed by synchronizing the cells before treatment with IL-
1b, b y -stanang thencells for 24 hours and then treating the cells with IL-1 b f

hours.

Clonogenic Assays

1.5 x 10° cells were seeded in 6-well plates in DMEM supplemented with 10% FBS, in
presence or absence of IL-1 b @gInf)) and incubated overnight. The following day, cells
were treated with 0, 2.5 or 5 pM of 5-FU and incubated for 72 hours. At the end of the
time point, cells were replated in 6cm dishes at low densities: 100 and 200 cells were
seeded for HCT-116 and CHTNO-6, SB-521 and, HT-29, respectively. The replated cells
were incubated for 10-14 days and media was replenished on day 7. Afterwards, the cells
in the dishes were fixed and stained with crystal violet (0.5% in 70% ethanol) and colonies
counted using a dark field colony counter and upright microscope. Colonies were defined
as clearly formed groups of 50 or more cells. Colonies that have started merging together

and can no longer be individually identified, are counted as one single colony.
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Western Blotting

IL-1 Receptor detection: 5.0 x 10° untreated cells were seeded in 10cm plates in DMEM

supplemented with 10% FBS and incubated for 48 hours. The cells were then harvested,
washed with PBS and membrane and cytoplasmic fractions were obtained by using the
MEM-PER Plus Kit (Thermo Fisher), supplemented with Protease and Phosphatase
Inhibitors (ThermoFisher). Protein concentration was determined by the DC Protein assay
(Bio-Rad Laboratories) and absorbance measured using the BioTek ELx800 Microplate
Reader. Isolated proteins were separated by gel electrophoresis using 12% precast
polyacrylamide gels (Bio-Rad Laboratories, catalog ##4561044) and transferred onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, catalog #1620175).
Probing with primary antibodies IL-1R H8 (Santa Cruz, 1:500, catalog #sc-393998), Na,K-
ATPase (Cell Signaling Technology, 1:1000, #3010) a n d -tuddlin (Cell Signaling
Technol ogy, 1:1000, catal og #21ZRraly, blotawereper f or
incubated with secondary antibodies mouse anti-goat (Santa Cruz, catalog# sc-544183)
and anti-rabbit 1IgG, HRP-linked (Cell Signaling Technology, catalog #7074), for 1 h at
room temperature. Protein expression was detected using an enhanced
chemiluminescence reaction kit (ThermoFisher), and bands were observed using
ChemiDoc Imaging System (Bio-Rad Laboratories). Images of the blots were analyzed
using ImageJ analysis program and the protein of interest was compared to the loading

control for each specific fraction (membrane = Na, K-ATPase, cytosol = U-tubulin).

IL-1 btreatment: For detecting the effectsof IL-1 6 on protein phos’phoryl
cells were seeded in 6 well plates and incubated overnight. The following day, cells were

serum starved (serum free media) for 2 hours and then treated with 10 ng/mlof IL-1 b f or
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15 minutes. At the end of treatment period, the cells were washed with PBS and lysed on

ice with RIPA lysis buffer supplemented with Protease and Phosphatase Inhibitors
(ThermoFisher). Protein quantification was performed using the DC protein assay kit (Bio-

Rad Laboratories). Isolated proteins were separated by gel electrophoresis using 12%

precast polyacrylamide gels (Bio-Rad Laboratories, catalog ##4561044) and transferred

onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, catalog
#1620175). Probing with primary antibodies from Cell Signaling Technology, which

included phospho-SAPK/JNK (1:500, catalog #4668), phospho-p38 (1:1000, catalog

#4511), phospho-l k BU (1: 500, wtaltSAPK/ANK (1#1Q08, aajog #9252),

total p38 (1:1000, catalog #8690), t ot a | |l kBU (1: 1000, -tubuint al og
(1:1000, catal og #2125) waBinally,elot§ werermeutbated v er ni g
with secondary antibody mouse anti-rabbit 1IgG, HRP-linked (1:1000, 1:2000, 1:5000,

catalog #7074), for 1 h at room temperature. Protein expression was detected using an
enhanced chemiluminescence reaction kit (ThermoFisher), and bands were observed

using ChemiDoc Imaging System (Bio-Rad Laboratories). Images of the blots were
analyzed using ImageJ analysis program and all proteins were compared to the loading

control U-tubulin.

Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 9.0 software. Experiments
were repeated three times, either in duplicates or triplicates. Data are presented as mean
+ SEM. Paired t-test was applied to compare difference in two groups, *p<0.05, **p<0.01,

***n<0.001 was considered as statistically significant.
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iii. Results
a. Sub-aim 1.1

Differential gene and protein expression in colon cancer cell lines from AA and CA
patients

To better characterize the novel AA cell lines used in this study, we analyzed via
RNA sequencing, the differences in gene expression between the AA and CA cell lines.
Since our main objective was investigating the effects of IL-1 bon these cell lines, and
based on the gene expression differences seen between AA and CA tumor samples
(Table 3, Figure 10), we decided to focus on the most commonly known genes related
to the IL-1 bpathway, such as IL-1 family and receptor members, MAP-Kinases and NF-
9 Boathway genes. For this analysis, the cell lines were grouped and compared based on
their microsatellite status: MSS (CHTN-06 vs HT-29) and MSI (SB-521 vs HCT-116).
According to the analysis (Figure 11), some of the genes from the aforementioned
pathways were upregulated in AA colon cancer cell lines compared to CA cell lines, with
the most striking differences seen in the MSI cell lines. Among the three IL-1 Receptor
genes, we found IL-1 Receptor Type 2 (IL1R2) to be upregulated in SB-521, with a 373-
fold increase, while there was no significant difference in the expression of both IL-1
Receptor Type 1 (IL1R1) and IL-1 Receptor Accessory Protein (ILLRAP) in either
comparison. An increased expression was also seen for Interleukin-1-alpha (IL1A) gene
for both CHTN-06 and SB-521 (25.7- and 7.67-fold change, respectively), as well as an
increase in the expression of IL-1 Receptor antagonist (ILLRN) in SB-521 (47.9-fold
change) and a decrease in CHTN-06 (56.7-fold change). We did not see any significant

differences in the expression of Interleukin-1-beta (IL1B) between the cell lines. Based
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on these results, we tested the cell lines for their baseline secretion of these altered
cytokines: secretion was not detected for IL-1a, IL-1 Band IL1Ra for any of the cell lines,
suggesting that the differences seen at the transcript level were not reflected at the protein

production level.
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Figure 11 Differential gene expression of IL-1, MAPK, and NF-kB related
genes between AA and CA colon cancer cell lines. Cell lines have been
grouped based on their Microsatellite Status as MSS (CHTN-06 vs. HT-29) and
MSI (SB-521 vs. HCT-116). Graphical representation of fold change of genes
compared between cell lines.
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For the MAP-Kinase gene family, the Mitogen-Activated Protein Kinase 3 (MAPK3)
was found upregulated in both AA cell lines, while the Mitogen-Activated Protein Kinase
12 (MAPK12) was downregulated in these same cell lines. Gene MAPKS3 encodes for
protein Erk1, while MAPK12 encodes for Erk6. Specific to the MSI cell line SB-521, we
found that Mitogen-Activated Protein Kinase 11 (MAPK11), which encodes for subunit
beta of protein p38, and Mitogen-Activated Protein Kinase 14 (MAPK14), encoding for
subunit alpha of p38, were downregulated and upregulated, respectively, when compared
to HCT-116. Most interesting, the analysis demonstrated that multiple genes involved in
theNF-a B pat hway ulatedinotutipeM&Sand MSI AA cell lines: for example,
we found that Interleukin 1 Receptor Associated Kinase 1 (IRAK1, 3.24 fold-change),
Inhibitor Of Nuclear Factor Kappa B Kinase Subunit Beta (IKBKB, 5.33-fold change) and
NF-¥B | nhi bi Ne&¥ B Al5.pSAfad cljange) were upregulated in CHTN-06
(MSS), and Myeloid differentiation primary response 88 (MYD88, 3.72-fold change),
Interleukin 1 Receptor Associated Kinase 3 (IRAK3, 161-fold change), and TNF Receptor
Associated Factor 5 (TRAF5, 4.1-fold change) were upregulated in SB-521 (MSI). These
findings show a differential expression of specific genes involved in pro-inflammatory
processes, which is independent of the MSS or MSI status of the cell lines (Figure 11).

Since we were investigating the effects induced by IL-1b, and the main signal
transducing receptor for this cytokine is IL-1R1, we evaluated the membrane expression
of this protein. For this experiment, membrane and cytoplasmic fractions were isolated
and the expression levels of IL-1R1 were evaluated in both fractions via western blot
analysis. To provide quality control for the membrane and cytosol separation procedure,

Na, K-ATPase and a-tubulin were used as loading controls for membrane and cytosol
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fractions, respectively. As Figure 12 illustrates, the receptor is expressed on the
membrane of all four cell lines. We found that there were no statistically significant
differences between AA CHTN-06 (mean 1.71) and CA HT-29 (mean 1.08) cell lines, or

between AA SB-521 (mean 1.44) and CA HCT-116 (mean 1.35) cell lines.

A
CHTN-06 HT-29 SB-521 HCT-116
M C M C M C M C
— o - IL-1R1
— s — Na,K-ATPase

-- - - -' - - a-Tubulin

IL-1R1 Expression

CHTN-06 HT-29 SB-521 HCT-116

N
3]
]

B Membrane
Cytosol

g
(=)
1

-
a
|

-
o
|

e
(3]
1

e
=)
1

Protein band density
(normalized to loading controls)

Figure 12 Expression levels IL-1R1 in membrane and cytosol fractions in AA and CA
colon cancer cell lines. (A) Representative images of Western Blot for detection of IL-
1R1. Na,K-ATPase and U-tubulin were used as loading controls. M= Membrane,

C= Cytosol. (B) Densitometry analysis of IL-1R1 levels in membrane and cytosol
fractions. Membrane protein was normalized to ATPase and cytosolic protein was
normalized to U-tubulin. Data are representative of three independent experiments.
Error bars represent SEM. *p < 0.05
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b. Sub-aim 1.2

IL-1B increases cell proliferation in colon cancer cell lines
To assess whetherIL-1 b pr omotes cel |l proliferation i

lines and how this response may differ from that seen in CA cell lines, we performed an
MTS assay. AA (CHTN-06 and SB-521) and CA (HT-29 and HCT-116) cell lines were
seeded in 96-well plates and treated with different concentrations of IL-1 b f wtiple m
time points. The IL-1b concentrations were derived fron
concentrations in the range from 1.25 to 160 ng/ml were used (70, 71, 72). Each study
found a specific optimal concentration of IL-1 b however the range was between 10 and
40 ng/ml. Based on this, we tested in our model five different concentrations of the
cytokine: 1, 5, 10, 30, 60 ng/ml. As seen in prior studies (32, 39, 46), our results displayed
a significant concentration-dependent increase in cell proliferation in both AA and CA cell
lines when treated withIL-1 b af ter 24, 4 8 Figufe2l3)aWwedest8@dgheh our s
cells for their cell proliferation in the presence (+FBS) and absence (-FBS) of Fetal Bovine
Serum, to assess any effect induced by serum stimulation when combined with IL-1 b .
Despite differences seen in the growth rate of the cells (see Appendix, section ii), the
effectof IL-1 b r emai ned ¢ onst armohditidneandvaeneny theé four cet wo ¢
lines. Figure 13A shows that, at 24 hours treatment, AA MSS cell line CHTN-06 had
significant increases in cell proliferation after treatment (fold changes: 5ng/ml: 1.10,
10ng/ml: 1.18, 30ng/ml: 1.19, 60 ng/ml: 1.20). On the other hand, for CA cell line HT-29
we only see a significant increase starting at 10 ng/ml of treatment (fold changes: 10
ng/ml: 1.10, 30 ng/ml: 1.11, 60 ng/ml: 1.08). The same pattern can be seen in the MSI

cell lines, with AA SB-521 showing a dose-dependent increase in cell proliferation starting
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at the lowest concentration of IL-1 Kfold changes: 1 ng/ml: 1.08, 5 ng/ml: 1.12, 10 ng/ml:
1.21, 30 ng/ml: 1.21, 60 ng/ml: 1.21), while CA HCT-116 shows a comparable significant
increase only after treating the cells with higher concentrations of the cytokines (10 ng/mil:
1.09, 30 ng/ml: 1.18, and 60 ng/ml: 1.19). These differences in response are consistent
throughout the different time points (Figure 13B, C, D), with both AA cell lines appearing
to overall respond to lower concentrations of IL-1 bcompared to the CA cell lines. Our
data also shows that the highest increase (fold change) in cell proliferation was seen
when the cells were treated with 10 ng/ml, reaching a plateau point. Based on these
observations, we proceeded to use 10 ng/mlasIL-1 b concentration for

experiments.
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Figure 13 IL-1 bincreases cell proliferation in AA and CA colon cancer cell
lines. Changes in cell proliferation were detected via MTS Assay in both AA
and CA colon cancer cell lines. Cells were seeded in media with +/- FBS,

containing increasing concentrations of IL-1 b

(1,

560 nglnd),and &

changes in cell viability were detected after 24 (A), 48 (B), 72 (C) and 96 (D)
hours. Data representative of three independent experiments. Error bars
represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001
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Due to the changes seen in cell proliferation following IL-1 bt r e,avée forther t

investigated the possible changes in cell cycle. We wanted to evaluate how treatment
with IL-1b would affect the different phases of the cell cycle (G0/G1, S, G2/M). Cells were
seeded and then treated with 10 ng/ml of IL-1b for 72 hours. The cells were then stained
with Propidium lodide, and the percentage of cells in each cell cycle phase was evaluated
via flow cytometry analysis by using the parameters in the NovoExpress software. As
shown in Figure 14 (A, D, G, J), the histograms representing Forward Scatter (FSC) and
Side Scatter (SSC) showed a slight shift in the size and complexity of the cells between
untreated and IL-1 bt r eorditiengl with the latter showing a slight decrease in SSC.
Further, when compared to untreated control cells, IL-1 btreated cells showed slight
changes in the percentage of cells in each specific phase. Overall, consistent for all the
cell lines, we saw a statistically significant, but small, decrease in the number of cells in
Gl with IL-1 b t r e aampeeed to control untreated cells (CHTN-06: 39.12% vs
34.18%, HT-29: 56.2% vs 52.6%, SB-521: 33.6% vs 30.2%, HCT-116: 41.6% vs 36.9%).
With this, we saw a concomitant increase in the percentage of cells in S, G2/M, and
Super-G2 phases in IL-1 bt r e #st lowevec these changes are not statistically
significant. When combined, the increase seen in S, G2, and Super-G2 phases account
for the decrease in number of cells seen in G1 phase. However, due to the cells being
asynchronous, the cells are distributed unevenly throughout the different phases of the
cell cycle. (Figure 14) To evaluate if the changes seen in the cell cycle distribution were

due to the cells being asynchronous, we also performed the experiment on synchronized

cells by serum-starving the cells for 24 hours before treatment with IL-1 b . Even
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synchronizing the cells, we saw a decrease in the percentage of cells in G1 after treatment

with IL-1 b se€ Appendix, section iii).
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Figure 14 Cell cycle changes induced by IL-1 b t r e 8A aned @A colon cancer
cell lines were seeded in DMEM (+FBS) and treated with 10 ng/mlofIL-1 b f &aurs.7
Representative images of flow cytometry showing forward (FSC) and side (SSC)
scatter (A) CHTN-06, (D) HT-29, (G) SB-521, (J) HCT-116. Representative images of
flow cytometry histograms of the cell cycle distribution for (B) CHTN-06, (E) HT-29, (H)
SB-521, (K) HCT-116. Graphical representation of % of cells in each cell cycle phase,
between Control untreated cellsand IL-1 bt r e a t(€)CHTN®®, (FsHT-29, (1)
SB-521, (L) HCT-116. Data representative of three independent experiments. Error
bars represent SEM. *p < 0.05, **p < 0.01
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c. Subaim 1.3
IL-1B decreases sensitivity to 5-FU treatment in colon cancer cell lines
Based on previous data demonstrating a role for IL-1 b I n ulatmg d

chemotherapeutic response to oxaliplatin in colon cancer cell line HCT-116 (46), we

assessed if the presence of IL-1 b  uldalter the cellular response to 5-FU, a standard
chemotherapeutic agent used in the treatment of CRC. Since the literature demonstrated

a different response to chemotherapy based on tumor microsatellite status (73, 74), for

this study we grouped the cell lines as MSS (CHTN-06 and HT-29) and MSI (SB-521 and

HCT-116). Cells were cultured in complete media, with or withoutIL-1 b, and t hen exp
to different concentrations of 5-FU (1, 2.5, 5, 10, 15 puM) over 72 hours. Figure 15 shows

a timeline of treatment for the 5-FU/IL-1 bexperiment. Control cells are defined as cells

that have been treated with 5-FU, whileIL-1 b tr eated cell s have bee
ng/ml of IL-1 b Since different sensitivities to 5-FU and IC50s have been reported in the

literature for both CA colon cancer cell lines HT-29 and HCT-116 (75, 76, 77), we picked

the range of concentrations based on these previous findings to test in our new models.

Day 0 Day 1 Day 2 Day 3 Day 4

Cells seeded 5-FU treatment  24h time point 48h time point 72h time point

/o

Condition1:  Condition 2:
NolIL-18  |L-1B added to
added media

Figure 15 Experimental timeline. Cells were seeded on day 0 in DMEM (+ 10% FBS).
For Condition1,noIL-1 b wa s a dCdnditibn 2, 10mg/mlofIL-1 b was a
the media on Day 0. At Day 1, cells (both Condition 1 and 2) were treated with different
concentrations of 5-FU (0, 2.5, 5, 10, 15 pM i for O uM the cells were treated with
vehicle DMSO). Cell viability was assessed at days 2, 3 and 4.
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As shown in Figure 16, IL-1 Btreated cells displayed significantly less sensitivity to 5-FU
in all four cell lines. For all concentrations used, 2.5 and 5 pM represent those for which
we saw the largest differences between control and IL-1 Rreated cells, for MSS and MSI
cell lines. AA CHTN-06 control cells showed a mean viability of 55.6% and 30.3% versus
a mean viability of 79.0% and 49.6% when treated withIL-1 b, f or concentrati c
and 5 pM of 5-FU respectively. For the same concentrations, HT-29 untreated cells had
a mean viability of 58.0% and 33.3% versus a mean viability of 77.6% and 57.0% when
treated with IL-1 b Interestingly, both MSI cell lines exhibited an increased sensitivity to
5-FU when compared to MSS cell lines. However, despite the MSI cell lines being overall
more sensitive to the treatment, the presence of IL-1 Bsignificantly reduces that response
(mean viability for SB-521: 26.3% vs 46.3% for 2.5 pM, 17.0% vs 29.6%, for 5 uM; mean

viability for HCT-116: 14.0% vs 38.6% for 2.5uM, 1.3% vs 15.3% for 5 uM).
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Figure 16 IL-1 b  d e c rceealsle sserisitivityst@ 5-FU treatment. Cell viability
following treatment with 5-FU, in presence or absence of IL-1 b, was det
MTS assay. Cells were seeded in media containing 10 ng/mlofIL-1 b and t he
with increasing concentrations of 5-FU and incubated for 72 hours. (A) MSS cell lines
CHTN-06 (AA) and HT-29 (CA); (B) MSI cell lines SB-521 (AA) and HCT 116 (CA).
Data are representative of three independent experiments. Error bars represent SEM.
*p < 0.05, *p < 0.01, **p < 0.001.
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Based on the MTS results, we further assessed whether treating the cells with IL-
1b would affect induction of apoptosis by 5-FU. Figure 17A shows representative images
of forward (FSC) and side (SSC) scatter for AA cell lines CHTN-06 and SB-521. In both
cell lines it is notable a change in both FSC and SSC following treatment with 5-FU, as
the chemotherapy agent induces apoptosis, the cells change their complexity and size.
More importantly, we saw that both AA cell lines present as two distinct populations in
their scatter. It is important to note that, morphologically, the AA cell lines present as a
heterogeneous population, with some cells growing adherent to the plastic and other cells
growing semi-adherent. The heterogeneity of the cells is shown in the diagram in figure
as coexistence of two cell populations which have different sizes and internal complexity,
as shown by the difference in their FSC and SSC scatter. Interestingly, when the CHTN-
06 cells were gated separately and analyzed for Annexin V and PI staining, we observed
that one of the populations was more resistant to the 5-FU treatment compared to the
other, in terms of Annexin V+ cells. Conversely, despite the existence of two populations
intheSB-521 <cel | i ne, they dondt s eRUtreatnenthave d
Based on these cell lines being recently generated from tumor tissues and identified as
primary cancer cell lines rather than immortalized, we speculate that the AA cell lines are
more heterogeneous than the CAs and are characterized by a combination of cells with
different features and varying sensitivity to treatment, which more closely resembles the
cellular heterogeneity seen in tumors.

When analyzing the data for Annexin V/PI staining, the results demonstrated that
treatment with 2.5 and 5 nM of 5-FU increases the number of apoptotic (Annexin V+) cells

when compared to control untreated cells. In accordance with our previous results
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(Figure 16), when the cells were pre-treated with 10 ng/ml of IL-1b followed by 5-FU, the
number of Annexin V+ cells decreased when compared to 5-FU alone treatment (Figure
17B, C, D, E, F). For CHTN-06, IL-1 bdecreased the number of Annexin V+ cells by ~
30% for both 2.5 and 5 pM 5-FU; similarly, a ~30% decrease was seen also for HT-29
cells treated with IL-1 b For MSI cell line SB-521 we saw a decrease in the number of
Annexin V+ cells by ~50% and ~30% for 2.5 and 5 pM 5-FU respectively, following
treatment with IL-1 b For HCT-116, the decrease observed was ~ 15% for both
concentrations of 5-FU. Overall, our data demonstrates that IL-1 baffects the cells
response to 5-FU by inhibiting apoptosis as reflected by the decrease in the percentage
of Annexin V+ cells, thereby inducing a consequent increase in cell viability following the

chemotherapeutic treatment.
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Figure 171L-1 b d e c r dd-mduced dpoptosis. Apoptosis detection by Annexin
V/PI staining via flow cytometry following treatment with different concentrations of 5-
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and SSC for CHTN-06 and SB-521. Representative images of flow cytometry data of
MSS [CHTN-06 (B) and HT-29 (C)] and MSI [SB-521 (D) and HCT 116 (E)] colon
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Data are representative of three independent experiments. Error bars represent SEM.
*p<0.05, **p<0.01.
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In addition, we assessed the effects of IL-1b on long-term cell viability, by
clonogenic (colony formation) assay. For the assay, we employed the same experimental
conditions in terms of 5-FU and IL-1 bconcentrations (2.5 and 5 pM, and 10 ng/ml
respectively). The clonogenic assay measures the ability of individual cells, previously
treated with 5-FU and IL-1 b , t o tpicoloaies (> 56 eells) after seeding low cell
densities. In agreement with our MTS and apoptosis assays, the cells treated with IL-1 b
had significantly more colonies formed, for each of the concentrations of 5-FU. Among
MSS cell lines, both CHTN-06 (AA) and HT-29 (CA) had an increase of ~ 20-45% in
colony formation when treated with IL-1 b ¢ o mp a4Fl¢ alonet Feor tte MSI cell lines,
SB-521 had an increase in colony formation of ~ 30-50%, while HCT-116 had an increase
of ~ 30-40% (Figure 18). Due to the differences in growth rate, we observed that the
faster growing cell lines, such as HCT-116, presented larger colonies when compared to
the other cell lines, which made it difficult to identify single colonies in certain

circumstances. Therefore, colonies that grew too large and merged were counted as one

single colony.
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images of colonies stained with Crystal violet in cell lines (A) CHTN-06, (C) HT-29, (E)
SB-521 and (G) HCT-116, following treatment with 5-FU alone or combined with IL-
1 bGraphical analysis of number of colonies for each condition: (B) CHTNOG, (D) HT-
29, (F) SB-521, (H) HCT-116. Data are representative of three independent
experiments. Error bars represent SEM. *p < 0.05, *p < 0.01
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d. Subaim 1.4
IL-1B induces activation of different proteins in AA and CA cell lines
Based on previous literature showing the ability of IL-1 bto activate multiple
pathways to exert cellular signaling effects, we evaluated activation of both MAPK and
NF-a Bpathways by detecting phosphorylation of proteins JNK, p38 and | a Bnlbur cell
lines following treatment with IL-1 b We first looked at phosphorylation of JNK, stress
signaling kinase, and noted that treatment with IL-1 b significantly increased
phosphorylation of JNK compared to control untreated cells, in CHTN-06 (6.2-fold
change), HT-29 (3.8-fold change) and HCT-116 (11.9-fold change), but not SB-521 (1.61-
fold change) (Figure 19A, B, C, D). For p38, another stress signaling kinase, we saw a
significant increase in phosphorylation for CHTN-06 (9.0-fold change) and HCT-116 (7.7-
fold change). SB-521 and HT-29 exhibit already high basal levels of phosphorylation for
p38 protein, that we were not able to reduce even following extended periods (2, 4, 6, 24
hours) of serum starvation. Therefore, the treatment with IL-1 Bonly slightly increased the
levels of phosphorylation in these cell lines (SB-521: 0.92-fold change, HT-29: 0.8-fold
change) (Figure 19E, F, G, H). Finally, we tested the phosphorylation levels of protein
| & BaJregulatory protein that acts by inhibiting NF-kB. Our results showed that IL-1 b
treatment increased the expression of phospho-l @ BU i r06, SB+a2Nand HCT-116,
with fold changes of 12.6, 8.6 and 4.7 respectively, but we did not see a significant
increase for HT-29 (3.5-fold change). Interestingly, the highest increase following IL-1 b
treatment is seen for both AA cell lines, independent of their microsatellite status (Figure

191, L, M, N). These results correlate with our gene expression analysis in which we saw
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a higher expressionof NF-a B r el ated genes in AA celll Il i nes

activation of this pathway in these cell lines.
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IL-18 (10ng/ml) - + - +

,_
=
=z

Total IkBa expression Relative p-IkBa expression
8 1.5 150 =
3 3 . £ M EE Untreated
3 e
£Zs £t — 33 - - LB
3¢ 30910 X% 40 (|
28 S0 = -]
o4 ho £ *
g o B % =T L
Q= as -3
xS LT 05 D= 5
aE? TE Ig
c ) o E
g g 5
0 0.0 =
CHTN-06 HT-29 SB-521 HCT-116 CHTN-06 HT-29  SB-521 HCT-116 CHTN-06 HT-29  SB-521 HCT-116

Figure19IL-1 6 i nduces differenti al p h casnghe éoury
cell lines. Representative images of western blots showing phosphorylation of INK (A),
p38 (E) and IkBa (I) following treatmentwithIL-1 b . Quant i f i c alNK (®),n
phospho-p38 (F), and phospho-lkBa (L) normalized to a-tubulin. Quantification of total
protein levels for JNK (C), p38 (G), and IkBa (M), normalized to a-tubulin.
Quantification of levels of phospho-JNK (D), phospho-p38 (H), and phospho-lkBa (N),
shown as ratio to respective total protein levels, after normalization to a-tubulin. Data
are representative of three independent experiments. Error bars represent SEM. *p <
0.05, *p < 0.01
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iv. Conclusions Aim 1

The results in Aim 1 suggested a role for IL-1 b

altering sensitivity to 5-FU, and activation of multiple pro-inflammatory pathways in our in

vitro models.

1 Our RNA sequencing data shows differential expression of multiple genes among
the IL-1 family members, the MAPK members and the NF-kB members. As shown

in Table 4, some genes were upregulated in either the MSS, the MSI, or both AA

i n promot. i

colon cancer cell lines, when compared to the CA cell lines.

Table 4. Summary of differentially expressed

genes between MSS and MSI colon cancer cell

lines

Gene

IL1R2

IL1A

IL1RN

IL1RL2

Pathway

IL-1 Pathway /
Inflammation

CHTN-06vs
HT-29

NS

Upregulated

Downregulated

Downregulated

SB-521vs
HCT-116

Upregulated

Upregulated

Upregulated

Upregulated

MAPK3

MAPK11

MAPK14

MAPK12

MAP Kinases
Pathway /
Proliferation,
Differentiation,
Apoptosis

Upregulated

NS

NS

Downregulated

Upregulated

Downregulated

Upregulated

Downregulated

IRAK1

IRAK3

TRAF5

IKBKB

NFKBIA

Nf-kB Pathway /

Inflammation,
Proliferation,
Apoptosis

Upregulated

NS

NS

Upregulated

Upregulated

NS

Upregulated

Upregulated

NS

NS

ng
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1 Based on our goal of evaluating the effects of IL-1 bon the cell lines, we also

evaluated the levels of IL-1R1 protein on the membrane, as well as the secretion

of cytokines IL-1a, IL-1 band IL-1Ra. IL-1R1 was expressed in all four cell lines,

with no significant differences between the AAs and CAs. When we evaluated

cytokines secretion, we did not detect secretion of any of the aforementioned

cytokines in the four cell lines (Table 5).

Table 5. IL-1R1 protein expression and cytokine secretion in AA and CA
colon cancer cell lines

CHTN-06 HT-29 SB-521 HCT-116
IL-1R1 protein + + + +
expression
Cytokine secretion
e IL-1a ND ND ND ND
o IL-1B ND ND ND ND
e |L-1Ra ND ND ND ND

ND= Not detected
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1 When the cells were treated with IL-1 bwe saw an increase in cell proliferation in
both AA and CA colon cancer cell lines. However, a significant increase in cell
proliferation in AA cell lines was observed at lower concentrations of IL-1 b wh e n
compared to CA colon cancer cell lines. Furthermore, when analyzing the cell
cycle, we saw that IL-1 b decr eased t he®in thau@®ibphase andf cel |
increased the number of cells in both the S and G2/M phases.

1 In terms of response to treatment, IL-1 b ef fects were tested in
the chemotherapeutic agent 5-FU. The results demonstrated an increase in cell
viability, decrease in apoptosis and increase in long-term viability when the cells
were treated with 5-FU in the presence of IL-1 b , c o0 mp akUetréatnterd 5
alone.

1 Finally, when molecular pathways were analyzed via Western blotting, we saw that
different proteins were activated by IL-1 b treat ment,.JNKSwyae ci f i c &
activated in CHTN-06, HT-29 and HCT-116; p38 was activated in CHTN-06 and

HCT-116; IkBa was activated in CHTN-06, SB-521 and HCT-116.

1 These findings are summarized in Table 6.
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Table 6. Summary of effects induced by IL-1B treatment in AA and CA
colon cancer cell lines

CHTN-06

Proliferation

i1

HT-29

f

S$B-521

"

HCT-116

f

Cell cycle

61 |
s
G2 T

G1 |
> 1
G2 T

61 |
s 1
G2 T

5-FU treatment
e Viability

e Apoptosis

e Long-term
viability

Protein
phosphorylation
e JNK
e P38

e |kBa

NC

NC

NC

NC

NC= No change
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CHAPTER IIl: AIM 2 = USING IL-1Ra AS A THERAPEUTIC STRATEGY TO REVERSE
IL-18 PRO-TUMORIGENIC EFFECTS
i. Introduction

Our previous results have shown IL-1b affecting different cellular and molecular
processes in our AA and CA colon cancer cell lines. From the literature, it is known that
IL-1 bpromotes its effects by interacting with its main signaling receptor, IL-1R1 (78).
Based on our western blot analysis, we demonstrated that this protein is expressed by all
four cell lines, albeit at different levels (Figure 12). The differential expression we see in
IL-1R1 doesn't explain why the AA cell lines respond to lower concentrations of IL-1 b ,
suggesting that other members of the IL-1 receptor family could be involved in this
regulatory process. Aim 2 will provide data to demonstrate that, despite the IL-1R1
expression differences, the effects we observe on cell proliferation, 5-FU response and
molecular pathways is indeed mediated by IL-1 b via interaction with IL-1R1. To do so,
we used IL-1Ra to block IL-1R1 activation and establish the downstream effects of this
pathway. It is important to note that based on RNASeq analysis showed a differential
expression of the ILARN gene among the cell lines; however, when we evaluated the
protein production of the cytokine IL-1Ra via ELISA, we did not detect secretion for any
of the cell lines used in our study (Data not shown).

Finally, since IL-1Ra has been recently used in clinical trials, the ability of IL-1Ra
to effectively block IL-1 beffects via IL-1R1 could represent a therapeutic strategy for
those AA patients presenting with high tumoral expression levels of IL-1 band decreased

response to standard of care therapies.
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Author contributions to Aim 2:
1 Project design, hypothesis, and research strategy
1 Handling of all cell lines (seeding, maintenance, treatments, collection)
1 Performed all in vitro experiments

1 Data collection, analysis and interpretation

ii. Materials and Methods

Cell Lines and Reagents

CA colon cancer cell lines HT-29 (MSS) and HCT 116 (MSI) were purchased from the
American Type Culture Collection (Manassas, VA), while AA colon cancer cell lines,
CHTN-06 (MSS) and SB-521 (MSI), were generated at Stony Brook University as
previously described (65). All cell lines were maintained in DMEM media (Corning)
supplemented with 10% FBS, 100 U/ml penicillin, 200 U/ml streptomycin, 4.5 g/L glucose
and sodium pyruvate, in humidified incubator with 37°C and 5% COx.

Human recombinant IL-1b was purchased from Cell
resuspended in PBS for a final stock concentration of 10 ug/ml (catalog #8900). 5-FU was
purchased from Sigma-Aldrich (catalog #F6627-1G) and resuspended in DMSO (Thermo
Fisher Scientific) for a final stock concentration of 380mM. IL-1Ra was purchased from
Sigma-Aldrich (catalog #SRP3084) and resuspended in PBS supplemented with 0.1%

BSA for a final stock concentration of 100 ug/ml.
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Cell Viability Assays

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assays were performed using the CellTiter 96 AQueous One Solution

Cell Proliferation Assay (G3582; Promega)acc or di ng t o the manufact ul
ForiL-1b studies, cell s wer gvellplatesdteddc 108 aells/tvellinp | i c at
complete DMEM in presence of 10 ng/mlofIL-1 b and i ncubated overnigh
COs2. 24 hours after seeding, cells were treated with IL-1Ra (10 ng/ml) and incubated at

37°C for 24, 48 and 72 hours. For 5-FU cytotoxicity assay, cells were seeded as

previously described, in complete DMEM alone or containing 10 ng/ml of IL-1b for 24

hours and then treated with 5-FU alone (2.5 and 5 nM) or in combination with IL-1Ra (10

ng/ml) for 72 hours.

Enzyme-Linked Immunosorbent Assays (ELISAS)

Secretion of IL-8 was measured in the culture media of the cell lines using the RayBio®

Human IL-8 (CXCL8) ELISA Kit accordngtomanuf act ur er 6s i nst-ructio
IL8-1). 2.5 x 10* cells were seeded in triplicate in 12-well plates in DMEM supplemented

with 10% FBS, in the presenceof IL-1 b (10 ng/ ml ) , and incubated
later, cells were treated with IL-1Ra (10 ng/ml) for 24 hours. Cell supernatants were

collected and stored at -20°C until use.

Western Blotting
3.0 x 10° cells were seeded in 6-well plates in DMEM supplemented with 10% FBS and

incubated overnight. 24 hours after seeding, media was changed and cells were starved
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(serum-free DMEM) for 2 hours prior to treatment. The cells were then treated with either
IL-1b (120 ng/ ml ) al o rreated with IL-1Ra (16 ugims) foro2rhoups.r Ae
the end of the treatment period, the cells were washed with PBS and lysed on ice with
RIPA lysis buffer supplemented with Protease and Phosphatase Inhibitors
(ThermoFisher). Protein quantification was performed using the DC protein assay kit (Bio-
Rad Laboratories). Isolated proteins were separated by gel electrophoresis using 12%
precast polyacrylamide gels (Bio-Rad Laboratories, catalog ##4561044) and transferred
onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, catalog
#1620175). Probing with primary antibodies from Cell Signaling Technology, which
included phospho-l aB ( 1: 500, <catal @B (A28DD)O, tcatal og #
Utubulin (1:1000, catal og #2125)nallywhblats wpre r f or me
incubated with secondary antibody mouse anti-rabbit IgG, HRP-linked (1:1000, 1:2000,
1:5000, catalog #7074), for 1 h at room temperature. Protein expression was detected
using an enhanced chemiluminescence reaction kit (ThermoFisher), and bands were
observed using ChemiDoc Imaging System (Bio-Rad Laboratories). Images of the blots
were analyzed using ImageJ analysis program and all proteins were compared to the

loading control U-tubulin.
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iii. Results
a. Subaim 2.1
IL-1Ra reverses IL-1B effects on cell proliferation and 5-FU response
To further investigate IL-1 beffects on cell proliferation we used the IL-1 Receptor
Antagonist (IL-1Ra), which binds non-productively to IL-1R1 with high affinity and
prevents IL-1 b from initiating 48).hWe usedd gmMTSiassay toc as c ad
detect changes in cell proliferation when cells were treated with IL-1 b al one or

combination with IL-1Ra. Experimental timeline and conditions are shown in Figure 20.

Day O Dayl Day 2 Day 3 Day 4
| | | | |
1 1 1 1 1
Cells seeded IL-1Ra (10 ug/ml)  24h time point 48h time point 72h time point
added

(in presence or
absence of IL-1B)

Final Conditions:

Untreated / IL-1B + IL-1Ra treated

IL-1p treated IL-1Ra treated

Figure 20 Timeline and experimental conditions for IL-1Ra treatment

As per the manufacturer6 protocol, the working concentration of IL-1Ra (half-life
4-6 hours) needed to inhibit IL-1 B(half-life 2-3 hours) effects is 1000-fold higher than that
of IL-1 bconcentration. Based on this and other previous literature (49, 50), we tested

concentrations that were 100 (1 ug/ml), 500 (5 ug/ml) and 1000 (10 ug/ml)-fold higher
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than that used for IL-1 b (dindl), and found that the optimal inhibitory concentration in
our models was 10 ug/ml or 1000-fold higher (Data not shown). The need for such a high
concentrations of IL-1Ra is based on previous findings showing either a higher or similar
affinity of the antagonist for the receptor when comparedtoIL-1 b, as wel |

obtain a complete saturation and inhibition of the surface receptors (41, 48). To further
test the efficacy of the IL-1Ra in our models, we seeded the cells in complete media (10%

FBS) and incubated overnight. The following day, the cells were pre-treated with IL-1Ra

t

h €

for 2 hours and then treated with IL-1 b ,ccom@ingtomanuf act urer s protoco

show that IL-1Ra was able to inhibit activation of IL-1R pathway and inhibitIL-1 b ef f ect s

on cell proliferation (see Appendix, section iv). In our study, however, we wanted to
mimic as close as possible the presumed conditions present in patients, in which the IL-
1Ra is given to the patient when there is already circulating levels of IL-1 Ginteracting with
IL-1RI and establishing a pro-inflammatory environment at the tumor site. For this reason,
we stimulated the cellswithIL-1 b over ni g hted#d+siRa on thegdalowmglddy.

Figure 21, shows that treating the cells with IL-1Ra inhibits the increase in cell
proliferation induced by IL-1 b for all the four cell lines. Specifically, at 24 hours of
treatment, IL-1 b +-1Ra treated cells show a significant decrease in cell viability when
comparedtolIL-1 b al one t,witha told changeeot 112 for CHTN-06 (p < 0.01),
1.15 for HT-29 (p < 0.01), 1.23 for SB-521 and 1.14 for HCT-116 (p < 0.05). At 48 hours
of treatment, combination of IL-1 b a Rl1&Ra shdws a 1.26-fold change for CHTN-06 (p
< 0.001), a 1.16-fold change for HT-29 (p < 0.05), a 1.18-fold change for SB-521 (p <
0.01) and 1.12-fold change for HCT-116 (p <0.01), when comparedtoIL-1 b al one

cells. Finally, at 72 hours after treatment with IL-1 b +-1Ra, we observed a fold change
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of 1.21 for both AA cell lines CHTN-06 (p < 0.01) and SB-521 (p < 0.01) and fold changes
of 1.13 and 1.09 for HT-29 and HCT-116, respectively (p < 0.05), when compared to IL-

1 btreatment alone. Moreover, our data shows that IL-1Ra alone has no significant effect

on cell viability when compared to control untreated cells.

24 HOURS 48 HOURS
57 R e .:,_.* —— Il Control 5 Sl s 2,_.*
. . IL-1B o
£ 1.0 = IL-1Ra = 1.0
E E
[ IL-1B + IL-1Ra =
8 051 8 054
0.0 0.0
CHTN-06 HT-29 SB-521  HCT-116 CHTN-06 HT-29 SB-521  HCT-116
72 HOURS
1.5
Il Control
. IL-1B
1.0 M IL-1Ra
IL-1B + IL-1Ra

e
2]
1

2
=
8
>
3
(8]

0.0~

CHTN-06 HT-29 $B-521 HCT-116

Figure 21 IL-1Ra inhibits IL-1 Binduced proliferation in colon cancer cell lines. Cells
were seeded in media without or with 10 ng/mlof IL-1 b and i ncubat e
The following day IL-1Ra (10 ug/ml) was added and treatment was carried out for 24
hours (A), 48 hours (B) and 72 hours (C). Cell viability was detected via MTS assay.
Data are representative of three independent experiments. Error bars represent SEM.

*p<0.05, **p<0.01, ***p<0.001.

Previously, we showedhowIL-1 b r educed t heFUseatment(Figurei ty t o
16, 17), therefore we treated the cell lines with 5-FU and IL-1Ra and evaluated the effects

ofIL-1 b on t he c¢ o mbi.Thareduls demonstatadthatdLrlRa reverses the
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cytokine effects on 5-FU treatment. As shown in Figure 22, combination treatment with
5-FU and IL-1Ra (in the presence of IL-1 b)) signi f i ccallnviability wiee d uc e s
comparedto5-FU+IL-1 b f or rMostFd (CRITNS6 p < 0.05, HT-29 p < 0.05, SB-
521 p <0.01, HCT-116 p < 0.05) and 5 mM 5-FU (CHTN-06 p < 0.001, HT-29 p < 0.001,

SB-521 p < 0.01, HCT-116 p < 0.01).
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Figure 22 IL-1Ra counteracts IL-1 bsuppressive effects on 5-FU treatment. Cell
viability following treatment with 5-FU alone, in presenceof IL-1 b, or i n
with IL-1Ra was determined by MTS assay. Results are shown normalized to
control cells (0 nM of 5-FU). (A) MSS cell lines CHTN-06 and HT-29; (B) MSI cell
lines SB-521 and HCT-116. Data are representative of three independent
experiments. Error bars represent SEM. *p<0.05, **p<0.01, ***p<0.001.
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b. Sub aim 2.2
IL-1Ra prevents IL-1B-induced activation of NF-kB pathway

Our gene expression analysis (Figure 11) showed an increased expression of
genes involved inthe NF-e B pat hway; similarly, our wester
increase in phosphorylation of protein | a Hdllowing treatment with IL-1 b which was
more pronounced in the AA colon cancer cell lines. Therefore, we performed Western
Blotting analysis and ELISA assay to detect the inhibitory effects of IL-1Ra on the IL-1 b
pathway. Figure 23A shows that treatmentwithIL-1 Ra pr events phosphoryl
protein in all four cell lines, however the changes seen were significant only for CHTN-

06, SB-521 and HCT-116 (Figure 23B). When comparing the values normalized to

control untreated cells, CHTN-06 show a means value of 14.9vs 2.5forIL-1 b a nrl&a | L
treated cells, respectively. Similarly, fold changes are 9.3 vs 2.5 for SB-521 and 7.5 vs

0.6 for HCT-116. Overall, we saw a significant decrease in levelsofp-l e BU f 006 CHTN
(p < 0.05), SB-521 (p < 0.05) and HCT-116 (p < 0.01) when the cells were treated with

IL-1Ra.

After seeing an increase in phospho-l 8 B U, which suggesstBs act.i
followingIL-1 b t reat ment, we wanted to evalwuate indt
pathway. We saw in our patient data that tumors from AA present a higher expression of
IL8 gene (66), which is a known target of NF-a B . T h eweeédrformesl an ELISA to
detect secretion of IL-8 following treatment with IL-1 b al one or i n eombi na
1Ra. Figure 23C shows the baseline secretion of IL-8 in all four cell lines: interestingly,

AA cell lines present a higher secretion of IL-8 even in absence of any treatment, with a

1.4-fold increase for CHTN-06 compared to HT-29, and a 9-fold increase for SB-521
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compared to HCT-116. When we treated the cells with IL-1 b , we sSsaw a sign
increase in the secretion of IL-8 for all four cell lines, with p < 0.01 for CHTN-06, HT-29

and HCT-116, and a p < 0.05 for SB-521. We also saw a significant decrease in IL-8

secretion in IL-1Ra treated cells comparedtoIL-1 b t r eat e d -06:ifoldsHT-( CHT N
29: 7.7-fold, SB-521: 3.3-fold, HCT-116: 6.6-fold). It is important to note that, for SB-521,

we saw the least significant changes following the treatments, and this is due to the

already high secretion of IL-8 in unstimulated cells.
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Figure 23 IL-1Ra prevents IL-1 Bmediated activation of NF-kB pathway in colon
cancer cell lines. Treatment withIL-1 Ra prevents phospho
secretion of IL-8. (A) Representative images of Western Blot analysis following
treatment of cells with either IL-1b alone or in combination with IL-1Ra. (B)
Quantification of phospho-lkBa normalized to a-tubulin. (C) Quantification of total
protein levels for IkBa normalized to a-tubulin. (D) Quantification of levels of
phospho-lkBa. Values are expressed as phospho-l k BU/ t ot al |k
being normal i zed -tllin). (EaBhselngIL-8 searetian o IAA
and CA colon cancer cell lines. (F) Changes in IL-8 secretion following treatment
with IL-1b or IL-1 b  +1Rd Data are representative of three independent
experiments. Error bars represent SEM. *p<0.05, **p<0.01.

iv. Conclusion Aim 2
1 Treatment with IL-1Ra inhibits the effects of IL-1 b on cell apdrol i fe
increases sensitivity to 5-FU treatment, as demonstrated by decreased cell viability
when compared to cellsin presencelL-1 b al one.
1 IL-1Ra inhibits activation of NF-kB pathway as seen by decreased phosphorylation

of protein IkBa. When we evaluated secretion of IL-8, a downstream target of NF-
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kB, we saw that both AA cell lines had a higher baseline secretion of the cytokine

when compared to CA cells. Moreover, when the cells were treated with IL-1 b , -

8 secretion increased significantly compared to untreated cells. However, the

combination of IL-1 b

t-1dRa prdvents the secretion of IL-8.

1 The main findings of Aim 2 are highlighted in Table 7.

Table 7. Summary of inhibitory effects of IL-1Ra on cell
proliferation, 5-FU response, protein activation and IL-8 secretion

CHTN-06

HT-29

SB-521

HCT-116

Proliferation

|

|

|

}

5-FU treatment

IkBa
phosphorylation

IL-8 SECRETION

CHTN-06

HT-29

SB-521

HCT-116

Baseline
Secretion

++

++

++++

+ [L-1B treatment

T

1l

Nl

+ IL-1Ra treatment

+ > 100 pg/ml, ++ > 28 pg/ml, ++++ > 1500 pg/ml
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CHAPTER IV: DISCUSSION

Colorectal cancer has disproportionately affected the AA population; however,
there have not been many studies evaluating the causes at the molecular and cellular
level, one of the reasons being the absence of in vitro models for this specific population.
We believe our study represents the first in vitro utilization of AA colon cancer cell lines
to investigate arole for IL-1 b i n t umor pr omot i-Blh Asgredousr e s pon
studies have shown, regarding inflammatory processes in colon cancer, AA CRC patients
have tumors characterized by higher frequency of KRAS mutations and unique mutations
in specific genes associated with CRC risk (61, 62), as well as a more pronounced
inflammatory response compared to CA patients (64, 65). In Jovov et al. study, the main
pathways upregulated in AA CRC patients were those involved in immune-mediated
response and inflammation (64). In accordance with this study, we had previously
demonstrated that the Cytokine-Cytokine Receptor Interaction pathway was one of the
most significantly upregulated in AA patients. Moreover, the gene expression analysis
found increased levels of the gene encoding for the pro-inflammatory cytokine IL-1 b i n
tumors from AA compared to CA patients (66). However, our immunohistochemistry
analysis of IL-1b in tumor samples did not show any significant difference between the
two groups (Data not shown). Prior to our findings, Sanabria-Salas MC et al. had
established a correlation between the IL1B gene haplotype IL1B-CGTC, found in
Colombians of African descent, and CRC risk (67). Taken together, these results
demonstrated the need to further investigate inflammatory pathways in the context of
racial health disparities, by using more racially diverse models, such as the colon cancer

cell lines in the current study.
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IL-1b roleincoloncancer:i n vitro and patientés dat a
IL-16 is part of the larger IL-1 family, which includes both agonists (IL-1U, IL-1b,
IL-18, IL-33, IL-36) and antagonists (IL-1Ra, IL-36Ra, IL-37, IL-38) (41).IL-1 b has been
involved in many physiological and pathological processes, such as autoimmune and
autoinflammatory diseases, metabolic syndromes and malignancies (78). When IL-1 b
interacts with its receptors, it causes dimerization, followed by recruitment and
phosphorylation of various proteins. This in turn leads to activation of transcription factor
AP-1 via MAPKinases or NF-a Bsignaling pathways.
In relation to cancer, both a pro- and anti-tumorigenic role for IL-1 b has been
described (41). PCR analysis showed an increased expression of IL-1 dn tumor samples
from melanoma, colon and lung cancer patients (79), as did our RNA sequencing
(transcriptome) on tumor samples from both AA and CA patients (66). In vitro, IL-1 b h a's
been shown to induce cell proliferation and increase invasiveness in colon cancer cell
lines. (39, 46).
Our results demonstrated that different concentrations of IL-1 b el i ci t ed di
responses in AA and CA colon cancer cell lines, with the AA cell lines being more
sensitive to the cytokine stimuli, as significant increases in cell proliferation were noted at
concentrations of 1 and 5 ng/ml, which represent the lowest concentrations among the
range used in our experiments. These changes were constant throughout the different
time points (24, 48, 72 and 96 hours) and media conditions (+/- FBS). In accordance to
previous findings involvingIL-1 b and col on cancer, ourlf@inesul ts

promoting cell proliferation.
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Our data also shows an effect of IL-1 bon cell cycle regulation. We saw that,
treating the cellswithIL-1 b i nduc e s ahedumber & eelis @ Gl phase of the
cycle, and an increase in cells in S and G2/M phases. The ability of cells to move through
the different phases of cell cycle correlates with cell proliferation, and it is a highly
regulated process. Checkpoints are present at the beginning or end of each phase, to
allow the cell to further move towards division or exit the cycle to go into senescence or
apoptosis (80). Altered expression of regulators of cell cycle have been associated with
cancer progression. In colorectal carcinoma, down regulation of p21 gene expression
correlated with poor overall survival in patients with advance disease (81). Moreover, in
an in vitro model of colon cancer, repression of p21 was shown to correlate cell
proliferation (82). Interestingly, a study has demonstrated that IL-1 b pr omotes &
proliferation via reduction of p21 and p27 expression (83). In our cell lines, the expression
of cell cycle regulators was not evaluated. However, we saw a decrease in the number of
cells in G1 phase after treatmentwithIL-1 b, wh i ¢ barelaigregalaing cell cycle
progression. Previous studies have demonstrated that pro-inflammatory cytokines in are
involved in cell cycle transitions (84, 85). Huang et al. have shown that IL-33, a member
of the IL-1 family, promotes gastric cancer cells proliferation by inducing a decrease in
the percentage of G1l-phase cells and an increase in the percentage of S and G2/M-
phase cells (84). Similarly, pro-inflammatory cytokine TNF-a promotes G1 to S phase
transition, as shown by a decrease of cells in G1 and an increase in S phase, following
treatment with the cytokine (85). Based on these previous findings, we speculate that IL-

1b increases cell pcells tb prdgeess thtouglo the céllgycle. | | o wi ng

98



IL-1 Family members

When we examined the expression of genes that are related to IL-1b activity, we
found that there was no difference in the expression of the ILLR1 gene between the two
MSS and the two MSI cell lines. IL-1R1 is part of the ILIR family to which there is
interaction with different cytokines in the IL-1 family, initiating the signaling cascade with
activation of further downstream genes (86). In the context of gastrointestinal cancers,
higher expression of intratumoral ILLR1 has been associated with an overall worse
prognosis and inferior response to treatment (87, 88). In CRC patients, increased mRNA
levels of IL-1R1 in tumor samples predicted poor response to Cetuximab (CTX) therapy
(89); in addition, deletion of IL-1R1 in epithelial cells blocked the tumorigenic process in
a in vivo CRC model (90).

When we evaluated the cell surface protein levels of IL-1R1, we saw that all four
cell lines expressed similar levels of the receptor on their membrane. However, when we
treated the cells with IL-1 b we saw a more pronounced
compared to the CA cell lines. We speculate that the discrepancy in receptor expression
and cellular response could be related to differential expression of other members of the
IL-1 Receptor family, on which IL-1R1 is dependent on for activation. Following binding
to IL-1 b, -1RI kequires dimerization with IL-1RacP to be activated and initiate the
signaling cascade (86). Therefore, in the presence of high expression of IL-1R1, adequate
levels of IL-1RacP are needed to transduce IL-1 b si gnal i ng.

Another mechanism that regulates IL-1R1 signaling involves IL-1R2. IL-1R2 is a

decoy receptor, which acts by binding circulating IL-1 b wi t habing ta signalingt i

cascade (due to lack of cytoplasmic domain) (86). If higher levels of IL-1R2 are present

99

respo



at the cell surface, IL-1 b wi | | more | ikely bi-&aRR thanothet he de
signaling receptor IL-1R1. Therefore, a decrease in IL-1RacP or an increase in IL-1R2

expression in CA cell lines, would help explain the results we saw in terms of cell

proliferation induced by IL-1. PCR analysis of multiple colon cancer cell lines, including

HT-29 and HCT-116, has shown a low expression of IL-1R1 and a higher expression of

IL-1R2, which was also variable among the different cell lines (72). Interestingly, we found

that AA cell line SB-521 had increased gene expression of ILLR2 when compared to HCT-

116, however these findings might not correlate with a parallel increase in protein

expression in our cell lines.

Our data also demonstrated no differences in the gene expression of IL1B, and a
higher expression of IL1A in both AA cell lines. Based on the goal of our experiments, to
ascertain that there would be no issues with the interpretation of our results, we evaluated
the secretion levels of both cytokines in cell culture media and we did not detect secretion
ofeitherIL-1 b oX U I fLr o m daurycell tirfes (data @ot shown). These results are
not surprising since it has been well documented thatIL-1 b i s most | i kely der
tumor microenvironment (TME) rather than cancer cells. Findings have shown that IL-1 b
is secreted by immune cells, mainly myeloid cells, which represent an important
component of the tumor microenvironment (91). Myeloid cells, also known as Myeloid
regulatory cells (MRC) comprise tumor-associated macrophages (TAM), dendritic cells
(DC) and myeloid-derived suppressor cells (MDSC). They all contribute to tumor
development and progression by decreasing immune surveillance and promoting
suppression of anti-tumoral function among immune cells (92). Since IL-1R1 is expressed

on both cancer cells and immunecells,IL-1 b can act on each of t hese
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and activate pathways that will promote further inflammation and immune suppression

(91).

Mitogen-Activated Protein Kinase pathway

Our gene expression analysis also shows differential expression for some of the
genes of the MAPK pathway. Mitogen-Activated Protein Kinase 3 (MAPK3) and Mitogen-
Activated Protein Kinase 12 (MAPK12), were upregulated and downregulated,
respectively, in the AA colon cancer cell lines. Mitogen-Activated Protein Kinase 11
(MAPK11) and Mitogen-Activated Protein Kinase 14 (MAPK14), were downregulated and
upregulated, respectively, in MSI cell line SB-521.

Mitogen-activated protein kinases (MAPKS) are signaling proteins that have been
involved in many pathological processes, including inflammation and cancer. Three main
MAPK pathways have been identified: the ERK, JNK and p38 pathways. JNK and p38
have been both associated with cancer progression and can be activated by a variety of
stimuli, including cellular stress, growth factors and inflammatory stimuli. These kinases
act by regulating the balance between cell survival and cell death and are often
dysregulated in cancer cells. However, both a pro-tumorigenic and anti-tumorigenic role
has been described for these proteins (93). ERK pathway has been shown to be activated
by various stimuli and promote proliferation and invasion in colon cancer (94). Similarly,
inhibition of JNK has been associated with cell cycle arrest and decreased cell growth in
many types of cancer cell lines, including colon cancer (95). Furthermore, JNK has been
shown to be induced by IL-33, a member of the IL-1 family, and promote cancer cell

stemness (96). p38 also has been associated with colon cancer progression: inhibition of
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p38 activation was able to reduce tumor growth in an in vivo model of colon cancer (97).
Moreover, inhibition of p38 was shown to increase sensitivity of colon cancer cells to
chemotherapeutic agents (98). Based on these findings and our gene expression
analysis, we investigated the relationship between these pathways and IL-1 b . Af ter
treating the cellswithIL-1 b, we s aw a rhosphorgaticn foisbeth JNIK ang p38,
however the phosphorylation levels of each protein varied among the different cell lines.
The increase we observed was independent to microsatellite status or cell line
background. Moreover, we saw constitutive activation of p38 for both HT-29 and SB-521,
which was not further increased by treatment with IL-1 b These findings suggest that
MAPK pathways are differentially activated or constitutively activated in our cell line

models.

NF-kB pathway

One of the main pathways activated by IL-1 b 1 ® BNF wh o0 s eancerdhvdse i n
been previously demonstrated (36, 37). NF-aB regulates transcription of multiple genes
involved in critical cellular mechanisms. It has been shown to induce transcription of anti-
apoptotic (e.g. Bcl-xL) and proliferative genes, therefore, in normal cells, NF-aB activation
is strictly regulated and signaling is rapidly turned off. In cancer cells however, NF-aB
pathway is often dysregulated so that cells could evade apoptosis and proliferate
uncontrollably (36). In hematological cancers, NF-aB is often characterized by activating
mutations which alter its function. In solid tumors, direct mutation of NF-aB rare and its
constitutive activation is more likely due to alteration of upstream signaling factors or

influenced by the tumor microenvironment (37).
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In the context of colorectal cancer, NF-aB and some of its regulated genes have
been found to be expressed at titogohlretate withav el s i
worse prognosis (100, 101). Moreover, our recent study has shown upregulation of
NFKBIE (NFKB inhibitor epsilon protein) gene in tumors from AA patients compared to
CA patients (66); additionally, our RNAseq analysis identified genes belonging to the NF-
9B pat hway, MYDB& IRAKSB, IRAKA ahdyTRAF5, as being upregulated in the
two AA cell lines when compared to the CA cell lines.

NF-aB plays a critical role in linking inflammation and cancer (36). Many target
genes of NF-aB are involved in inflammatory processes and have been associated with
cancer development and progression. Recently, a strong connection has been found
between NF-a BCOX-2 and CRC: it has been shown that patients taking NSAIDs long
term, which blocks activation of COX-2, have an overall decreased risk of developing
CRC (25). Furthermore, IL-1 bhas been shown to activate COX-2 in colon cancer cell
lines via multiple pathways, including NF-a B(45). According to previous in vitro studies
demonstrating a correlation betweenIL-1 b a n-d BN & ¢ t 39, 43 45)pwe shpwed
that treating the cellswithIL-1 b i ncr eases phos ph oarwith effecison of
being more pronounced in AA than CA cell lines. Interestingly, NF-a Bpro-tumorigenic
role is exerted in the tumor microenvironment as well.

It has been demonstrated that NF-a Bcan be activated in both cancer cells and
immune cells, with consequent induction of pro-inflammatory genes, such as cytokines
and chemokines. Cytokines secreted by immune cells will act on cancer cells and activate
NF-a Bwhere it has been shown to induce transcription of genes that encode for anti-

apoptotic proteins, adhesion molecules and pro-inflammatory cytokines, such as IL-8, IL-
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6 and TNF-a (36). Related to this, our findings show an increased baseline secretion of
IL-8 in AA cell lines, which is further increased following treatment with IL-1 b, suppor t i r
the hypothesis that the cytokine induces activation ofthe NF-e B pat hway.

It has been shown that secretion of IL-8 from cancer cells into the tumor
microenvironment is associated with an increased recruitment and accumulation of
myeloid suppressor cells at the tumor site and it correlates with poor outcomes (102). IL-
8 has also been associated with increased proliferation, migration and chemoresistance
in colon cancercelllines(103) . I nterestingly, our human pat:.i
in both IL-1 b a n8&gene lexpression in AA tumor samples, increased presence of
myeloid cells, as well as upregulation of genes related to myeloid-derived suppressor
cells (66). In light of all these findings, we propose a role for IL-1 b , i n which hi
expression and secretion of this cytokine induces activation of pro-inflammatory pathways

and contributes to tumor progression and enhanced immune suppression in the TME.

IL-1 b and resi-Bk ance to 5

In addition, we tested the effect of IL-1b on 5-FU treatment in the AA and CA colon
cancer cell lines. 5-FU is an established chemotherapeutic agent, used for the treatment
of multiple types of cancer including CRC, for which it is used alone or in combination
with other types of chemotherapeutics (8). The mechanism of action of 5-FU is
documented and involves inhibition of enzymes required for DNA replication, thereby
inhibiting cell replication and proliferation (8). It has also been shown that 5-FU induces

apoptosis in colorectal cancer cells via multiple pathways (104, 105). Alteration of genes

104



involved in the mechanism of action of 5-FU have been associated with resistance to the
chemotherapeutic agent (8, 9).

However, other mechanisms of resistance remain unclear. Some recent studies
have shown a correlation between cytokine production in patients and response to
chemotherapy, suggesting that elevated levels of pro-inflammatory cytokines might be
related to lower response to therapy, poor prognosis, and overall decreased survival rates
(106, 107). Both in vitro and in vivo studies have investigated the relationship between
cytokines and chemotherapy, specifically, it has been demonstrated that pro-
inflammatory cytokines IL-6, TNF-a and TNF-b can interfere with 5-FU action and
promote resistance in colon cancer cell lines (108, 109, 110). In a study from 2012, Li et
al. found that treating CA cell line HCT116 with IL-1b reduced the cellular response to
Oxaliplatin, a standard of care chemotherapy for CRC (46).

In our study, we linked the presenceof IL-1 b wi t h a dpreteadBRUed r e
in both AA and CA cell lines, which is independent of the cell lines microsatellite status.
We observed that the presence of IL-1 b i n t he cul tureshoredida i ncr
long-term viability of the cell lines, as well as decreased the number of apoptotic cells,
counteracting the cytotoxic effects of 5-FU. A possible mechanism for these effects is to
be found be in the activation of the NF-e B pat hway i n our colon ¢
Increased expressionof NF-e B has been a ®wseorespoade todherapy anth |
poor outcomes in colon cancer patients (111, 112). Moreover, in vitro findings have shown
that inhibiton of NF-e B pat hway i ncr e aBlUeirscolenecanser dell lmest y t o
(113, 114). Interestingly, our results also established an increase in secretion of IL-8 in

IL-1 b treated cell s, whi ch has al so been s how
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resistance to different chemotherapeutic agents, including 5-FU (115, 116). In
accordance with these previous findings, our results suggest a possible correlation
between IL-1 Binduced pathways and resistance to 5-FU, however, more studies are
needed to further investigate the mechanisms relating IL-1b and 5-FU response, to better

help explain the different responses to 5-FU seen in patients (58).

IL-1 Receptor antagonist as a therapeutic target

Our study investigated a role forIL-1 b i n AA <cel | l i nes
targets related to the pathway that could offer better therapeutic options for this
population. For that reason, we assessed the activity of the IL-1 Receptor Antagonist (IL-
1Ra) in these cell line models. IL-1Ra is a naturally occurring cytokine which binds
competitively to IL-1 Receptor 1, preventing IL-1 binding and activation of specific
inflammatory pathways (48). IL-1Ra has been used as a treatment for rheumatoid
arthritis, and more recently IL-1Ra has emerged as a potential anti-cancer therapy (48).

It has been shown that IL-1Ra is involved in suppression of carcinogenesis,
metastasis and inhibition of oncogenic pathways in many types of cancer, including CRC
(48). Clinical studies have determined an association between gene polymorphisms and
circulating levels of IL-1Ra, and a good prognostic value. Specifically, it has been shown
that CRC patients carrying the T/T allele, which is associated with increased levels of
circulating IL-1Ra, have a higher survival rate compared to those carrying the C/C allele
(52).

Interestingly, our data shows an increased expression for ILLRN (IL-1Ra) in SB-

521 (AA 1 MSI) cell line. Despite this finding, treatment with IL-1b still significantly
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increased cell proliferation in this cell line. Therefore, when we tested the secretion levels

of IL-1Ra we did not detect secretion of the cytokine from any of the cell lines, in presence

or absence of IL-1 bt r e aSuppating this idea, our results showed that adding

exogenous IL-1Ra counteracted IL-1 b ef fects by decreasing cell
line models. In addition, our results demonstrated that the increase of both phospho-I a B U
expression and IL-8 secretion seen following treatment with IL-1 b, was prevented
the cells were pre-treated with IL-1Ra. Our findings are in accordance with previous

studies showing a role for IL-1Ra in blocking both IL-1 U  a nlb-médiated angiogenesis,

viaNF-a B p at 40w8)yAs ghown in a recent study (47), our results also show a role

for IL-1Ra in preventing IL-1 bmediated effects on 5-FU response, as seen in Figure 7,

by an increase in 5-FU sensitivity when IL-1Ra was added to the treatment regimen.

Final considerations and study limitations
In the current study we assessed, for the first time, the response to the pro-
inflammatory cytokine IL-1b in AA colon cancer in vitro models, with the purpose of better
understanding the mechanisms behind the lower response to treatment as well as overall
poor prognosis in AA patients (58). Overall, our data demonstrated differential expression
of pro-inflammatory genes and distinct responses to inflammatory stimuli between AA and
CA colon cancer cell lines, which are to be taken into consideration in defining treatment
plans. We demonstrated a role for IL-1b in promoting cell proliferation and the ability for
the cytokine to interfere with the effects of the chemotherapeutic agent 5-FU. We
observed a more pronounced response to IL-1 b in terms of cel |l pr

differential expression of proteins between AA and CA colon cancer cell lines, which
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suggests that specific cellular functions are regulated via different pathways in these cell
lines. We also demonstrated a higher baseline expression of pro-inflammatory genes and
cytokine IL-8 secretion in our AA cell lines, demonstrating an important role for
inflammatory pathways to be further investigated, in the context of cancer health
disparities.

In light of the different response to chemotherapeutic agents seen between AA
and CA patients, and based on previous studies demonstrating a more pronounce pro-
inflammatory response in AA CRC patients, there is a need to investigate the
mechanisms responsible for the differences seen between the two populations. In our
study we correlated the presence of IL-1b to a lower response to the chemotherapeutic
agent 5-FU. Therefore, we offer a possible alternative treatment to consider for those AA
patients who present with decreased response to 5-FU treatment and concomitant high
levels of intratumoral IL-1b, which can be evaluated after surgery or biopsy.

An important limitation of the study is represented by the number of in vitro models

used to test our hypothesis (two), which does not capture the extensive differences seen

in patients. Even when comparing the gene expression ofourp at i ent 0 withsha mp | e s

gene expression of our cell lines, we saw that some of the findings did not match as we
expected and this could be duetoboth a | i mited number of p
previous study, as well as the very limited number of cell lines from AA patients available
to us for this study. The complexity of the tumors is not being captured by using a limited
pool of cell lines, in part because our tumor samples included both cancer cells and

immune cells, while our in vitro system is limited to studying the effects seen in cancer
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cells alone. Therefore, our results do not take into consideration the possible interactions
with the tumor microenvironment.

Further, the racial classification of the AA cell lines has not been confirmed (66),
since the patients were asked to self-identify as part of a specific racial/ethnic group and
ancestry specific markers were not evaluated. Ancestry plays an important role in the
characterization of cell lines, and the ATCC cell lines used in this study have been
analyzed for their genome ancestry. The HT-29 was shown to be for the majority North
European (26.11%) and South European (63.24%), while the HCT-116 was shown to be
for 64.85% North European and for 32.93% South European, which classifies them as
being of Caucasian American origins. However, as it was recently shown in a study,
absence of genome ancestry information could represent an important issue as it could
lead to misclassification of cell lines (122). Therefore, in the future, ancestry analysis
should be used to provide a more accurate classification of newly generated cell lines of
diverse background.

Despite these limitations, we believe our in vitro models represent the first step
towards identifying new molecules that differ between the AA and CA populations, and
that could represent important biomarkers for diagnosis, response to treatment and

identification of new therapeutic strategies.
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CHAPTER V: APPENDIX
i. IL-1bincreases cell migration in AA and CA colon cancer cell lines

It has been shown that cytokines, including IL-1b, can promote tumor progression
by increased expression of pro-angiogenic factors, as well as a change in the expression
of certain adhesion molecules (40, 46). Li et al. have shown an increase in migration of
HCT-116 cells following IL-1b treatment and changes in Epithelial-Mesenchymal
transition (EMT) expression markers (46). When we investigated the effects of IL-1b on
migration in our cell lines, we found that treatment with the cytokine increased the
migratory rate for all four cell lines. Briefly, we evaluated cell migration using a Transwell
assay: 1.0x10° cells were seeded in 24-well plates, using transwell inserts (8.0um).
Serum-free media was used for inside the transwell (200ul), while DMEM + 10% FBS was
used for the outer well (700ul). The cells were then treated with 10 ng/ml of IL-1b, and the
number of migrated cells was counted at 24 and 48 hours after treatment. Our results
showed a significant increase in cell migration for all four cell lines, and no differences
were noted based on microsatellite status or origins of cells. For CHTN-06, we saw a 1.9-
(24h) and 1.6-fold (48h) increase in cell migration for IL-1b treated cells. Similarly, SB-
521 exhibited a 1.7- and 1.5-fold increase for 24 and 48 hours, respectively. For the CA
cell lines, we also observed a 1.7- and 2.1-fold increase for HT-29 and HCT-116
respectively at 24 hours, and a 1.3- and 2.0- fold increase at 48 hours. Overall, these
results suggest a role for IL-1b in inducing changes in factors that promote increased cell

migration (Figure 24).
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Cells were seeded in serum free media in presence or absence of IL-1b and
incubated for 24 (A) or 48 (B) hours. Data are representative of three
independent experiments. Error bars represent SEM. *p<0.05, **p<0.01

We further tested expression of the EMT marker E-cadherin following treatment
with IL-1b. We seeded the cells in 6-well plates, in media containing 10% FBS. The
following day, IL-1b was added and treatment was carried out for 24 hours. At the 24
hours time point, cells were harvested and proteins were quantified to performed Western
blotting. Figure 25 shows that we did not observe any changes in E-cadherin expression
for any of the cell lines. There was no significant change in the expression levels of E-
cadherin when the cells were treated with IL-1b (0.1-fold decrease for CHTN-06 and HT-

29, 0.02-fold increase for SB-521 and 0.01-fold increase for HCT-116). Changes in E-
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cadherin expression were also evaluated after 6 hours and 48 hours of treatment, but no
significant differences were detected in any of the cell lines. (Data not shown)

Many studies have shown a role for IL-1b in inducing EMT changes and promoting
cell migration and invasion (46, 70, 117). In both breast cancer cells and alveolar
adenocarcinoma cells, an association has been found between IL-1b-mediated NF-kB
activation and increased cell migration (117, 118). NF-kB has been found to promote cell
migration in different types of cancer, including CRC cell lines, by activation of different
target genes (119, 120, 121). Despite our inability to link IL-1b treatment directly to
changes in E-cadherin, we did see an increase in cell migration in all four cell lines after
treatment with the cytokine. Therefore, based on previous literature and our findings
showing activation of NF-kB by IL-1b, we speculate a role for the IL-1b/NF-kB axis in

mediating the changes seen in our cell in terms of migration.
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Figure 251IL-1 b does not affect -eadhprin.eCels weren
seeded in serum free media in presence or absence of IL-1b and incubated for
24 hours. (A) Representative western blotting images. (B) Densitometry of E-
cadherin expression. Data are representative of three independent experiments.
Error bars represent SEM.
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ii. Doubling time and raw data from MTS assay

When the cell lineso proliferation was measured via MTS assay, we found
differences in the growth rate for the cell lines. (Figure 26) The doubling times for each
cell line is summarized in Table 8. Growth rate of the cells was tested in presence (+FBS)
or absence (-FBS) of Fetal Bovine Serum (FBS). Overall, our data showed that the growth
rate differed among the cell lines, however the difference was not dependent on cell origin
and MSI status.

Figure 27 represent the raw data utilized to generate the figures for the MTS assay
in Sub-aim 1.2, for both MSS and MSI cell lines. Despite a slower growth rate without
Serum, we observed that treatment with IL-1 bsignificantly increased the absorbance

reading of the cells even in the absence of Serum (FBS).
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Figure 26 Cell growth of AA and CA colon cancer cell lines, in presence or
absence of FBS. (A) CHTN-06, (B) HT-29, (C) SB-521, (D) HTC-116. Changes
in cell viability detected as changes in absorbance reading at 490nm. Data are
representative of three independent experiments. Error bars represent SEM.

s © ©
M oW b
I 1 1

Absorbance (490nm)
o
n

e
o

113



Table 8. Doubling time of AA and CA colon cancer cell lines, in

presence (+FBS) and absence (-FBS) of serum

Cell Lines + FBS - FBS
CHTNO6 23 h 37 h

HT-29 21 h 30 h
SB-521 25.5h 47 h
HTC-116 19 h 30 h
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iii. Synchronized data from cell cycle analysis

To evaluate if the changes seen in cell cycle followingIL-1 b t r eat ment
the cells being non-synchronized, we seeded the cells in 6-well plates, in media
containing 10% FBS and incubated them overnight. The following day, media was
changed to serum-free media and the cells were incubated for 24 hours to allow for
synchronization of cell cycle. On day 3, media was changed to include 10% FBS and 10
ng/mlofiIL-1 b was added t o c e l8haurs.atte end of thetima poimtd
the cells were harvested and stained with Pl. Our results show that, even after
synchronization of the cells, treatment with IL-1 bdecreases the number of cells in G1
phase. Interestingly, after synchronization of the cells, we observed a distribution of the
cells in the different phases of the cell cycle. Specifically, along to the decrease in G1
number of cells, we observed a concomitant increase in the percentage of cells is S phase
for CHTN-06 and HCT-116, in G2/M phase for SB-521, and in both S and G2/M phases
for HT-29. A small number of cells were detected in the Super-G2 phase for all the cell

lines, with either small increase or decrease following treatment with IL-1b. (Figure 28).
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iv. Pre-treatment with IL-1Ra of colon cancer cell lines

To test the efficacy of IL-1Ra in inhibiting the effectsof IL-1 b on cel | prol i
we seeded the cells in media containing 10% FBS and incubated overnight. The following
day, the cell were pre-treated with 10ug/ml of IL-1Ra for 2 hours and then treated with
10ng/mlofIL-1 b and the treatment was carrikgureout f o
29, pre-treating thecellswithIL-1 b si gni fi cantly decreases the
cells, when comparedtoIL-1 b al one t.Foautfinalexperrentsshowever, we
decided to seed the cells in presence of IL-1 b and t hen -4Radamoge t he |

accurately recreate the conditions observed in patients.
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Figure 29 MTS assay following treatment with IL-1Ra. Flow cytometry analysis of
CHTN-06 cell lines, before and after 5-FU treatment. Data representative of three
independent experiments. Error bars represent SEM. *p<0.05, **p<0.01

119



CHAPTER VI: BIBLIOGRAPHY

1. Rawla P, Sunkara T, Barsouk A. Epidemiology of colorectal cancer: incidence,
mortality, survival, and risk factors. Prz Gastroenterol. 2019; 14(2):891 103.

2. Mundade R., Imperiale T.F., Prabhu L., Loehrer P.J., Lu T. Genetic pathways,
prevention, and treatment of sporadic colorectal cancer. Oncoscience 2014;
1:40071 406.

3. American Cancer Society. Cancer Facts & Figures 2021, American Cancer
Society, Atlanta, Georgia.

4. Sawi cki T, Ruszkowska M, Dani el ewi cz A,
Przybygowicz KE. A Revi dgamsoffEpidemidlagy, Rigkt al Ca
Factors, Development, Symptoms and Diagnosis. Cancers (Basel). 2021 Apr
22;13(9):2025

5. American Cancer Society. Colorectal Cancer Facts & Figures 2020-2022,
American Cancer Society, Atlanta, Georgia.

6. National Cancer Institute. PDQ® Adult Treatment Editorial Board. PDQ Colon
Cancer Treatment 2019, NCI. Bethesda, MD.

7. Wolpin BM, Mayer RJ. Systemic treatment of colorectal cancer. Gastroenterology.
2008;134(5):1296-1310. doi:10.1053/j.gastro.2008.02.098

8. Zhang N, Yin Y, Xu SJ, Chen WS. 5-Fluorouracil: mechanisms of resistance and
reversal strategies. Molecules. 2008;13(8):1551-1569. Published 2008 Aug 5.
doi:10.3390/molecules13081551

9. Azwar S, Seow HF, Abdullah M, Faisal Jabar M, Mohtarrudin N. Recent Updates
on Mechanisms of Resistance to 5-Fluorouracil and Reversal Strategies in Colon
Cancer Treatment. Biology (Basel). 2021;10(9):854. Published 2021 Aug 31.
doi:10.3390/biology10090854

10.BaiW, Wu 'Y, Zhang P, Xi Y. Correlations between expression levels of thymidylate
synthase, thymidine phosphorylase and dihydropyrimidine dehydrogenase, and
efficacy of 5-fluorouracil-based chemotherapy for advanced colorectal cancer. Int
J Clin Exp Pathol. 2015;8(10):12333-12345

120



11.Che J, Pan L, Yang X, et al. Thymidine phosphorylase expression and prognosis
in colorectal cancer treated with 5-fluorouracil-based chemotherapy: A meta-
analysis. Mol Clin Oncol. 2017;7(6):943-952. doi:10.3892/mc0.2017.1436

12.Jover R, Zapater P, Castells A, et al. Mismatch repair status in the prediction of
benefit from adjuvant fluorouracil chemotherapy in colorectal cancer. Gut.
2006;55(6):848-855.

13.Carethers JM, Smith EJ, Behling CA, Nguyen L, Tajima A, Doctolero RT, Cabrera
BL, Goel A, Arnold CA, Miyai K, Boland CR. Use of 5-fluorouracil and survival in
patients with microsatellite-unstable colorectal cancer. Gastroenterology. 2004
Feb;126(2):394-401. doi: 10.1053/j.gastro.2003.12.023. PMID: 14762775.

14.Meyers M, Wagner MW, Hwang HS, Kinsella TJ, Boothman DA. Role of the
hMLH1 DNA mismatch repair protein in fluoropyrimidine-mediated cell death and
cell cycle responses. Cancer Res. 2001 Jul 1;61(13):5193-201. PMID: 11431359.

15.Blondy S, David V, Verdier M, Mathonnet M, Perraud A, Christou N. 5-Fluorouracil
resistance mechanisms in colorectal cancer: From classical pathways to promising
processes. Cancer Sci. 2020 Sep;111(9):3142-3154. doi: 10.1111/cas.14532.
Epub 2020 Aug 13. PMID: 32536012; PMCID: PMC7469786.

16.Chen, Q., Meng, F., Wang, L. et al. A polymorphism in ABCC4 is related to efficacy
of 5-FU/capecitabine-based chemotherapy in colorectal cancer patients. Sci
Rep 7, 7059 (2017).

17.Violette S, Poulain L, Dussaulx E, Pepin D, Faussat AM, Chambaz J, Lacorte JM,
Staedel C, Lesuffleur T. Resistance of colon cancer cells to long-term 5-fluorouracil
exposure is correlated to the relative level of Bcl-2 and Bcl-X(L) in addition to Bax
and p53 status. Int J Cancer. 2002 Apr 1;98(4):498-504. doi: 10.1002/ijc.10146.
PMID: 11920608.

18.Lotti F, Jarrar AM, Pai RK, Hitomi M, Lathia J, Mace A, Gantt GA Jr, Sukhdeo K,
DeVecchio J, Vasanji A, Leahy P, Hjelmeland AB, Kalady MF, Rich JN.
Chemotherapy activates cancer-associated fibroblasts to maintain colorectal
cancer-initiating cells by IL-17A. J Exp Med. 2013 Dec 16;210(13):2851-72. doi:
10.1084/jem.20131195. Epub 2013 Dec 9. PMID: 24323355; PMCID:
PMC3865474.

121



19.Li Z, Chan K, Qi Y, et al. Participation of CCL1 in Snail-Positive Fibroblasts in
Colorectal Cancer Contribute to 5-Fluorouracil/Paclitaxel
Chemoresistance. Cancer Res Treat. 2018;50(3):894-907.
doi:10.4143/crt.2017.356

20.Dabkeviciene D, Jonusiene V, Zitkute V, Zalyte E, Grigaitis P, Kirveliene V,
Sasnhauskiene A. The role of interleukin-8 (CXCL8) and CXCR2 in acquired
chemoresistance of human colorectal carcinoma cells HCT116. Med Oncol. 2015
Dec;32(12):258. doi: 10.1007/s12032-015-0703-y. Epub 2015 Oct 30. PMID:
26519257.

21.Xie YH, Chen YX, Fang JY. Comprehensive review of targeted therapy for
colorectal cancer. Signal Transduct Target Ther. 2020 Mar 20;5(1):22. doi:
10.1038/s41392-020-0116-z. PMID: 32296018; PMCID: PMC7082344.

22.Colussi D, Brandi G, Bazzoli F, Ricciardiello L. Molecular Pathways Involved in
Colorectal Cancer: Implications for Disease Behavior and Prevention. Int. J. Mol.
Sci. 2013, 14, 16365-16385

23.0gino S, Odze R.D., Kawasaki T., Brahmandam M., Kirkner G.J., Laird P.W., Loda
M., Fuchs C.S. Correlation of pathologic features with CpG island methylator
phenotype (CIMP) byquantitative DNA methylation analysis in colorectal
carcinoma. Am. J. Surg. Pathol. 2006, 30, 11751 1183.

24. Ter zi J, Grivenni kov S, Kar i n E,
cancer. Gastroenterology.2010;138(6):2101-2114.e5.
doi:10.1053/j.gastro.2010.01.058

25.Friis S, Riis AH, Erichsen R, Baron JA, Sgrensen HT. Low-Dose Aspirin or
Nonsteroidal Anti-inflammatory Drug Use and Colorectal Cancer Risk: A
Population-Based, Case-Control Study. Ann Intern Med. 2015;163(5):347-355.
doi:10.7326/M15-0039

26.Irrazabal T, Belcheva A, Girardin SE, Martin A, Philpott DJ. The multifaceted role
of the intestinal microbiota in colon cancer. Mol Cell. 2014;54(2):309-320.
doi:10.1016/j.molcel.2014.03.039

27.Markman JL, Shiao SL. Impact of the immune system and immunotherapy in

colorectal cancer. J Gastrointest Oncol. 2015;6(2):208-223.
doi:10.3978/j.issn.2078-6891.2014.077

122

Kar i



28. Klampfer L. Cytokines, inflammation and colon cancer. Curr Cancer Drug Targets.
2011;11(4):451-464. doi:10.2174/156800911795538066

29.Krzystek-Korpacka M, Diakowska D, Kapturkiewicz B, Bebenek M, Gamian A.
Profiles of circulating inflammatory cytokines in colorectal cancer (CRC), high
cancer risk conditions, and health are distinct. Possible implications for CRC
screening and surveillance. Cancer Lett (2013) 337:1071 14.
doi:10.1016/j.canlet.2013.05.033

30.Knupfer H, Preiss R. Serum interleukin-6 levels in colorectal cancer patients--a
summary of published results. Int. J. Colorectal Dis. 2009; 25:13571 140.

31.Wang Y, Wang K, Han GC, Wang RX, Xiao H, Hou CM, et al. Neutrophil infiltration
favors colitis-associated tumorigenesis by activating the interleukin-1 (IL-1)/IL-6
axis. Mucosal Immunol (2014) 7:11067 15. doi:10.1038/mi.2013.126

32. Kaler P, Augenlicht L, Klampfer L. Macrophage-derived IL-1beta stimulates Wnt
signaling and growth of colon cancer cells: a crosstalk interrupted by vitamin
D3. Oncogene (2009) 28:38921 902. doi:10.1038/onc.2009.247

33.Gunter MJ, Canzian F, Landi S, Chanock SJ, Sinha R, Rothman N. Inflammation-
related gene polymorphisms and colorectal adenoma. Cancer Epidemiol Biomark
Prev : Publ Am Assoc Cancer Res Cosponsored Am Soc Prev
Oncol. 2006;15:11267 1131

34.Al Obeed OA, Alkhayal KA, Al Sheikh A, et al. Increased expression of tumor
necrosis factor-U i s associated with advaWodd
Gastroenterol. 2014;20(48):18390-18396. doi:10.3748/wjg.v20.i48.18390

35.Popivanova BK, Kitamura K, Wu Y, et al. Blocking TNF-alpha in mice reduces
colorectal carcinogenesis associated with chronic colitis. J Clin Invest
2008;118:560 1 570

36. Taniguchi K, Karin M. NF-a B, infl ammati on, i mmuni t
Nat Rev Immunol. 2018 May;18(5):309-324. doi: 10.1038/nri.2017.142. Epub 2018
Jan 22. PMID: 29379212.

col or

and

37.Xia Y, Shen S, Verma IM. NF-a B, an active play@€anceri n hum

Immunol Res. 2014,2(9):823-830. doi:10.1158/2326-6066.CIR-14-0112

123



38.Sakamoto K, Maeda S, Hikiba Y, et al. Constitutive NF-kappaB activation in
colorectal carcinoma plays a key role in angiogenesis, promoting tumor
growth. Clin Cancer Res. 2009;15(7):2248-2258. do0i:10.1158/1078-0432.CCR-
08-1383

39.Hai Ping P, Feng Bo T, Li L, Nan Hui Y, Hong Z. IL-1 b / -KbFsignaling promotes
colorectal cancer cell growth through miR-181a/PTEN axis. Arch Biochem
Biophys. 2016;604:20-26. doi:10.1016/j.abb.2016.06.001

40.Ma J, Sun X, Guo T, et al. Interleukin-1 receptor antagonist inhibits angiogenesis
via blockage IL-1 U/ P11 3aKb/ NffFat hway i n humanCace!| on c:
Manag Res. 2017;9:481-493. Published 2017 Oct 9. doi:10.2147/CMAR.S147699

41.Baker KJ, Houston A, Brint E. IL-1 Family Members in Cancer; Two Sides to Every
Story. Front Immunol. 2019;10:1197. Published 2019 Jun 7.
doi:10.3389/fimmu.2019.01197

42.Mager LF, Wasmer MH, Rau TT, Krebs P. Cytokine-Induced Modulation of
Colorectal Cancer. Front Oncol. 2016;6:96. Published 2016 Apr 19.
doi:10.3389/fonc.2016.00096

43.Kaler P, Godasi BN, Augenlicht L, Klampfer L. The NF-kappaB/AKT-dependent
Induction of Wnt Signaling in Colon Cancer Cells by Macrophages and IL-1 b et a .
Cancer Microenviron. 2009 Sep 25;2(1):69-80

44.Tu S, Bhagat G, Cui G, et al. Overexpression of interleukin-1beta induces gastric
inflammation and cancer and mobilizes myeloid-derived suppressor cells in mice
[published correction appears in Cancer Cell. 2008 Dec 9;14(6):494] [published
correction appears in Cancer Cell. 2011 Jan 18;19(1):154]. Cancer Cell.
2008;14(5):408-419. doi:10.1016/j.ccr.2008.10.011

45.Liu W, Reinmuth N, Stoeltzing O, Parikh AA, Tellez C, Williams S, Jung YD, Fan
F, Takeda A, Akagi M, Bar-Eli M, Gallick GE, Ellis LM. Cyclooxygenase-2 is up-
regulated by interleukin-1 beta in human colorectal cancer cells via multiple
signaling pathways. Cancer Res. 2003 Jul 1;63(13):3632-6. PMID: 12839952.

46.Li Y, Wang L, Pappan L, Galliher-Beckley A, ShiJ.IL-1 b pr omotes st emne.

invasiveness of colon cancer cells through Zeb1 activation. Mol Cancer. 2012 Nov
23; 11:87.

124



47.Yan Y, Lin HW, Zhuang ZN, Li M, Guo S. Interleukin-1 receptor antagonist
enhances chemosensitivity to fluorouracil in treatment of Kras mutant colon
cancer. World J Gastrointest Oncol. 2020;12(8):877-892.
doi:10.4251/wjgo.v12.i8.877

48.Lewis AM, Varghese S, Xu H, Alexander HR. Interleukin-1 and cancer progression:
the emerging role of interleukin-1 receptor antagonist as a novel therapeutic agent
in cancer treatment.J Transl Med. 2006;4:48. Published 2006 Nov 10.
doi:10.1186/1479-5876-4-48

49.Konishi N, Miki C, Yoshida T, Tanaka K, Toiyama Y, Kusunoki M: Interleukin-1
receptor antagonist inhibits the expression of vascular endothelial growth factor in
colorectal carcinoma. Oncology. 2005, 68: 138-145. 10.1159/000086768

50.Ma J, Liang W, Qiang Y, et al. Interleukin-1 receptor antagonist inhibits matastatic
potential by down-regulating CXCL12/CXCR4 signaling axis in colorectal
cancer. Cell Commun Signal. 2021;19(1):122. Published 2021 Dec 20.
doi:10.1186/s12964-021-00804-0

51.Kamifiska, J., Kowalska, M.M., Nowacki, M.P.etal. CRP, T N-Fa)I|L-6,IILL8
and IL-10 in blood serum of colorectal cancer patients. Pathol. Oncol. Res. 6, 381
41 (2000). https://doi.org/10.1007/BF03032656

52.Graziano F, Ruzzo A, Canestrari E, et al. Variations in the interleukin-1 receptor
antagonist gene impact on survival of patients with advanced colorectal
cancer. Pharmacogenomics J. 2009;9(1):78-84. doi:10.1038/tpj.2008.16

53.Isambert N, Hervieu A, Rébé C, et al. Fluorouracil and bevacizumab plus anakinra
for patients with metastatic colorectal cancer refractory to standard therapies
(IRAFU): a single-arm phase 2 study. Oncoimmunology. 2018;7(9):e14743109.
Published 2018 Aug 1. doi:10.1080/2162402X.2018.1474319

54.Augustus GJ, Ellis NA. Colorectal Cancer Disparity in African Americans: Risk
Factors and Carcinogenic Mechanisms. Am J Pathol. 2018;188(2):291-303.

55.Alexander DD, Waterbor J, Hughes T, Funkhouser E, Grizzle W, Manne U.
African-American and Caucasian disparities in colorectal cancer mortality and
survival by data source: an epidemiologic review. Cancer Biomark. 2007;3(6):301-
313. doi:10.3233/cbm-2007-3604

125


https://doi.org/10.1007/BF03032656

56.American Cancer Society. Cancer Facts & Figures for African Americans 2019-
2021, American Cancer Society, Atlanta, Georgia.

57.Shavers VL. Racial/ethnic variation in the anatomic subsite location of in situ and
invasive cancers of the colon. J Natl Med Assoc. 2007;99(7):733-748.

58.Di mou, Anast asi os celdrectal cancerfinDAfrisap-americans ess i n
Whit es: before and after diagnosis. o World
(2009): 3734-43. doi:10.3748/wjg.15.3734

59.Ashktorab H, Smoot DT, Carethers JM, et al. High incidence of microsatellite
instability in colorectal cancer from African Americans [published correction
appears in Clin Cancer Res. 2003 Aug 1;9(8):3217. Shakhani, Shahed [corrected
to Shakhani, Shahid]]. Clin Cancer Res. 2003;9(3):1112-1117.

60. Ashktorab H, Ahuja S, Kannan L, et al. A meta-analysis of MSI frequency and race
in colorectal cancer. Oncotarget. 2016;7(23):34546-34557.
doi:10.18632/oncotarget.8945

61.Guda K, Veigl ML, Varadan V, et al. Novel recurrently mutated genes in African
American colon cancers. Proc Natl Acad Sci U S A. 2015;112(4):1149-1154.
doi:10.1073/pnas.1417064112

62.Yoon HH, Shi Q, Alberts SR, et al. Racial Differences in BRAF/KRAS Mutation
Rates and Survival in Stage Ill Colon Cancer Patients. J Natl Cancer Inst.
2015;107(10):djv186. Published 2015 Jul 9. doi:10.1093/jnci/djv186

63. Slattery ML, Herrick J, Wolff RK, Caan BJ, Potter JD, Sweeney C. CDX2 VDR
polymorphism and colorectal cancer. Cancer Epidemiol Biomarkers Prev.
2007;16(12):2752-2755. doi:10.1158/1055-9965.EPI-07-2611

64.Jovov B, Araujo-Perez F, Sigel CS, et al. Differential gene expression between
African American and European American colorectal cancer patients. PLoS One.
2012;7(1):e30168. doi:10.1371/journal.pone.0030168

65.Wang X, Ji P, Zhang Y, et al. Aberrant DNA Methylation: Implications in Racial
Health  Disparity  [published correction appears in PLoS One.
2016;11(6):€0158251]. PLoS One. 2016;11(4):e0153125. Published 2016 Apr 25.
doi:10.1371/journal.pone.0153125

66.Paredes J, Zabaleta J, Garai J, Ji P, Imtiaz S, Spagnardi M, Alvarado J, Li L, Akadri
M, Barrera K, Munoz-Sagastibelza M, Gupta R, Alshal M, Agaronov M, Talus H,

126



Wang X, Carethers JM, Williams JL, Martello LA. Immune-Related Gene
Expression and Cytokine Secretion Is Reduced Among African American Colon
Cancer Patients. Front Oncol. 2020 Sep 2;10:1498.

67.Sanabria-Salas MC, Hernandez-Suarez G, Umafia-Pérez A, Rawlik K, Tenesa A,
Serrano-L6épez ML, Sanchez de Gomez M, Rojas MP, Bravo LE, Albis R, Plata JL,
Green H, Borgovan T, Li L, Majumdar S, Garai J, Lee E, Ashktorab H, Brim H, Li
L, Margolin D, Fejerman L, Zabaleta J. IL1B-CGTC haplotype is associated with
colorectal cancer in admixed individuals with increased African ancestry. Sci Rep.
2017 Feb 3;7:41920.

68.Zaaijer S, Capes-Davis A. Ancestry matters: Building inclusivity into preclinical
study design. Cell. 2021;184(10):2525-2531. doi:10.1016/j.cell.2021.03.041

69.Paredes J, Ji P, Lacomb JF, Shroyer KR, Martello LA, Williams JL. Establishment
of three novel cell lines derived from African American patients with colorectal
carcinoma: A unique tool for assessing racial health disparity. Int J Oncol.
2018;53(4):1516-1528.

70.Guo R, Qin Y, Shi P, Xie J, Chou M, Chen Y.IL-1 b promotes prolife

migration of gallbladder cancer cells via Twist activation. Oncol Lett.
2016;12(6):4749-4755. doi:10.3892/01.2016.5254.

71.Johnstone M, Bennett N, Standifer C, Smith A, Han A, Bettaieb A, Whelan J,

Donohoe DR. Characterization of the Pro-Inflammatory CytokineIL-1 b on But yr at

Oxidation in Colorectal Cancer Cells. J Cell Biochem. 2017 Jun;118(6):1614-1621.
doi: 10.1002/jcb.25824. Epub 2017 Jan 11. PMID: 27922186.

72.Diaz-Maroto NG, Garcia-Vicién G, Polcaro G, Bafiuls M, Albert N, Villanueva A,
MolleviDG. The Bl oc kade oWMedidtedBignalad in Notmal &Colonic
Fibroblasts Sensitizes Tumor Cells to Chemotherapy and Prevents Inflammatory
CAF Activation. Int J Mol Sci. 2021 May 7;22(9):4960.

73.Carethers JM, Smith EJ, Behling CA, Nguyen L, Tajima A, Doctolero RT, Cabrera
BL, Goel A, Arnold CA, Miyai K, Boland CR. Use of 5-fluorouracil and survival in
patients with microsatellite-unstable colorectal cancer. Gastroenterology. 2004
Feb;126(2):394-401.

74.J0 WS, Carethers JM. Chemotherapeutic implications in microsatellite unstable

colorectal cancer. Cancer Biomark. 2006;2(1-2):51-60. doi:10.3233/cbm-2006-21-
206

127



75.Bracht K, Nicholls AM, Liu Y, Bodmer WF. 5-Fluorouracil response in a large panel
of colorectal cancer cell lines is associated with mismatch repair deficiency. Br J
Cancer. 2010;103(3):340-346

76.Liu Z, Yu M, Fei B, Sun J, Wang D. Nonhomologous end joining key factor XLF
enhances both 5-florouracil and oxaliplatin resistance in colorectal cancer. Onco
Targets Ther. 2019;12:2095-2104

77.1shikawa, K., Kawano, Y., Arihara, Y., Kubo, T., Takada, K., Murase, K. ... Kato, J.
(2019). BH3 profiing discriminates the anti-apoptotic  status  of
5-fluorouracil-resistant colon cancer cells. Oncology Reports, 42, 2416-2425.

78.Kaneko N, Kurata M, Yamamoto T, Morikawa S, Masumoto J. The role of
interleukin-1 in general pathology. Inflamm Regen. 2019;39:12. Published 2019
Jun 6. doi:10.1186/s41232-019-0101-5

79.Elaraj DM, Weinreich DM, Varghese S, et al. The role of interleukin 1 in growth
and metastasis of human cancer xenografts. Clin Cancer Res. 2006;12(4):1088-
1096. doi:10.1158/1078-0432.CCR-05-1603

80.Vermeulen K, Van Bockstaele DR, Berneman ZN. The cell cycle: a review of
regulation, deregulation and therapeutic targets in cancer. Cell Prolif.
2003;36(3):131-149. doi:10.1046/j.1365-2184.2003.00266.x

81.Viale G, Pellegrini C, Mazzarol G, Maisonneuve P, Silverman ML, Bosari S.
p21WAF1/CIP1 expression in colorectal carcinoma correlates with advanced
disease stage and p53 mutations.J Pathol. 1999;187(3):302-307.
doi:10.1002/(SICI)1096-9896(199902)187:3<302::AID-PATH243>3.0.CO;2-U

82.Wilson AJ, Byun DS, Nasser S, et al. HDAC4 promotes growth of colon cancer
cells via repression of p2l. Mol Biol Cell. 2008;19(10):4062-4075.
doi:10.1091/mbc.e08-02-0139

83.Nathe TJ, Deou J, Walsh B, Bourns B, Clowes AW, Daum G. Interleukin-1beta
inhibits expression of p21(WAF1/CIP1) and p27(KIP1) and enhances proliferation
in response to platelet-derived growth factor-BB in smooth muscle
cells. Arterioscler Thromb Vasc Biol. 2002;22(8):1293-1298.
doi:10.1161/01.atv.0000023428.69244.49

128



84.Huang N, Cui X, Li W, Zhang C, Liu L, Li J. ILZB3/ST2 promotes the malignant
progression of gastric cancer via the MAPK pathway. Mol Med Rep.
2021;23(5):361. doi:10.3892/mmr.2021.12000

85.Wu, X., Wu, M. Y., Jiang, M., Zhi, Q., Bian, X., Xu, M. D., Gong, F. R., Hou, J.,
Tao, M., Shou, L. M., Duan, W., Chen, K., Shen, M., & Li, W. (2017). TNF-U
sensitizes chemotherapy and radiotherapy against breast cancer cells. Cancer cell
international, 17, 13. https://doi.org/10.1186/s12935-017-0382-1

86.Boraschi D, Italiani P, Weil S, Martin MU. The family of the interleukin-1 receptors.
Immunol Rev. 2018 Jan;281(1):197-232. doi: 10.1111/imr.12606. PMID:
29248002.

87.Zhang P, Gu Y, Fang H, Cao Y, Wang J, Liu H, Zhang H, Li H, He H, Li R, Lin C,
Xu J. Intratumoral IL-1R1 expression delineates a distinctive molecular subset with
therapeutic resistance in patients with gastric cancer. J Immunother Cancer. 2022
Feb;10(2):e004047. doi: 10.1136/jitc-2021-004047. PMID: 35110359; PMCID:
PMC8811600.

88.Zhang M, Zeng L, Peng Y, Fan B, Chen P, Liu J. Immune-related genes LAMA2
and IL1R1 correlate with tumor sites and predict poor survival in pancreatic
adenocarcinoma. Future Oncol. 2021 Aug;17(23):3061-3076. doi: 10.2217/fon-
2020-1012. Epub 2021 Jun 22. PMID: 34156282.

89.Gel fo V, Mazzeschi M, Grilli G, Ardizzahizen M,
A, Yarden Y, Lauriola M. A Novel Role for the Interleukin-1 Receptor Axis in
Resistance to Anti-EGFR Therapy. Cancers (Basel). 2018 Sep 26;10(10):355. doi:
10.3390/cancers10100355. PMID: 30261609; PMCID: PMC6210663.

90.Dmitrieva-Posocco O, Dzutsev A, Posocco DF, et al. Cell-Type-Specific
Responses to Interleukin-1 Control Microbial Invasion and Tumor-Elicited
Inflammation in  Colorectal Cancer. Immunity.  2019;50(1):166-180.e7.
doi:10.1016/j.immuni.2018.11.015

91.Litmanovich A, Khazim K, Cohen I. The Role of Interleukin-1 in the Pathogenesis
of Cancer and its Potential as a Therapeutic Target in Clinical Practice. Oncol Ther.
2018;6(2):109-127.

92.Sieminska |, Baran J. Myeloid-Derived Suppressor Cells in Colorectal
Cancer. Front  Immunol.  2020;11:1526. Published 2020 Aug 7.
doi:10.3389/fimmu.2020.01526

129



93.Braicu C, Buse M, Busuioc C, et al. A Comprehensive Review on MAPK: A
Promising Therapeutic Target in Cancer. Cancers (Basel). 2019;11(10):1618.
Published 2019 Oct 22. doi:10.3390/cancers11101618

94.Zhou G, Yang J, Song P. Correlation of ERK/MAPK signaling pathway with
proliferation and apoptosis of colon cancer cells. Oncol Lett. 2019;17(2):2266-
2270. doi:10.3892/01.2018.9857

95.Bubici C, Papa S. JNK signalling in cancer: in need of new, smarter therapeutic
targets. Br J Pharmacol. 2014;171(1):24-37. doi:10.1111/bph.12432

96.Fang M, Li Y, Huang K, et al. IL33 Promotes Colon Cancer Cell Stemness via JNK
Activation and Macrophage Recruitment. Cancer Res. 2017;77(10):2735-2745.
doi:10.1158/0008-5472.CAN-16-1602

97.Gupta J., Igea A., Papaioannou M., Lopez-Casas P. Pablo, Llonch E., Hidalgo M.,
Gorgoulis V. G., Nebreda A. R. Pharmacological inhibition of p38 MAPK reduces
tumor growth in patient-derived xenografts from colon tumors. Oncotarget. 2015;
6: 8539-8551

98.Gr o0s s Vv, Peserico A, Tezil T, Si mone C.
colorectal cancer therapy and chemoresistance. World J Gastroenterol.
2014;20(29):9744-9758. doi:10.3748/wjg.v20.i29.9744

99.Negi RR, Rana SV, Gupta R, Gupta V, Chadha VD, Dhawan DK. Increased
Nuclear Factorrae B/ Rel A Expression Levels in Human
North Indian Patients. Indian J Clin Biochem. 2018;33(4):473-478.
doi:10.1007/s12291-017-0703-0

100. Gonzalez-Quezada BA, Santana-Bejarano UF, Corona-Rivera A, et al.
Expression profile of NF-e B r egul at ed genes i n spor adi
patients. Oncol Lett. 2018;15(5):7344-7354. doi:10.3892/01.2018.8201

101. Gonzalez-Quezada BA, Santana-Bejarano UF, Corona-Rivera A, et al.
ExpressionprofleofNF-e B r egul ated genes in sporadic c
Oncol Lett. 2018;15(5):7344-7354. doi:10.3892/01.2018.8201

102. Tobin RP, Jordan KR, Kapoor P, et al. IL-6 and IL-8 Are Linked With
Myeloid-Derived Suppressor Cell Accumulation and Correlate With Poor Clinical
Outcomes in Melanoma Patients. Front Oncol. 2019;9:1223. Published 2019 Nov
8. doi:10.3389/fonc.2019.01223

130



103. Ning Y, Manegold PC, Hong YK, et al. Interleukin-8 is associated with
proliferation, migration, angiogenesis and chemosensitivity in vitro and in vivo in
colon cancer cell line models. Int J Cancer. 2011;128(9):2038-2049.
doi:10.1002/ijc.25562

104. Nita ME, Nagawa H, Tominaga O, et al. 5-Fluorouracil induces apoptosis in
human colon cancer cell lines with modulation of Bcl-2 family proteins. Br J Cancer.
1998;78(8):986-992. d0i:10.1038/bjc.1998.617

105. Mhaidat NM, Bouklihacene M, Thorne RF. 5-Fluorouracil-induced apoptosis
in colorectal cancer cells is caspase-9-dependent and mediated by activation of
protein kinase C-i. Onc o | Let t-704. d001D.38980(.2D14.28 0 9

106. Mitsunaga, S., Ikeda, M., Shimizu, S. et al. Serum levels of IL-6 and IL-1 b
can predict the efficacy of gemcitabine in patients with advanced pancreatic
cancer. Br J Cancer 108, 20631 2069 (2013).

107. Kim JW, Koh Y, Kim DW, et al. Clinical Implications of VEGF, TGF-b 1 ,
IL-1b i n Patient s vsmdllell AuhgyrGamcer.eCadnced Bas Treat.
2013;45(4):325-333. d0i:10.4143/crt.2013.45.4.325

108. Hu, F., Song, D., Yan, Y. et al. IL-6 regulates autophagy and chemotherapy
resistance by promoting BECN1 phosphorylation. Nat Commun 12, 3651 (2021).

109. Liu F, Ai F, Tian L, Liu S, Zhao L, Wang X. Infliximab enhances the
therapeutic effects of 5-fluorouracil resulting in tumor regression in colon cancer.
Onco Targets Ther. 2016;9:5999-6008. Published 2016 Oct 3.
doi:10.2147/0TT.S109342

110. Buhrmann C, Yazdi M, Popper B, et al. Resveratrol Chemosensitizes TNF-
b-Induced Survival of 5-FU-Treated Colorectal Cancer Cells. Nutrients.
2018;10(7):888. Published 2018 Jul 12. doi:10.3390/nu10070888

111. Scartozzi M, Bearzi |, Pierantoni C, Mandolesi A, Loupakis F, Zaniboni A,
Catalano V, Quadri A, Zorzi F, Berardi R, Biscotti T, Labianca R, Falcone A,
Cascinu S. Nuclear factor-kB tumor expression predicts response and survival in
irinotecan-refractory metastatic colorectal cancer treated with cetuximab-
irinotecan therapy. J Clin Oncol. 2007 Sep 1;25(25):3930-5.

131

and



112. Ishida K, Nishizuka SS, Chiba T, lkeda M, Kume K, Endo F, Katagiri H,
Matsuo T, Noda H, lwaya T, Yamada N, Fujiwara H, Takahashi M, Itabashi T,
Uesugi N, Maesawa C, Tamura G, Sugai T, Otsuka K, Koeda K, Wakabayashi G.
Molecular marker identification for relapse prediction in 5-FU-based adjuvant
chemotherapy in gastric and colorectal cancers. PLoS One. 2012;7(8):e43236..

113. Voboril R, Hochwald SN, Li J, Brank A, Weberova J, Wessels F, Moldawer
LL, Camp ER, MacKay SL. Inhibition of NF-kappa B augments sensitivity to 5-
fluorouracil/folinic acid in colon cancer. J Surg Res. 2004 Aug;120(2):178-88

114, Cai BQ, Chen WM, Zhao J, Hou W, Tang JC. Nrf3 Promotes 5-FU
Resistance in Colorectal Cancer Cells via the NF-a B / BZSignaling Pathway In
Vitro and In Vivo. J Oncol. 2021 Nov 9;2021:9355555.

115. Zhang W, Stoehlmacher J, Park DJ, Yang D, Borchard E, Gil J, Tsao-Wei
DD, Yun J, Gordon M, Press OA, Rhodes K, Groshen S, Lenz HJ. Gene
polymorphisms of epidermal growth factor receptor and its downstream effector,
interleukin-8, predict oxaliplatin efficacy in patients with advanced colorectal
cancer. Clin Colorectal Cancer. 2005 Jul;5(2):124-31.

116. Jiang H, Cui J, Chu H, Xu T, Xie M, Jing X, Xu J, Zhou J, Shu Y. Targeting
IL8 as a sequential therapy strategy to overcome chemotherapy resistance in
advanced gastric cancer. Cell Death Discov. 2022 Apr 29;8(1):235.

117. Filippi I, Carraro F, Naldini A. Interleukin-1 b Af fects MDAMB231
Cancer Cell Migration under Hypoxia: Role of HIFF-1 U and NFaB Transc
Factors. Mediators Inflamm. 2015;2015:789414.

118. Cheng CY, Hsieh HL, Sun CC, Lin CC, Luo SF, Yang CM. IL-1 beta induces
urokinase-plasminogen activator expression and cell migration through PKC
alpha, JNK1/2, and NF-kappaB in A549 cells. J Cell Physiol. 2009;219(1):183-193.

119. Helbig G, Christopherson KW 2nd, Bhat-Nakshatri P, et al. NF-kappaB
promotes breast cancer cell migration and metastasis by inducing the expression
of the chemokine receptor CXCR4. J Biol Chem. 2003;278(24):21631-21638.

120. Jana A, Krett NL, Guzman G, et al. NFkB is essential for activin-induced
colorectal cancer migration via upregulation of PI3K-MDM2 pathway. Oncotarget.
2017;8(23):37377-37393.

132



121. Shen T, Yang Z, Cheng X, et al. CXCL8 induces epithelial-mesenchymal
transition in colon cancer cells via the PISK/Akt/NF-a B si gnal i @mcolpat hwa
Rep. 2017;37(4):2095-2100.

122. Hooker SE Jr, Woods-Burnham L, Bathina M, et al. Genetic Ancestry
Analysis Reveals Misclassification of Commonly Used Cancer Cell Lines. Cancer
Epidemiol Biomarkers Prev. 2019;28(6):1003-1009. doi:10.1158/1055-9965.EPI-
18-1132

133



Immune-Related Gene Expression and Cytokine Secretion Is Reduced Among
African American Colon Cancer Patients

Front Oncol. 2020; 10: 1498.
Published online 2020 Sep 2. doi: 10.3389/fonc.2020.01498

Paredes, J., Zabaleta, J., Garai, J., Ji, P., Imtiaz, S., Spagnardi, M., Alvarado, J., Li, L.,
Akadri, M., Barrera, K., Munoz-Sagastibelza, M., Gupta, R., Alshal, M., Agaronov, M.,
Talus, H., Wang, X., Carethers, J. M., Williams, J. L., & Martello, L. A

Author contributions:

Marzia Spagnardi: Sample collection, sample processing, assisting in performing ELISA,
proofreading of the manuscript.

134



