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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-1ɓ (IL-1ɓ), in promoting cell survival and modifying 

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 

effects of IL-1ɓ in terms of cell proliferation and protein expression, respectively. We 

performed cell viability assay and apoptosis analysis to evaluate the effects of IL-1ɓ on 

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

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-1ɓ and NF-kB pathways. Our results showed a more pronounced increase 

in cell proliferation, following treatment with IL-1ɓ, in the AA cell lines. A decrease in the 

response to 5-FU treatment was observed following IL-1ɓ treatment, in both AA and CA 

cell lines, as well as activation of different molecular pathways among the four cell lines. 

IL-1Ra blocked the effects induced by IL-1ɓ by decreasing cell proliferation, increasing 

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 response to IL-1ɓ between AA 
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and CA colon cancer cell lines. Our data also demonstrated that IL-1ɓ is involved in 

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-1ɓ. Further investigation of these mechanisms will help elucidate the differences 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). 

 

 

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 

Figure 1. Schematic of risk factors for Colorectal Cancer.  
Figure adapted from Ref #4 
Sawicki T, Ruszkowska M, Danielewicz A, NiedŦwiedzka E, Arğukowicz T, Przybyğowicz KE. 
A Review of Colorectal Cancer in Terms of Epidemiology, Risk Factors, Development, 
Symptoms and Diagnosis. Cancers (Basel). 2021 Apr 22;13(9):2025 
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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 I the tumor  
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invades the submucosa or the muscularis propria but there is still no evidence of spread 

to lymph nodes or metastasis. Stage II 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 IIIA 

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 

IIIB 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 IV, 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 

Figure 2. Stages of 
colon cancer. 
Representative 
progression of colon 
cancer from polyps 
(Stage 0) through 
growing tumor (Stages I, 
II, III), to metastatic 
cancer spreading to 
distant sites and organs 
(Stage IV). Figure 
adapted from Ref #3 
American Cancer Society. 
Colorectal Cancer Facts & 
Figures 2020-2022, 
American Cancer Society, 
Atlanta, Georgia. 
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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 

https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=46683&version=patient&language=English&dictionary=Cancer.gov
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=45070&version=patient&language=English&dictionary=Cancer.gov
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=257523&version=patient&language=English&dictionary=Cancer.gov
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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 I 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 II cancer presenting with a higher risk of recurrence, 

adjuvant therapy might be recommended after surgery. For stage III, the patient goes 

through resection of the tumor, part of the colon and nearby lymph nodes, followed by 

post-operative chemotherapy regimens. For stage IV, 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 IV 

colon cancer the chemotherapy regimen is given both pre- and post-operative. However, 
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if the cancer has been deemed unresectable, the patients are offered palliative therapy 

which consists of combination chemotherapy, targeted therapies and radiotherapy (5, 6). 

¶ 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, it is combined to 5-FU to enhance the effects 

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

Figure 3. 5-FU metabolism. 
Zhang N, Yin Y, Xu SJ, Chen WS. 5-

Fluorouracil: mechanisms of resistance and 

reversal strategies. Molecules. 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 I 

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 (FdUTP) or fluorodeoxyuridine diphosphate 

(FdUDP). FdUTP is a fluorinated analogue and can be misincorporated into RNA and 

cause RNA damage. FdUDP on the other hand, can be further phosphorylated to 

fluorodeoxyuridine triphosphate (FdUTP) and cause DNA damage. Alternatively, once 

inside the cell, 5-FU can be converted into fluorodeoxyuridine (FUDR) first and then into 

fluorodeoxyuridine diphosphate (FdUMP), 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 FdUMP 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/STAT and NF-əB, which 

have been associated with resistance to chemotherapy, including 5-FU (9, 18, 19, 20).  

¶ 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 



25 

 

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 

cetuximab is that they donôt work in cases of tumors with mutated KRAS (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 

Figure 4. Colon Cancer distribution in the U.S. 
NCI, National Cancer Institute 



27 

 

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-bR2 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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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 

Figure 6. Inflammatory processes promote colorectal cancer. 
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. 
Irrazábal T, Belcheva A, Girardin SE, Martin A, Philpott DJ. The multifaceted role of the 
intestinal microbiota in colon cancer. Mol Cell. 2014 Apr 24 
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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 immunogenicity 

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 

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. 
Terziĺ J, Grivennikov S, Karin E, Karin M. Inflammation and colon 
cancer. Gastroenterology. 2010 Jun;138(6):2101-2114.e5. doi: 
10.1053/j.gastro.2010.01.058. PMID: 20420949. 

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

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.  
Terziĺ J, Grivennikov S, Karin E, Karin M. Inflammation and colon 
cancer. Gastroenterology. 2010 Jun;138(6):2101-2114.e5. doi: 
10.1053/j.gastro.2010.01.058. PMID: 20420949. 

Table 2. Cytokines in colon cancer 
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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-əB and STAT3. Both IL-1 and TNF-Ŭ 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-1ɓ and TNF-Ŭ, as shown by in vitro and animal models (28). Studies show 

that, once secreted by immune cells, IL-1ɓ can 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-1ɓ have been associated with an 

increased risk of developing colon cancer (33). Similarly, elevated serum levels and tissue 

expression of TNF-Ŭ 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-Ŭ correlates with increased carcinogenesis and that blocking TNF-Ŭ activity 

decreases formation and progression of tumors (35). Interestingly, both IL-1 and TNF-Ŭ 

have been shown to promote tumor progression via activation of transcription factor NF-

əB (28). NF-əB is activated rapidly and transiently by different stimuli, including 

pathogens, DNA damage, oxidative stress and pro-inflammatory cytokines (36). NF-əB 

has been found dysregulated in multiple types of cancers, including CRC (36, 37). The 

NF-əB pathway 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-

əB induces downstream regulation of multiple genes, involved in cell survival, apoptosis, 

angiogenesis and metastasis (36, 37) (Figure 7A). Importantly, NF-əB can be activated 

in both immune cells and cancer cells, creating a pro-inflammatory, pro-survival loop in 

the tumor microenvironment (36) (Figure 7B).  

 

 

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-əB, 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-əB and, consequently, all the genes regulated by this pathway. Via 

NF-əB pathway activation, cancer cells can further promote their own survival by 

A B 

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-əB, inflammation, 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. 
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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-əB pathway (36). In the context of CRC, NF-əB has 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-əB in colon cancer cell lines increases 

cell proliferation and angiogenesis (39, 40). 

 

c. IL-1ɓ in Colorectal Cancer 

IL-1 is a pleiotropic cytokine involved in many physiological and pathological 

processes. IL-1 family members include agonists (IL-1Ŭ, IL-1ɓ, IL-18, IL-33, IL-36Ŭ, ɓ and 

ɔ), 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-

1ɓ, IL-18 and IL-33. IL-1a and IL-1ɓ are the most well-known IL-1 family members, 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-1a and IL-1ɓ have both been found upregulated in tumors and in plasma of CRC 

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-1ɓ is 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-1ɓ and its association with CRC. IL-1ɓ is 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-1ɓ: IL-1R1 

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 

it binds to IL-1ɓ it acts as a decoy by not activating any downstream signaling, due to the 

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-1ɓ and turn off 

inflammatory processes. In contrast, IL-1R1 is the main activating receptor for IL-1ɓ 

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-əB pathway and the MAPKinases pathway 

(which will lead to activation of transcription factor AP-1) (41, 42) (Figure 8).  
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It has been shown that via activation of these pathways, IL-1ɓ induces genes involved in 

cell cycle regulation, proliferation and apoptosis, angiogenesis and metastasis. Ping et 

al., showed that both IL-1b and NF-əB expression is upregulated in colon cancer tissues 

and cell lines, and that IL-1ɓ mediated activation of NF-əB induces cell proliferation and 

activation of oncogenic genes (39). Elevated levels of IL-1ɓ and different polymorphisms 

of the cytokine have been associated with multiple types of cancer, including CRC (41). 

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. 
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Specific polymorphisms have also been found in the gene that encodes the IL-1R (41). It 

has been shown that IL-1ɓ can contribute to promotion of inflammation-induced colorectal 

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-1ɓ, can promote ROS production from cells of the tumor 

microenvironment (TME). ROS are also involved in increasing the production of IL-1ɓ and 

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

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

showed that IL-1ɓ secreted by these cells acts on cancer cells to increase proliferation 

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-1ɓ, which will act by recruiting more immune 

suppressive cells at the tumor site, further promoting their own survival and escape from 

immunosurveillance. A study from Tu et al. demonstrated that IL-1ɓ present in the tumor 

microenvironment accelerates gastric inflammation and carcinogenesis, as well as 

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

əB signaling pathway (44). Another mechanism suggested includes activation of 

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 is up-regulated by IL-1ɓ via activation of NF-əB pathway (45). A role for IL-1ɓ 

pathway was also shown in resistance to therapy. Li et al. have shown a function for IL-
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1ɓ in promoting resistance of 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 for IL-1ɓ in mediating the crosstalk 

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-1ɓ-induced 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 (mCRC) (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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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 canôt be explain by socioeconomic factors alone. Therefore, in recent 

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 

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 
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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 (EPHA6) 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-1ɓ, TNF-Ŭ, and IFN-ɔ production (65). 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-1ȸ, IL-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-1ɓ (L1B-CGTC), 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, CHTN06 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. MLH1 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-1ɓ 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-1ΒETA, 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 patientsô samples (66). The 

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 
genes in AA and CA colon cancer patientsô samples.  
 

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-1ɓ, IL-8 and IL-1Ŭ (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-1ɓ using 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-1ɓ affected 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.  

 

 

Figure 10 Differential expression of genes involved in the IL-1ɓ pathway. 
Data is shown as fold-change between Tumor vs. Non-tumor samples for 
AA and CA patients. AAs had higher expression of IL1RAP, IL1RN and 
IRAK2 when compared to CAs. Figure adapted from Ref # 66 
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Author contributions to Aim 1: 

¶ Project design, hypothesis, and research strategy 

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

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

¶ Data collection, analysis and interpretation  

* RNA sequencing data for colon cancer cell lines: cells were collected and RNA was 

extracted by Jennie Williamsô laboratory 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% CO2. 

Human recombinant IL-1ɓ was purchased from Cell Signaling Technology and 

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 (Illumina). 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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Cell Proliferation Assay (G3582; Promega) according to the manufacturerôs instruction. 

For IL-1ɓ studies, cells were seeded in triplicate in 96-well plates at 5 x 103 cells/well in 

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

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

were determined based on previous studies involving IL-1ɓ and colon cancer cell lines 

(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-

1ɓ for 24 hours and then treated with different concentration of 5-FU (0, 2.5, 5, 10, 15 

mM) for 72 hours. Cell viability was measured by absorbance (490 nm) using a plate 

reader BioTek Lx800. 

 

Apoptosis Assays 

1.5 x 105 cells were seeded in 6-well plates in DMEM supplemented with 10% FBS, in 

presence or absence of IL-1ɓ (10 ng/ml), and incubated overnight. After 24 hours, cells 

were treated with either DMSO, or 5-FU (2.5 or 5 µM) 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 Iodide-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). 
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Cell Cycle Analysis 

1.5 x 105 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-1ɓ for 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 Iodide (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-

1ɓ, by serum-starving the cells for 24 hours and then treating the cells with IL-1ɓ for 48 

hours. 

 

Clonogenic Assays 

1.5 x 105 cells were seeded in 6-well plates in DMEM supplemented with 10% FBS, in 

presence or absence of IL-1ɓ (10 ng/ml) and incubated overnight. The following day, cells 

were treated with 0, 2.5 or 5 µM 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 CHTN0-6, 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 105 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) and Ŭ-tubulin (Cell Signaling 

Technology, 1:1000, catalog #2125) was performed overnight at 4ęC. Finally, blots were 

incubated with secondary antibodies mouse anti-goat (Santa Cruz, catalog# sc-544183) 

and anti-rabbit IgG, 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 = Ŭ-tubulin). 

IL-1ɓ treatment: For detecting the effects of IL-1ɓ on protein phosphorylation, 3.0 x 105 

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/ml of IL-1ɓ for 
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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-IkBŬ (1:500, catalog #2859), total SAPK/JNK (1:1000, catalog #9252), 

total p38 (1:1000, catalog #8690), total IkBŬ (1:1000, catalog #4812), and Ŭ-tubulin 

(1:1000, catalog #2125) was performed overnight at 4ęC. Finally, blots were 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 Ŭ-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, 

***p<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-1ɓ on 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-1ɓ pathway, such as IL-1 family and receptor members, MAP-Kinases and NF-

əB pathway 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 (IL1RAP) 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 (IL1RN) 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-1ɓ and IL1Ra for any of the cell lines, 

suggesting that the differences seen at the transcript level were not reflected at the protein 

production level.  

 

 

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 MAPK3 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 

the NF-əB pathway were upregulated in both the MSS and 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-ȾB Inhibitor Alpha (NF-ȾB IA, 5.95-fold change) 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.  

 

 

 

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 Ŭ-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 Ŭ-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-1β increases cell proliferation in colon cancer cell lines 

To assess whether IL-1ɓ promotes cell proliferation in the AA colon cancer cell 

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-1ɓ for multiple 

time points. The IL-1ɓ concentrations were derived from previous literature, where 

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-1ɓ, 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 with IL-1ɓ after 24, 48, 72 and 96 hours (Figure 13). We tested the 

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-1ɓ. 

Despite differences seen in the growth rate of the cells (see Appendix, section ii), the 

effect of IL-1ɓ remained constant between the two conditions and among the four cell 

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-1ɓ (fold 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/ml: 

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-1ɓ compared 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/ml as IL-1ɓ concentration for subsequent 

experiments.  
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Figure 13 IL-1ɓ increases 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-1ɓ (1, 5, 10, 30, 60 ng/ml) 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 

C 

72 Hours 

D 

96 Hours 
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Due to the changes seen in cell proliferation following IL-1ɓ treatment, we further 

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 Iodide, 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-1ɓ treated conditions, with the latter showing a slight decrease in SSC. 

Further, when compared to untreated control cells, IL-1ɓ treated 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 

G1 with IL-1ɓ treatment compared 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-1ɓ treated cells, however 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-1ɓ. Even after 
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synchronizing the cells, we saw a decrease in the percentage of cells in G1 after treatment 

with IL-1ɓ (see Appendix, section iii). 
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Figure 14 Cell cycle changes induced by IL-1ɓ treatment. AA and CA colon cancer 
cell lines were seeded in DMEM (+FBS) and treated with 10 ng/ml of IL-1ɓ for 72 hours. 
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 cells and IL-1ɓ treated cells. (C) CHTN-06, (F) HT-29, (I) 
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. Sub aim 1.3 

IL-1β decreases sensitivity to 5-FU treatment in colon cancer cell lines  

Based on previous data demonstrating a role for IL-1ɓ in modulating 

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

assessed if the presence of IL-1ɓ would alter 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 without IL-1ɓ, and then exposed 

to different concentrations of 5-FU (1, 2.5, 5, 10, 15 µM) over 72 hours. Figure 15 shows 

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

that have been treated with 5-FU, while IL-1ɓ treated cells have been treated with 10 

ng/ml of IL-1ɓ. 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.  

Figure 15 Experimental timeline. Cells were seeded on day 0 in DMEM (+ 10% FBS). 
For Condition 1, no IL-1ɓ was added, for Condition 2, 10 ng/ml of IL-1ɓ was added to 
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 µM ï for 0 µM 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-1ɓ-treated cells displayed significantly less sensitivity to 5-FU 

in all four cell lines. For all concentrations used, 2.5 and 5 µM represent those for which 

we saw the largest differences between control and IL-1ɓ treated 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 with IL-1ɓ, for concentrations of 2.5  

and 5 µM 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-1ɓ. 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-1ɓ significantly reduces that response 

(mean viability for SB-521: 26.3% vs 46.3% for 2.5 µM, 17.0% vs 29.6%, for 5 µM; mean 

viability for HCT-116: 14.0% vs 38.6% for 2.5µM, 1.3% vs 15.3% for 5 µM).  
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Figure 16 IL-1ɓ decreases cell linesô sensitivity to 5-FU treatment. Cell viability 
following treatment with 5-FU, in presence or absence of IL-1ɓ, was determined by 
MTS assay. Cells were seeded in media containing 10 ng/ml of IL-1ɓ and then treated 
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. 
 

A 

B 
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Based on the MTS results, we further assessed whether treating the cells with IL-

1ɓ 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 

in the SB-521 cell line, they donôt seem to have different sensitivity to 5-FU treatment. 

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 mM 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-1ɓ 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-1ɓ decreased the number of Annexin V+ cells by ~ 

30% for both 2.5 and 5 µM 5-FU; similarly, a ~30% decrease was seen also for HT-29 

cells treated with IL-1ɓ. 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 µM 5-FU respectively, following 

treatment with IL-1ɓ. For HCT-116, the decrease observed was ~ 15% for both 

concentrations of 5-FU. Overall, our data demonstrates that IL-1ɓ affects 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 17 IL-1ɓ decreases 5-FU-induced apoptosis. Apoptosis detection by Annexin 
V/PI staining via flow cytometry following treatment with different concentrations of 5-

FU (0, 2.5, 5 mM), in presence or absence of IL-1ɓ. (A) Representative images of FSC 
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 
cancer cell lines. Percentage of apoptotic (Annexin V+) cells for the four cell lines (F). 
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-1ɓ 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-1ɓ concentrations (2.5 and 5 µM, and 10 ng/ml 

respectively). The clonogenic assay measures the ability of individual cells, previously 

treated with 5-FU and IL-1ɓ, to give rise to colonies (> 50 cells) after seeding low cell 

densities. In agreement with our MTS and apoptosis assays, the cells treated with IL-1ɓ 

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-1ɓ compared to 5-FU alone. For the 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. 

 

A B 
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Figure 18 IL-1ɓ increases colony formation in 5-FU-treated cells. Representative 
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-
1ɓ. Graphical analysis of number of colonies for each condition: (B) CHTN06, (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 

C D 

E F 

G H 
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d. Sub aim 1.4 

IL-1β induces activation of different proteins in AA and CA cell lines 

Based on previous literature showing the ability of IL-1ɓ to activate multiple 

pathways to exert cellular signaling effects, we evaluated activation of both MAPK and 

NF-əB pathways by detecting phosphorylation of proteins JNK, p38 and IəBŬ in our cell 

lines following treatment with IL-1ɓ. We first looked at phosphorylation of JNK, stress 

signaling kinase, and noted that treatment with IL-1ɓ 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-1ɓ only 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 

IəBŬ, a regulatory protein that acts by inhibiting NF-kB. Our results showed that IL-1ɓ 

treatment increased the expression of phospho-IəBŬ in CHTN-06, SB-521 and 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-1ɓ 

treatment is seen for both AA cell lines, independent of their microsatellite status (Figure 

19I, L, M, N). These results correlate with our gene expression analysis in which we saw 
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a higher expression of NF-əB related genes in AA cell lines, which suggested a baseline 

activation of this pathway in these cell lines. 
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Figure 19 IL-1ɓ induces differential phosphorylation of JNK, p38 and IkBa in the four 
cell lines. Representative images of western blots showing phosphorylation of JNK (A), 

p38 (E) and IkBa (I) following treatment with IL-1ɓ. Quantification of phospho-JNK (B), 

phospho-p38 (F), and phospho-IkBa (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-IkBa (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-1ɓ in promoting cell proliferation, 

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

vitro models.  

¶ 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 

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 
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¶ Based on our goal of evaluating the effects of IL-1ɓ on 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-1ɓ and 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). 

 

 

 

 

 

 

 

 

ND= Not detected 

Table 5. IL-1R1 protein expression and cytokine secretion in AA and CA 
colon cancer cell lines 
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¶ When the cells were treated with IL-1ɓ, we 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-1ɓ when 

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

cycle, we saw that IL-1ɓ decreased the number of cells in the G1 phase and 

increased the number of cells in both the S and G2/M phases.  

¶ In terms of response to treatment, IL-1ɓ effects were tested in combination with 

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-1ɓ, compared to 5-FU treatment 

alone. 

¶ Finally, when molecular pathways were analyzed via Western blotting, we saw that 

different proteins were activated by IL-1ɓ treatment. Specifically, JNK was 

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. 

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

NC= No change 
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CHAPTER III: AIM 2 – USING IL-1Ra AS A THERAPEUTIC STRATEGY TO REVERSE 

IL-1β PRO-TUMORIGENIC EFFECTS 

i. Introduction 

Our previous results have shown IL-1ɓ affecting different cellular and molecular 

processes in our AA and CA colon cancer cell lines. From the literature, it is known that 

IL-1ɓ promotes 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-1ɓ, 

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-1ɓ, 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 IL1RN 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-1ɓ effects via IL-1R1 could represent a therapeutic strategy for 

those AA patients presenting with high tumoral expression levels of IL-1ɓ and decreased 

response to standard of care therapies. 
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Author contributions to Aim 2: 

¶ Project design, hypothesis, and research strategy 

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

¶ Performed all in vitro experiments 

¶ 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, 100 U/ml streptomycin, 4.5 g/L glucose 

and sodium pyruvate, in humidified incubator with 37°C and 5% CO2. 

Human recombinant IL-1ɓ was purchased from Cell Signaling Technology and 

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) according to the manufacturerôs instruction. 

For IL-1ɓ studies, cells were seeded in triplicate in 96-well plates at 5 x 103 cells/well in 

complete DMEM in presence of 10 ng/ml of IL-1ɓ and incubated overnight at 37ÁC in 5% 

CO2. 24 hours after seeding, cells were treated with IL-1Ra (10 mg/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 mM) or in combination with IL-1Ra (10 

mg/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 according to manufacturerôs instructions (catalog #ELH-

IL8-1). 2.5 x 104 cells were seeded in triplicate in 12-well plates in DMEM supplemented 

with 10% FBS, in the presence of IL-1ɓ (10 ng/ml), and incubated overnight. 24 hours 

later, cells were treated with IL-1Ra (10 mg/ml) for 24 hours. Cell supernatants were 

collected and stored at -20°C until use. 

 

Western Blotting 

3.0 x 105 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-1ɓ (10 ng/ml) alone for 15 mins or pre-treated with IL-1Ra (10 µg/ml) for 2 hours. At 

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-IəBŬ (1:500, catalog #2859), total IəBŬ (1:1000, catalog #4812), and 

Ŭ-tubulin (1:1000, catalog #2125) was performed overnight at 4ęC. Finally, blots were 

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 Ŭ-tubulin. 
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iii. Results 

a. Sub aim 2.1 

IL-1Ra reverses IL-1β effects on cell proliferation and 5-FU response 

To further investigate IL-1ɓ effects 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-1ɓ from initiating the signaling cascade (48).  We used an MTS assay to 

detect changes in cell proliferation when cells were treated with IL-1ɓ alone or in 

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

 

 

As per the manufacturerôs protocol, the working concentration of IL-1Ra (half-life 

4-6 hours) needed to inhibit IL-1ɓ (half-life 2-3 hours) effects is 1000-fold higher than that 

of IL-1ɓ concentration. 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 

Figure 20 Timeline and experimental conditions for IL-1Ra treatment 
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than that used for IL-1ɓ (10 ng/ml), 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 compared to IL-1ɓ, as well as the need to 

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 

for 2 hours and then treated with IL-1ɓ, according to manufacturerôs protocol. Our results 

show that IL-1Ra was able to inhibit activation of IL-1R pathway and inhibit IL-1ɓ effects 

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-1ɓ interacting with 

IL-1RI and establishing a pro-inflammatory environment at the tumor site. For this reason, 

we stimulated the cells with IL-1ɓ overnight and then added IL-1Ra on the following day.  

Figure 21, shows that treating the cells with IL-1Ra inhibits the increase in cell 

proliferation induced by IL-1ɓ, for all the four cell lines. Specifically, at 24 hours of 

treatment, IL-1ɓ+IL-1Ra treated cells show a significant decrease in cell viability when 

compared to IL-1ɓ alone treated cells, with a fold change of 1.27 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-1ɓ and IL-1Ra shows 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 compared to IL-1ɓ alone treated 

cells. Finally, at 72 hours after treatment with IL-1ɓ+IL-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-

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

on cell viability when compared to control untreated cells. 

 

 

 

Previously, we showed how IL-1ɓ reduced the sensitivity to 5-FU treatment (Figure 

16, 17), therefore we treated the cell lines with 5-FU and IL-1Ra and evaluated the effects 

of IL-1ɓ on the combination treatment. The results demonstrated that IL-1Ra reverses the 

Figure 21 IL-1Ra inhibits IL-1ɓ-induced proliferation in colon cancer cell lines. Cells 
were seeded in media without or with 10 ng/ml of IL-1ɓ and incubated for 24 hours. 
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. 
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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-1ɓ) significantly reduces cell viability when 

compared to 5-FU + IL-1ɓ for both 2.5 mM 5-FU (CHTN-06 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).  

Figure 22 IL-1Ra counteracts IL-1ɓ suppressive effects on 5-FU treatment. Cell 
viability following treatment with 5-FU alone, in presence of IL-1ɓ, or in combination 
with IL-1Ra was determined by MTS assay. Results are shown normalized to 

control cells (0 mM 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-1β-induced activation of NF-κB pathway  

Our gene expression analysis (Figure 11) showed an increased expression of 

genes involved in the NF-əB pathway; similarly, our western blot analysis showed an 

increase in phosphorylation of protein IəBŬ following treatment with IL-1ɓ, 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-1ɓ 

pathway. Figure 23A shows that treatment with IL-1Ra prevents phosphorylation of IəBŬ 

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 14.9 vs 2.5 for IL-1ɓ and IL-1Ra 

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 levels of p-IəBŬ for CHTN-06 

(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-IəBŬ, which suggests activation of NF-əB 

following IL-1ɓ treatment, we wanted to evaluate induction of downstream genes of this 

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-əB. Therefore, we performed an ELISA to 

detect secretion of IL-8 following treatment with IL-1ɓ alone or in combination with IL-

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-1ɓ, we saw a significant 

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 compared to IL-1ɓ treated cells (CHTN-06: 9-fold, HT-

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.  

A 
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iv. Conclusion Aim 2 

¶ Treatment with IL-1Ra inhibits the effects of IL-1ɓ on cell proliferation and 

increases sensitivity to 5-FU treatment, as demonstrated by decreased cell viability 

when compared to cells in presence IL-1ɓ alone. 

¶ 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-

Figure 23 IL-1Ra prevents IL-1ɓ-mediated activation of NF-kB pathway in colon 
cancer cell lines. Treatment with IL-1Ra prevents phosphorylation of IkBŬ and 
secretion of IL-8. (A) Representative images of Western Blot analysis following 
treatment of cells with either IL-1ɓ alone or in combination with IL-1Ra. (B) 

Quantification of phospho-IkBa normalized to a-tubulin. (C) Quantification of total 

protein levels for IkBa normalized to a-tubulin. (D) Quantification of levels of 

phospho-IkBa. Values are expressed as phospho-IkBŬ/total IkBŬ ratio, after 
being normalized to loading control (Ŭ-tubulin).  (E) Baseline IL-8 secretion in AA 
and CA colon cancer cell lines. (F) Changes in IL-8 secretion following treatment 
with IL-1ɓ or IL-1ɓ + IL-1Ra Data are representative of three independent 
experiments. Error bars represent SEM. *p<0.05, **p<0.01. 

Baseline secretion 

E F 
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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-1ɓ, IL-

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

combination of IL-1ɓ to IL-1Ra prevents the secretion of IL-8.  

¶ 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 

+ > 100 pg/ml, ++ > 250 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 a role for IL-1ɓ in tumor promotion and response to 5-FU. As previous 

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-1ɓ in 

tumors from AA compared to CA patients (66). However, our immunohistochemistry 

analysis of IL-1ɓ 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-1ɓ role in colon cancer: in vitro and patientôs data 

 IL-1ɓ is part of the larger IL-1 family, which includes both agonists (IL-1Ŭ, IL-1ɓ, 

IL-18, IL-33, IL-36) and antagonists (IL-1Ra, IL-36Ra, IL-37, IL-38) (41). IL-1ɓ has been 

involved in many physiological and pathological processes, such as autoimmune and 

autoinflammatory diseases, metabolic syndromes and malignancies (78). When IL-1ɓ 

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-əB signaling pathways.  

In relation to cancer, both a pro- and anti-tumorigenic role for IL-1ɓ has been 

described (41). PCR analysis showed an increased expression of IL-1ȸ in 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-1ɓ has 

been shown to induce cell proliferation and increase invasiveness in colon cancer cell 

lines. (39, 46).  

Our results demonstrated that different concentrations of IL-1ɓ elicited distinct 

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 involving IL-1ɓ and colon cancer, our results suggest a role for IL-1ɓ in 

promoting cell proliferation. 
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Our data also shows an effect of IL-1ɓ on cell cycle regulation. We saw that, 

treating the cells with IL-1ɓ induces a decrease in the number of cells in G1 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-1ɓ promotes cell 

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 treatment with IL-1ɓ, which suggests a role in regulating 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 G1-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-

1ɓ increases cell proliferation by allowing cells to progress through the cell cycle. 
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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 IL1R1 gene between the two 

MSS and the two MSI cell lines. IL-1R1 is part of the IL1R 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 IL1R1 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-1ɓ, we saw a more pronounced response in both AA cell lines 

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-1ɓ, IL-1R1 requires 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-1ɓ signaling.  

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

decoy receptor, which acts by binding circulating IL-1ɓ without initiating a signaling 

cascade (due to lack of cytoplasmic domain) (86). If higher levels of IL-1R2 are present 
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at the cell surface, IL-1ɓ will more likely bind to the decoy receptor IL-1R2 than the 

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 IL1R2 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 

of either IL-1ɓ or IL-1Ŭ from any of the four cell lines (data not shown). These results are 

not surprising since it has been well documented that IL-1ɓ is most likely derived from the 

tumor microenvironment (TME) rather than cancer cells. Findings have shown that IL-1ɓ 

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 immune cells, IL-1ɓ can act on each of these different cell types 
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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-1ɓ. After 

treating the cells with IL-1ɓ, we saw an increase in phosphorylation for both JNK and 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-1ɓ. 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-1ɓ is NF-əB, whose role in cancer has 

been previously demonstrated (36, 37). NF-əB 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-əB activation 

is strictly regulated and signaling is rapidly turned off. In cancer cells however, NF-əB 

pathway is often dysregulated so that cells could evade apoptosis and proliferate 

uncontrollably (36). In hematological cancers, NF-əB is often characterized by activating 

mutations which alter its function. In solid tumors, direct mutation of NF-əB 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-əB and some of its regulated genes have 

been found to be expressed at higher levels in tumorsô samples, and to correlate with a 

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-

əB pathway, specifically MYD88, IRAK3, IRAK4 and TRAF5, as being upregulated in the 

two AA cell lines when compared to the CA cell lines.  

NF-əB plays a critical role in linking inflammation and cancer (36). Many target 

genes of NF-əB are involved in inflammatory processes and have been associated with 

cancer development and progression. Recently, a strong connection has been found 

between NF-əB, COX-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-1ɓ has been shown to activate COX-2 in colon cancer cell 

lines via multiple pathways, including NF-əB (45).  According to previous in vitro studies 

demonstrating a correlation between IL-1ɓ and NF-əB activation (39, 43, 45), we showed 

that treating the cells with IL-1ɓ increases phosphorylation of protein IəBa, with effects 

being more pronounced in AA than CA cell lines. Interestingly, NF-əB pro-tumorigenic 

role is exerted in the tumor microenvironment as well.  

It has been demonstrated that NF-əB can 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-əB, where 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-1ɓ, supporting 

the hypothesis that the cytokine induces activation of the NF-əB pathway.  

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 cancer cell lines (103). Interestingly, our human patientôs data showed increases 

in both IL-1ɓ and IL-8 gene expression 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-1ɓ, in which higher 

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-1ɓ and resistance to 5-FU 

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 
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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-ɓ 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 presence of IL-1ɓ with a decreased response to 5-FU 

in both AA and CA cell lines, which is independent of the cell lines microsatellite status. 

We observed that the presence of IL-1ɓ in the culture media increased the short- and 

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-əB pathway in our colon cancer cell lines. 

Increased expression of NF-əB has been associated with lower response to therapy and 

poor outcomes in colon cancer patients (111, 112). Moreover, in vitro findings have shown 

that inhibition of NF-əB pathway increases sensitivity to 5-FU in colon cancer cell lines 

(113, 114). Interestingly, our results also established an increase in secretion of IL-8 in 

IL-1ɓ treated cells, which has also been shown to correlate with development of 
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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-1ɓ-induced 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 for IL-1ɓ in AA cell lines and identified possible 

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 IL1RN (IL-1Ra) in SB-

521 (AA ï MSI) cell line. Despite this finding, treatment with IL-1b still significantly 



107 

 

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-1ɓ treatment. Supporting this idea, our results showed that adding 

exogenous IL-1Ra counteracted IL-1ɓ effects by decreasing cell proliferation in the cell 

line models. In addition, our results demonstrated that the increase of both phospho-IəBŬ 

expression and IL-8 secretion seen following treatment with IL-1ɓ, was prevented when 

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-1Ŭ and IL-1b-mediated angiogenesis, 

via NF-əB pathway (40, 49). As shown in a recent study (47), our results also show a role 

for IL-1Ra in preventing IL-1ɓ-mediated 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-1ɓ in terms of cell proliferation and 

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 of our patientôs samples with the 

gene expression of our cell lines, we saw that some of the findings did not match as we 

expected and this could be due to both a limited number of patientôs samples used in our 

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-1b increases 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: 1.0x105 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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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-

Figure 24 IL-1ɓ increases cell migration in AA and CA colon cancer cell lines. 

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 
 

A 

B 
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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.  

Figure 25 IL-1ɓ does not affect expression levels of E-cadherin. Cells were 

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. 
 

A 

B 
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ii. Doubling time and raw data from MTS assay 

When the cell linesô 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-1ɓ significantly increased the absorbance 

reading of the cells even in the absence of Serum (FBS). 

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. 
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Table 8. Doubling time of AA and CA colon cancer cell lines, in 
presence (+FBS) and absence (-FBS) of serum 
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Figure 27 Changes in cell proliferation following treatment with IL-1ɓ, with (+) and 
without (-) FBS, shown as absorbance reading (490nm). (A) MSS cell lines, (B) MSI 
cell. Data are representative of three independent experiments. Error bars 
represent SEM. 
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iii. Synchronized data from cell cycle analysis 

To evaluate if the changes seen in cell cycle following IL-1ɓ treatment were due to 

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/ml of IL-1ɓ was added to cells and incubated for 48 hours. At the end of the time point, 

the cells were harvested and stained with PI. Our results show that, even after 

synchronization of the cells, treatment with IL-1ɓ decreases 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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Figure 28 Cell cycle changes induced by IL-1ɓ treatment in synchronized colon cancer 
cell lines. Representative images of flow cytometry histograms of the cell cycle 
distribution for (A) CHTN-06, (C) HT-29, (E) SB-521, (G) HCT-116. Graphical 
representation of % of cells in each cell cycle phase, between Control untreated cells 
and IL-1ɓ treated cells. (B) CHTN-06, (D) HT-29, (F) SB-521, (H) HCT-116. Data 
representative of two independent experiments.  

F 
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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 effects of IL-1ɓ on cell proliferation, 

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/ml of IL-1ɓ and the treatment was carried out for 72 hours. As it is shown in Figure 

29, pre-treating the cells with IL-1ɓ significantly decreases the absorbance reading of the 

cells, when compared to IL-1ɓ alone treated cells. For our final experiments however, we 

decided to seed the cells in presence of IL-1ɓ and then adding the IL-1Ra to more 

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 
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