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ABSTRACT 
 

Colorectal cancer (CRC) is the third leading cause of cancer-related deaths among 

both men and women in the United States, with an estimated 53,200 deaths in 2020 

(Siegel, Miller, & Jemal, 2020). Our lab identified Cystic Fibrosis Transmembrane 

Regulator (CFTR) as a CRC tumor suppressor gene in mice and humans. However, the 

mechanism by which CFTR acts as a tumor suppressor gene in CRC is unknown. To 

identify potential pathways, we compared gene expression in CFTR-low expressing CRC 

vs. CFTR high expressing tumors in several publicly available databases using gene set 

enrichment analysis. These analyses revealed that a common subset of genes is 

responsive in CFTR-low expressing tumors and in HIF1α-high tumors. HIF1α protein is 

induced by oxidative stress and is known to play a protective role in the oxidative stress 

pathway. To investigate the significance of this correlation, I hypothesized that 

downregulation of CFTR protects against oxidative stress. To test this hypothesis, I 

compared cell viability in human Caco-2 CRC cell lines: one in which CFTR has been 

knocked out by CRISPR-Cas9 modification (CFTR-KO) vs.  matched parental controls 

(CFTR-WT). Each cell line was treated with menadione to induce oxidative stress. When 

cell viability was measured using an MTT assay, a trend was observed, where CFTR-KO 

cells were less affected by menadione than CFTR-WT. This suggests that CFTR 

deficiency may help colon cancer cells to survive better in an oxidative stress 

environment. To determine if CFTR deficiency promotes this survival of CRC cells by 

change in ROS levels, ROS detection assays were carried out to compare ROS levels 

between CFTR WT and CFTR KO cell lines. We observed a trend where CFTR-WT cells 

had higher ROS levels than CFTR-KO in this oxidative stress environment. This suggests 

that CFTR deficiency maybe promoting survival of CRC cells in an oxidative stress 

environment by reducing ROS levels. This work will help to better understand the role of 

CFTR as a tumor suppressor gene in CRC. 
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1 
 

INTRODUCTION 
 

1.1 Colorectal Cancer 

Colorectal Cancer (CRC) is the world’s fourth most deadly cancer and accounts 

for approximately 10% of all annually diagnosed cancers and cancer-related deaths. 

The worldwide incidence of colorectal cancer is predicted to increase to 2.5 million 

new cases by 2035 (Dekker, Tanis, Vleugels, Kasi, & Wallace, 2019). 

Epidemiological studies have found that males have a 1.5 times higher risk of 

developing CRC than females. While studies report that people over 65 years old 

have a 30 times higher risk of being diagnosed with CRC than those between 25-49 

years old, the incidence rate for those under 50 years old has significantly increased. 

It is believed that this may due to a sedentary lifestyle, obesity, red meat 

consumption, and changes in the microbiome (Rawla, Sunkara, & Barsouk, 2019). 

Hereditary CRC syndromes account for 10-20% of all patients with colorectal cancer 

(Dekker et al., 2019), but up to 50% of CRC cases may demonstrate a familial 

influence. Patients with chronic inflammatory bowel disease, Crohn’s disease and 

ulcerative colitis have a higher risk of developing colorectal cancer (Mármol, 

Sánchez-de-Diego, Dieste, Cerrada, & Yoldi, 2017). CRC incidence and mortality 

rates are highly variable by geographical location. In low-income and middle-income 

countries, an increasing trend has been observed, ostensibly due to the adoption of a 

western diet and lifestyle. However, developed countries (such as western Europe, 

USA, Canada, Australia, New Zealand, Japan) have seen a stabilizing or decreasing 

trend in the incidence of colorectal cancer. This decrease has been attributed to 

increased use of colonoscopies and nationwide screening programs (Mármol et al., 

2017). Thus, ideally all countries would benefit from prioritizing primary prevention 

and early diagnosis. 

The current standard screening strategy for CRC is a colonoscopy. However, 

colonoscopies are invasive, expensive and carry risks such as hemorrhage and 

cardiorespiratory complications (Bailey, Aggarwal, & Imperiale, 2016). A commonly 

used non-invasive screening method is a guaiac fecal occult blood test (gFOBT), 



2 
 

based on identifying hemoglobin peroxidase activity in the stool. Although this test is 

easy and cost-effective, it has poor selectivity and sensitivity and leads to high rates 

of false positives and false negatives (Rutka et al., 2016). Thus, an alternate, non-

invasive, easily measurable, cost-effective and accurate screening procedure for CRC 

is needed (Alves Martins et al., 2019). 

A possible alternate screening procedure for CRC includes the utilization of 

biomarkers. Biomarkers are genes whose expression is associated with a specific 

disease condition. Diagnostic and predictive biomarkers provide an alternate, non-

invasive, easily measurable and cost-effective screening procedure for CRC. The 

clinical applications of biomarkers in CRC are early detection of the disease, 

prognostic stratification and therapy selection. Additionally, the use of biomarkers 

allows implementation of integrative and personalized medicine and individual 

assessment of targeted therapies and drug response (Alves Martins et al., 2019). Thus, 

more biomarkers are needed to assist with early detection and prevention of CRC. 

CRC develops via accumulation of well-characterized genetic and epigenetic 

alterations as well as interactions with microenvironmental and germ-line factors that 

transform a normal colon into an aberrant colon (Vaiopoulos, Kostakis, Koutsilieris, 

& Papavassiliou, 2012). Among all malignancies, colorectal tumors have the highest 

mutational burdens(Nguyen, Goel, & Chung, 2020). Based on the origin of the 

mutation, CRC can be classified as sporadic (which accounts for 70% of all CRCs), 

inherited (which accounts for 5% of all CRCs) and familial (which accounts for 25% 

or more of all CRCs)(Mármol et al., 2017). CRC manifests three types of genomic 

instability: microsatellite instability (MSI), serrated neoplasia and chromosome 

instability (CIN)(Nguyen et al., 2020). Colorectal cancers that arise through the MSI 

pathway are caused by mutations in DNA mismatch repair (MMR) genes that cause 

numerous point mutations in the genome that are detected by measurement of 

changes in the size of microsatellite genomic regions. The serrated neoplasia pathway 

causes colorectal cancer through epigenetic instability, characterized by a CpG island 

methylation phenotype and hypermethylation of tumor suppressor gene promotors 

which cause genetic silencing and loss of protein expression. The CIN pathway which 
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is observed in 65-70% of colorectal cancer tumors, is characterized by defects in 

chromosomal segregation, thus leading to aneuploidy in tumors, loss of 

heterozygosity at tumor suppressor genes and dysregulation of chromosomal DNA 

damage responses. This affects critical genes that play an important role in intestinal 

cell homeostasis such as APC, KRAS, PI3K and TP53 among others(Mármol et al., 

2017). Mutation of APC is the most prevalent initiating mutation in colorectal 

tumorigenesis that arises due to chromosomal instability, based on the genetic model 

created by Fearon and Vogelstein (1990).  

The current therapeutic strategies for CRC treatment include surgery, radiation 

and chemotherapy. After therapy, a large proportion of CRC patients remain 

clinically free of disease for months and years (Merlos-Suárez et al., 2011). The 

overall survival rate for CRC five years after diagnosis is 65% (American Cancer 

Society, 2017), but this rate depends on the stage of disease at diagnosis, with 5-year 

survival for stage IV disease only ~ 10%. Following cancer therapy and initial 

remission, cancer recurs in 30-50% of all cases, and this recurrence also depends on 

the stage of the disease at the time of diagnosis. For example, 40-50% of patients 

diagnosed with Stage III CRC will experience disease relapse following treatment 

(Merlos-Suárez et al., 2011). However, the biological mechanism for this disease 

relapse remains largely unknown. One possible mechanism for cancer to escape 

eradication is via resistance of cancer stem cells to therapy, because cancer stem cells 

can support tumor re-growth and lead to recurrence (Ong et al. 2014). Aberrant 

intestinal stem cells have been determined as the putative cell of origin for tumor 

development, and thus act as the source of colorectal cancer (Merlos-Suárez et al., 

2011), (Vaiopoulos et al., 2012), (Barker et al., 2009). However, the mechanism with 

which these aberrant stem cells interact with normal stem cells and the 

microenvironment is not well characterized. 

1.2 Intestinal Structure 

Colorectal cancer develops in the epithelial layer of the gastrointestinal tract. The 

epithelium of the small intestine is organized into self-renewing crypt-villus structures 

(Clevers, 2013) that have a turnover time of less than five days, higher than that of any 
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other mammalian tissue (Sato & Clevers, 2013). Villi are finger-like protrusions that are 

present in the gut wall to maximize the available absorptive surface area. The base of the 

villi is surrounded by multiple epithelial invaginations called crypts of Lieberkühn that 

house intestinal stem cells (also called crypt base columnar cells, or CBCs) (Clevers, 

2013)(Merlos-Suárez et al., 2011). The epithelium of the small intestine has both crypts 

and villi. However, the colon epithelium only has crypts, and no villi (Reya & Clevers, 

2005).  

Tissue regeneration is sustained by intestinal stem cells found in the crypts. This 

highly active regeneration process is maintained by two stem cell populations: Lgr5+ 

crypt base columnar (CBC) stem cells and quiescent label-retaining stem cells (Ong, 

Vega, & Houchen, 2014). The most active population is made up of CBC stem cells that 

can be identified by their expression of Lgr5, a G protein coupled receptor (Merlos-

Suárez et al., 2011). Lgr5+ crypt base columnar cells are located in the base of the crypts 

of the colon and the small intestine. Barker et al. (Barker et al., 2007) demonstrated that 

Lgr5+ CBCs are true intestinal epithelial stem cells and multipotent. Barker et al. (Barker 

et al., 2009) found that mouse Lgr5+ cells give rise to intestinal tumors with an efficiency 

higher than that of other intestinal epithelial cell populations, upon mutational activation 

of the Wnt pathway. This suggests that intestinal stem cells may be the cell of origin for 

colorectal cancers (Merlos-Suárez et al., 2011). These intestinal stem cells divide each 

day, and produce rapidly proliferating daughter cells, which migrate upwards along the 

crypt axis, a process sometimes referred to as the intestinal ‘conveyer belt.’ As these cells 

move closer to the intestinal lumen and mature, they undergo terminal differentiation, 4-5 

days after birth of the cell (Merlos-Suárez et al., 2011). Within the intestine, there are two 

major differential epithelial progenitors: the enterocyte or absorptive progenitors and the 

secretory progenitors (Beumer & Clevers, 2016). These progenitor cells give rise to six 

differentiated epithelial cell types (Figure 1). The absorptive enterocytes that arise from 

the enterocyte progenitors are highly polarized columnar cells with an elaborate luminal 

brush border and are also the most populous cells on the villus. The goblet, 

enteroendocrine and tuft cells arise from the secretory progenitor cells. Goblet cells 

secrete mucous, enteroendocrine cells secret hormones and tuft cells sense luminal 

contents. All these differentiated cells migrate upwards to the villus or colonic intercrypt 
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Figure 1. Stem cells and differentiated progeny in the 

intestine (Beumer and Clevers 2016) 

 

table (flattened area between the top of the crypts) and undergo programmed cell death 

once they reach the villus tip or intestinal lumen (in colon) and lose cell-cell 

contact(Vanuytsel, Senger, Fasano, & Shea-Donohue, 2013). Paneth cells are the only 

differentiated epithelial cell type that do not migrate upwards. They occupy the bottom 

position in the crypts and secrete bactericidal products such as lysozyme and defensins, 

as well as several growth factors that regulate nearby stem cells (Clevers, 2013). 

 

 

 

The quiescent DNA label retaining intestinal stem cells (LRCs), are mitotically 

less active cells found at the +4 crypt position (Figure 1,(Ong et al., 2014). These LRCs 

can be identified by their expression of Bmi1+, a member of the Polycomb group of 

proteins. They contribute weakly to homeostatic regeneration, are insensitive to Wnt 

perturbations and resistant to high dose radiation injury (Yan et al., 2012). Studies have 

confirmed the multipotency of Bmi+ LRCs through in vitro and in vivo lineage 

experiments (Yan et al., 2012),(Sangiorgi & Capecchi, 2008). 

The two stem cell populations, CBCs and LRCs, coexist with each other and are 

part of a complex pathway that is responsible for the development of the intestinal 



6 
 

epithelium (Figure 2) (Ong et al., 2014) (Yan et al., 2012). Under normal conditions, 

Lgr5+ CBC stem cells are self-sufficient and maintain epithelial homeostasis by 

producing cells in response to Wnt signals. However, there are several different intrinsic 

or extrinsic factors that can upset the homeostatic self-renewal process in the intestine 

and result in overt damage (Beumer & Clevers, 2016).  In such stressful environments, 

the LRCs may be assisting the CBCs directly by helping them recover from intestinal 

injury, or indirectly by restoring both the epithelium and the CBCs (Ong et al., 2014). 

Thus, an extraordinary mechanism of regulation at the stem cell level, allows stem cells 

to maintain homeostasis during inflammation and injury (Beumer & Clevers, 2016). 

 

 

1.3 Signaling pathways in the Intestine 

The complicated architecture and cell composition of the gastrointestinal tract, 

and homeostasis between the cells in this region is orchestrated by a complex interaction 

between several signaling pathways: Wnt, Notch, BMP, EGF and the Hippo signaling 

pathways (Beumer & Clevers, 2016). 

The Wnt signaling pathway is essential to maintain and regenerate the intestinal 

stem cells and is based on the paracrine interaction between cysteine-rich Wnt 

glycoproteins secreted by Paneth cells and neighboring fibroblasts, and target cell seven 

Figure 2. Original and development of normal intestine stem cells (Ong BA et al 2014) 
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pass transmembrane receptor Frizzled (Fz), and the co-receptor lipoprotein-related 

protein (LRP) (Beumer & Clevers, 2016) (Vanuytsel et al., 2013). The Wnt pathway is 

divided into β-catenin independent (non-canonical) and β-catenin dependent (canonical) 

pathways (Figure 3) (Zhan, Rindtorff, & Boutros, 2017). The canonical pathway has 

been better characterized and is the most relevant to stem cell signaling. In the absence of 

Wnt binding to its receptors (Figure 3), free cytosolic β-catenin is phosphorylated by the 

destruction complex, which contains scaffold protein Axin, kinases GSK3β and casein 

kinase (CK1α), and adenomatous polyposis coli (APC). The -catenin is then 

ubiquitinated by β-TrCP200 and targeted for proteasomal degradation. In the absence of 

nuclear β-catenin, a repressive complex containing T-cell factor (TCF)/lymphoid 

enhancer factor (LEF), and transducer-like enhancer protein (TLE/Groucho) recruits 

histone deacetylases (HDACs) to repress targeted genes of the Wnt/-catenin signaling 

pathway (Zhan et al., 2017) (Vanuytsel et al., 2013). In an activated canonical Wnt 

signaling pathway (Figure 3), Wnt ligands bind to LRP co-receptors and Fzd receptors. 

LRP receptors are phosphorylated by GSK3β and CK1α, which in turn recruit 

Dishevelled (Dvl) proteins to the plasma membrane. The Dvl proteins then inactivate the 

destruction complex, β-catenin is not phosphorylated, is translocated to the nucleus where 

its binding to the repressive complex relieves repression of target genes, especially genes 

involved in promoting cellular proliferation. Inactivating mutations in APC (Figure 3) 

cause CBC-specific activation of the Wnt pathway and confer stem cells with an 

advantage over their wild-type counterparts, which leads to formation of adenomas 

(Beumer & Clevers, 2016). Nuclear localization of β-catenin is normally localized to 

stem cells at the bottom of the intestinal crypts (Van de Wetering et al., 2002),(Pinto, 

Gregorieff, Begthel, & Clevers, 2003) and a signaling gradient is formed along the crypt 

axis (Figure 4) (Vanuytsel et al., 2013). This gradient from the crypt base towards the 

differentiated cell compartment is closely related to differentiation and expression of 

receptor tyrosine kinase EphB2(Vaiopoulos et al., 2012) (Merlos-Suárez et al., 2011). 
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Figure 3. Wnt Signaling in cells (Nusse and Clevers 2017). 
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The Notch signaling pathway plays an important role in preserving stemness, and 

in making cell-fate decisions of secretory vs. non-secretory lineage development 

(Vanuytsel et al., 2013),(Beumer & Clevers, 2016). The Notch-1 receptor is found in 

both CBCs and +4 LRCs and follows a gradient from proximal to distal in the intestinal 

tract(Fre et al., 2011). The Notch signaling pathway is activated when cell surface 

expressed Delta ligands bind to the Notch receptor expressed on the opposing cell surface 

(Figure 5) (Sancho, Cremona, & Behrens, 2015). The membrane tethered Notch is 

cleaved by ADAM10 and γ-secretase complex, and this in turn releases the intracellular 

fragment of Notch (NCID) (Sancho et al., 2015). The NCID is translocated to the nucleus 

where it activates target genes (Hes) through the transcription factor RBP-J (Vanuytsel et 

al., 2013), (Beumer & Clevers, 2016). The target genes Hes1(Hairy enhancer of split) are 

a family of transcriptional repressors, are expressed at the bottom of the crypt in the 

epithelial cells and play an important role in intestinal development, homeostasis and 

Figure 4. Schematic representation of the crypt villus axis and the major signaling pathways 

involved in epithelium homeostasis (Vanuystel et al. 2013). 
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tumor formation (Ueo et al., 2012). An important function of the Notch pathway is in 

lateral inhibition – an interaction that occurs between adjacent cells that serve to drive 

them towards different final states (Figure 5) (Sancho et al., 2015). The principle of 

lateral inhibition is that activation of Notch represses production of Delta (Notch ligand). 

Consequently, the cells with lower Notch activity produce more ligand due to 

derepression of transcription factor Atoh1which activates Delta transcription (Sancho et 

al., 2015). More ligand at the cell surface then activates Notch signaling in the 

neighboring cell, which leads to reduced ligand production in that cell. This in turn 

allows the cell with lower Notch activity to further increase its ligand production because 

it receives a weakened inhibitory signal from its neighboring cells. The overall effect of 

this feedback loop is that it helps in making cell fate decisions of secretory vs. non 

secretory linage development (Sancho et al., 2015). Notch-high progenitors will 

differentiate into absorptive progenitors, while notch-low progenitors will differentiate 

into secretory progenitors (Figure 5). Therefore, Notch acts as a binary switch to 

determine cell fate (Beumer & Clevers, 2016), and since this process is mediated via cell-

to-cell signaling between adjacent cells, this process is also called “lateral cell fate 

specification” (Koch, Lehal, & Radtke, 2013). 

 

Figure 5. Notch and Lateral Inhibition in Intestinal Stem Cells and Transit Amplifying Cells (Sancho et al., 

2015). 
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Bone morphogenic proteins (BMP) are soluble factors that belong to the TGF-β 

cytokine family and act as inducers of differentiation in the crypt (Vanuytsel et al., 2013). 

The BMPs bind to type I receptor, and then to type II receptor. This binding allows 

phosphorylation of the GlySer domain by the type II constitutive kinase domain, converts 

a type I receptor into an active form, and initiates signaling (Vanuytsel et al., 2013). BMP 

signaling prevents stem cell proliferation by inhibiting Wnt signaling in the epithelial 

stem cells via activation of PTEN, and inactivation of Akt mediated accumulation of Beta 

catenin in the nucleus (He et al., 2004). By inhibiting the stem cells, BMPs also restrain 

fissioning of crypts (Vanuytsel et al., 2013). Distribution of BMP in the crypt is mediated 

by BMP inhibitors and ligands. Secretion of BMP inhibitors creates a ‘BMP-low’ 

environment in the mesenchyme surrounding CBCs, whereas BMP ligands in the villi 

create a ‘BMP-high’ environment that promotes differentiation (Kosinski et al., 2007). In 

the human colon intestinal epithelial cell, BMPs are expressed at the top of the crypt with 

a decreasing gradient towards the crypt base and they act to restrict stem cell expansion. 

BMP antagonists such as gremlin-1 create an opposing gradient to antagonize BMPs, 

thus maintaining Wnt activity at the crypt base(Kosinski et al., 2007). 

The Hedgehog (Hh) proteins are secretory proteins necessary for the development 

and maintenance of cellular homeostasis in the GI tract. There are three Hh genes in 

mammals – Indian hedgehog (Ihh), Desert Hedgehog (Dhh) and Sonic Hedgehog (Shh) 

(Vanuytsel et al., 2013). Shh and Dhh are mainly expressed in the stomach. In the colon, 

Ihh is expressed in the fully differentiated enterocytes at the top of the crypt(Van Den 

Brink et al., 2004). Studies found that disruption of the Hh pathway leads to over 

proliferation of the ISC compartment and a reduction in absorptive cell lineage 

differentiation in the small intestine and the colon. Additionally, data also suggested that 

Hh downregulation is affected by reduction of the BMP pathway and upregulation of the 

Wnt pathway (Kosinski et al. 2010). Thus, effects of the Hh pathway on intestinal stem 

cell development are indirect and mediated by the BMP and Wnt pathways.  

The Hippo signaling pathway plays a role in intestinal homeostasis and 

regeneration, although its exact function is unclear (Beumer & Clevers, 2016). The 

central effector molecules for this pathway are YAP or TAZ. Yap1 is expressed in the 
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crypts of the small intestine and the colon (Vanuytsel et al. 2013). Studies found that 

overactive YAP leads to differentiation of secretory cells, and this proliferative response 

may be mediated via activation of the Notch and Wnt signaling pathway (Dawang Zhou 

et al., 2011). 

These pathways interact with each other in a complex mechanism to maintain the 

balance between progenitor cell types in the crypt and achieving adequate transition to 

maturation and differentiation once progenitor cells move up the crypt villus axis. 

1.4 Cystic Fibrosis Transmembrane Regulator and CRC 

Cystic Fibrosis Transmembrane Regulator (CFTR) is a cyclic adenosine 

monophosphate-regulated anion channel found on the apical surfaces of luminal 

epithelial cells. It is a dominant ion channel transporter in the intestinal crypt epithelium, 

and its primary function is to secrete chlorides and bicarbonates and maintain fluid 

homeostasis(Than et al., 2016)(Anderson, Cormier, & Scott, 2019). Homozygous 

deficiency for the CFTR gene leads to cystic fibrosis (CF), a hereditary life shortening 

disease primarily affecting pulmonary tissue, but which is also associated with a wide 

array of cancers especially those of the digestive tract, including those of the colorectal 

cancer (Maisonneuve, Marshall, Knapp, & Lowenfels, 2013). 

The CFTR gene encodes an mRNA of 6128 nucleotides and is found on 

chromosome 7 (Riordan JR et al.1989). The CFTR protein has two symmetrical halves, 

and each half contains 6 membrane spanning domains. These membrane spanning 

domains assemble together and form an aqueous pore that allow Cl- and HCO3- ions to 

flow down their electrochemical gradient. In the intestine, the ions flow from the 

cytoplasm to lumen (Anderson et al., 2019). CFTR is expressed on the apical surface of 

the intestinal epithelium, along the length of the intestine and on the brush border of the 

villus cells. In the colon, the highest concentration of CFTR is found in the proximal 

region and the cecum. It is highly expressed at the base of the crypt, where intestinal 

epithelial stem cells reside, and thus plays an important role in influencing the stem cell 

compartment (Anderson et al., 2019). A study conducted by (Li, Singh, Sun, Ma, & 

Yuan, 2019) found that CFTR plays an important role in intestine lineage differentiation. 
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F508del mutated CFTR embryonic stem cells formed teratomas, that had an enhanced 

expression of marker genes associated with cell proliferation, migration and epithelial-

mesenchymal transition (Li et al., 2019). 

In a study conducted by (Starr et al., 2009), a transposon based genetic screen in 

mice was conducted to identify candidate genes in colorectal cancer. Of the 16,000 

transposon insertions that were analyzed, 77 candidate genes were identified, and 60 of 

these genes were found to be mutated/dysregulated in human colorectal cancer. CFTR 

mutations were found in 6% of the tumors in this study. In another study (March et al., 

2011), CFTR mutations were found in 23% of the tumors, and ranked as #70 of 641 most 

common insertion site (CIS) genes. 

Significant advances made in disease management of CF has led to many CF 

patients now reaching adulthood (mean age of survival in the 40’s), when their likelihood 

of developing cancer increases (Maisonneuve et al., 2013). Studies have also found an 

increased risk of cancer among CF patients following organ transplantation 

(Johannesson, Askling, Montgomery, Ekbom, & Bahmanyar, 2009). Thus, to confirm 

and extend the previous findings about the risk of cancer in CF patients, Maisonneuve et 

al. (2013) conducted a 20-year nationwide study and found that CF patients have a 6-fold 

increased risk of developing colorectal cancer (David E. Niccuma, Joanne L. Billingsa, 

Jordan M. Dunitza, 2016). They evaluated adenoma detection by colonoscopic screening 

in cystic fibrosis patients and found that polyp detection increased after age 40 in these 

patients. More than 50% of the patients had adenomatous polyps, 25% had advanced 

adenomas and 3% had colorectal cancer. 

To confirm the role of CFTR in GI cancer, our lab examined CFTR deficiency in 

targeted mouse models and human colorectal cancer patients (Than et al., 2016). A 

previous member of our lab, Dr. Bich Than explored the role of CFTR dysregulation in 

GI cancer by using an ApcMin mouse with an intestinal specific knockout of Cftr and 

found that more tumors developed in the ApcMin Cftr mutant mice, as compared to ApcMin 

Cftr wild type mice. In addition, they found that more than 60% of one year old 

Apc+/+mice developed intestinal tumors upon loss of Cftr (Than et al 2016), compared 

with no tumors in control mice. 
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Than et al. (2016) performed microarray gene expression studies for 12 

comparison groups, shown in Table 1. These gene expression comparison studies 

revealed that loss of CFTR alters the gene expression in normal colon and normal small 

intestine. In the normal colon, loss of CFTR altered genes that were a part of major 

networks such as molecular transport, lipid metabolism, small molecule biochemistry and 

cellular growth/proliferation, renal and urological system development and function. Loss 

of CFTR was also found to alter gene expression in tumors with altered expression of 

genes associated with the Wnt/β-catenin pathway and the intestinal stem cell 

compartment (Than et al. 2016).  

Gene Expression in normal tissue Gene Expression in tumoral tissue 

Apc+/+ Cftrfl/fl-Villin-Cre normal colon Apc+/+ Cftrfl/fl-Villin-Cre colon tumors 

Apc+/+ Cftrfl/fl-Villin-Cre normal SI ApcMin Cftrfl/fl-Villin-Cre colon tumors 

Apc+/+ Cftr+/+ normal SI ApcMin Cftrfl/+-Villin-Cre colon tumors 

Apc+/+ Cftr+/+ normal colon ApcMin Cftr+/+ colon tumors 

 Apc+/+ Cftrfl/fl-Villin-Cre SI tumors 

 ApcMin Cftrfl/+-Villin-Cre SI tumors 

 ApcMin Cftr+/+ SI tumors 

 ApcMin Cftrfl/fl-Villin-Cre SI tumors 

 

 

Than et al. (2016) analyzed disease-free survival (DFS) in stage II colorectal 

cancer patients (AMC-AJCCII-90), separated by CFTR-high and CFTR-low mRNA 

expression (Figure 6). Kaplan-Meier analysis was used to correlate DFS with CFTR 

expression. In the AMC90 complete data set, consisting of both MSI and MSS cancers, 

the 3-year relapse free survival was 85% in the CFTR high-expressing group compared 

with 56% in the CFTR low-expressing group. In the MSS data set, the effect was even 

stronger, as the 3-year relapse free survival was 85% in the CFTR high-expressing group 

compared with 38% in the CFTR low-expressing group. 

 

Table 1. Gene Expression Comparison Studies (Than et al. 2016) 
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1.5 Potential Mechanisms of CFTR Tumor Suppression 

In colorectal cancer, the CFTR gene has been established as a tumor suppressor 

gene (Starr et al., 2009),(Than et al., 2016), (Maisonneuve et al., 2013), (David E. 

Niccuma, Joanne L. Billingsa, Jordan M. Dunitza, 2016), (Billings et al., 2014). 

However, the regulation and mechanisms of CFTR’s tumor suppression remain a major 

gap in knowledge. 

To identify potential mechanisms, we carried out pathway analysis of gene 

expression in several CRC cohorts. The data set “CFTRcomp” compared RNA sequences 

obtained from mouse colon tumors with Cftr knocked out, and normal mouse colon with 

wildtype Cftr. The gene set “HIFgenes” was a set of the top 100 genes upregulated in 

Hypoxia Inducible Factor (HIF1α) high expressing human colorectal tumors and was 

obtained from The Cancer Genome Atlas (TCGA). A comparison of “CFTRcomp” and 

gene set “HIFgenes” found an overlap between gene expression in colon adenomas from 

Cftr knockout mice and HIF1α high expressing human colorectal cancers (Figure 7). The 

nominal p-value and FDR q-value were both <0.001, and the Normalized Enrichment 

Score (NES) value obtained from these comparisons was 1.96. This confirmed the 

correlation between CFTR low and HIF1α high. 

Our GSEA results found a correlation between genes upregulated in CFTR low 

tumors and genes upregulated in HIF1α high tumors. Since HIF1A is activated in 

Figure 6. Kaplan Meier estimates of disease-free survival (DFS) between CFTR high and CFTR-low expressing 

tumors in (a) AMC-AJCCII-90 set and (b) MSS subset. The 3-year DFS was found to be higher in CFTR-high 

group, and lower in CFTR-low group (Than et al. 2016) 
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response to oxidative stress (Lacher, Levings, Freeman, & Slattery, 2018), this suggested 

that CFTR deficiency might be involved in the response to oxidative stress. Based on this 

preliminary information, we hypothesized that the loss of CFTR increases protection 

from oxidative stress, and this protection supports the survival of CRC cells.  

 

 

 

 

 

 

 

 

Hypoxic cellular environments are created due to relative or absolute deficiency 

of oxygen. This is a common feature in tumors, and an important stimulus for 

angiogenesis (J. Zhang, Wang, Jiang, & Chan, 2018). Hypoxia Inducible Factor 1 (HIF-

1) is an oxygen dependent transcriptional activator that plays an important role in 

maintaining cellular and systemic oxygen homeostasis (Lee, Bae, Jeong, Kim, & Kim, 

2004). The HIF-1 transcription factor is a complex of two subunits: HIF-1β which is a 

hydrocarbon receptor nuclear translocator (ARNT) and is constitutively expressed in all 

A. 

B. 

C. 

Figure 7. Gene Set Enrichment Analysis 

comparing “HIFgenes” and “CFTRcomp”; A. 

Enrichment Score (ES) - represents the degree to 

which gene set (HIFgenes) is overrepresented at the 

extremes of the entire ranked list (CFTRcomp) ES 

value = 0.53, NES value = 1.96; B. Leading Edge 

Subset – represent genes that are the core of the 

high scoring gene sets that contribute to ES; C. 

Rank at Max – measures a gene’s correlation with 

a phenotype, and a positive value indicates 

correlation with the first phenotype (CFTR KO); 

Nomnal P-value<0.001 and FDR q-value<0.001 
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cells, and HIF-1α which is stabilized under hypoxia (Maneet Bhatia, Therese C. 

Karlenius, 2016). Normally, HIF-1α is synthesized and degraded continuously in the 

cytosol. However, in response to low oxygen environments, it starts accumulating 

rapidly. HIF-1α is translocated to the nucleus, where it dimerizes with HIF-1β to form a 

HIF-1 complex. This complex then binds to hypoxia response element (HRE) in the 

promotors of target genes to activate their expression (Maneet Bhatia, Therese C. 

Karlenius, 2016). 

1.6 Redox Signaling in the gastrointestinal tract 

Oxygen is essential for all living beings, and a balanced oxygen environment is 

required since both lower and higher than required oxygen levels are detrimental to cells. 

Low cellular oxygen results in hypoxia, and the hypoxic stress created in cells leads to 

upregulation of pathways that are responsible for increasing the oxygen supply. This 

increased oxygen supply can promote cell proliferation and differentiation (Bhatia et al. 

2016), (Ye, Zhang, Townsend, & Tew, 2015). In contrast, high cellular oxygen results in 

oxidative stress. This leads to an increased response of antioxidants that reduce the 

available oxygen and promote apoptosis and cell death to prevent subsequent cellular 

damage differentiation (Bhatia et al. 2016), (Ye et al., 2015). Thus, the difference 

between too much or too little oxygen can determine the fate of pathways critical to cell 

survival and proliferation and creates a need to maintain oxygen homeostasis in the cells. 

Redox pathways play an essential role in maintaining this cellular oxygen homeostasis 

(Ye et al., 2015). 

Cellular pathways mediate oxygen homeostasis via pro-oxidant and anti-oxidant 

enzymatic pathways (Ye et al., 2015). Pro-oxidants are factors that generate free radicals 

such as reactive oxygen species (ROS). Anti-oxidants are enzymatic and non-enzymatic 

molecules that counteract the harmful effects of free radicals to maintain intracellular 

redox balance (Rahal et al., 2014). If metabolic production of ROS exceeds the capacity 

of endogenous antioxidant defense systems oxidative stress can occur (Daohong Zhou, 

Shao, & Spitz, 2014). Dysregulated ROS alters and damages intracellular molecules that 

include DNA, RNA, lipids and proteins (Sosa et al., 2013). This can then lead to 

development of pathologies. 
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ROS are the most abundant compounds derived from oxidative stress (Sosa et al., 

2013). ROS refers to chemically reactive molecules derived from oxygen. There are three 

ROS: O2
- (superoxide anions), H2O2 (hydrogen peroxide) and OH (hydroxyl radicals) (Ye 

et al., 2015). Among these, superoxide is a byproduct of mitochondrial oxidation 

reactions, hydroxyl radicals are invariably toxic and hydrogen peroxide is an 

intermediary signaling molecule (Ye et al., 2015). The primary sites for intracellular ROS 

production include: the endoplasmic reticulum (ER), the NADPH oxidase (NOX) 

complex, and the mitochondrial electron transport chain (ETC). ROS are needed for 

normal cellular functions such as proliferation, differentiation and homeostasis. However, 

excess ROS damages cells and plays an important role in initiating cancer (Ye et al., 

2015), via certain biological processes such as cellular proliferation, evasion of apoptosis, 

tissue evasion, metastasis and angiogenesis (Sosa et al., 2013). Thus, increased ROS 

levels, de-regulated redox homeostasis and increased anti-oxidant ability are one of the 

many hallmarks of cancer (Saikolappan, Kumar, Shishodia, Koul, & Koul, 2019). 

In the gastrointestinal epithelium, redox signaling pathways maintain redox status, 

and regulate the physiological self-renewal, proliferation, migration and differentiation of 

epithelial cells by modulating the Wnt/β-catenin and Notch signaling pathways through 

NADPH oxidases (NOXs). The loss of this redox homeostasis leads to development of 

several gastrointestinal disorders, including colorectal cancer(Pérez, Taléns-Visconti, 

Rius-Pérez, Finamor, & Sastre, 2017). 

Loss of the function of the Adenomatous Polyposis Coli (APC) gene leads to 

constitutive activation of the Wnt/β-catenin signaling pathway (Beumer and Clevers, 

2016), and this in turn leads to activation of Ras-related C3 botulinum toxin substrate 1 

(Rac1) and Tp53-inducible glycolysis and apoptosis regulator (TIGAR) (Myant et al., 

2013)(Cheung et al., 2016). Both Rac1 and TIGAR are responsible for regulating 

reactive oxygen species (ROS) levels (Cheung et al. 2016), and thus redox signaling in 

gastrointestinal epithelium is maintained by a balance between Rac1 and TIGAR (Perez 

et al. 2017). Rac1 promotes generation of signaling ROS via NOX1 and drives 

proliferation of crypt cells. In contrast, TIGAR prevents accumulation of damaging ROS 

via reduced glutathione (GSH) for antioxidant defense (Figure 8) (Cheung et al. 2016). 
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Thus, opposing effects of TIGAR and Rac1 derived ROS indicate that there are two 

separate pools of ROS: signaling ROS function in support of proliferation and cell 

survival, and damaging ROS induce damage and cell death (Cheung et al. 2016). Rac1 

acts as an enhancer generating signaling ROS and TIGAR acts as an inhibitor impeding 

damaging ROS, and together they help to maintain the redox signaling in gastrointestinal 

epithelium (including colon epithelium) (Perez et al. 2017). 

                                 

 

 

1.7 Redox Signaling in Colorectal Cancer 

Redox signaling exhibits two Janus faces (anti-tumoral and pro-tumor redox 

signaling) in colorectal cancer because O2
- and H2O2 paradoxically protect against tumor 

progression and distribution (Perez et al. 2017) (Figure 9). 

Figure 8. Proposed model of 

the role of ROS after Wnt 

signaling activation (Cheung 

et al. 2015). 
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1.7.1 Pro-tumoral Redox Signaling 

Persistent oxidative stress in colorectal cancer cells is caused due to up-regulation 

of NOX-1. This up-regulation of NOX-1 also stimulates cell proliferation via activation 

of Wnt and Notch signaling which leads to activation of transcription factor Nrf2 (Joo et 

al., 2016)(Perez et al. 2017). This activation of Nrf2 promotes anti-apoptotic mechanisms 

and angiogenesis (Kim et al., 2011). 

ROS generated through persistent oxidative stress also induces lipid peroxidation 

in CRC (Figure 9) (H. Liu et al., 2017). Lipid peroxidation generates HNE, which 

promotes expression of cyclooxygenase-2 (COX-2). Upregulation of COX-2 induces 

APC loss, which reduces degradation of β-catenin (Figure 3) leading to β-catenin 

translocation to the nucleus, activation of target genes and promotion of colorectal 

carcinogenesis (Liu et al. 2017). 

When Wnt signaling is activated, the ligand-receptor complex triggers activation 

of Ras-related C3 botulinum toxin substrate 1 (Rac1) (Figure 10). This induces 

Figure 9. The Janus two-faces of the redox signaling in colorectal cancer (Perez et 

al 2017). 
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production of NOX1 derived ROS, which then oxidizes NRX and causes Dishevelled 

(Dvl) proteins to dissociate from NRX. This then leads to reduced degradation of β-

catenin and subsequent activation of target genes (Liu et al. 2017). Tp53-inducible 

glycolysis and apoptosis regulator (TIGAR) lowers oxidative stress, glycolytic flux and 

enhances production of NADPH for antioxidant defense. In addition to these functions, it 

is also important for intestinal adenoma formation and tumor development (Cheung et al. 

2013, Perez et al. 2017). 

Additionally, direct damage to DNA and oxidation of DNA in colorectal tumors 

inactivates the DNA mismatch repair system by oxidative stress, and this leads to 

genomic mutations and microsatellite instability, which in turn initiates 

carcinogenesis(Chang et al., 2002). Thus, ROS maybe be pro-tumorigenic via these 

signaling pathways and mechanisms. 

 

 

 

 

Figure 10. Redox regulation of Wnt/β-catenin signaling pathway and lipid peroxidation (Liu et al. 2017) 
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1.7.1 Anti-tumoral Redox Signaling 

On the other hand, ROS is required for induction of apoptosis via p53 and p53-

upregulated modulator of apoptosis (PUMA) (Z. Liu et al., 2005) (Figure 8). 

Mitochondrial-ROS generated by uncoupling of oxidative phosphorylation induces 

release of Smac/DIABLO from mitochondria, by enhancing tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL), and apoptosis in TRAIL-resistant colon carcinoma 

cells(Izeradjene, Douglas, Tillman, Delaney, & Houghton, 2005). ROS also mediates 

down-regulation of cyclooxygenase-2 (COX-2) and vascular endothelial growth factor 

(VEGF) triggered by anti-inflammatory prostanoids in colon carcinoma cells (Figure 8). 

COX-2 along with VEGF contributes to tumor growth, metastasis and angiogenesis. 

Thus, down-regulation of VEGF and COX-2 by ROS leads to reduced tumor growth, 

metastasis and angiogenesis, and in this way, ROS may be anti-tumorigenic 

(Subbaramaiah & Dannenberg, 2003) (Grau, Iñiguez, & Fresno, 2004).  

Thus, based on the information in the current literature, Cheung et al. (2016) 

suggest that there are two pools of ROS: signaling ROS and damaging ROS. Signaling 

ROS are pro-tumorigenic and damaging ROS are anti-tumorigenic, and both have 

specific roles in redox signaling in CRC. In Cheung et al. (2020), the researchers found 

that in a pancreatic ductal adenocarcinoma (PDAC) model ROS regulation by TIGAR 

supported premalignant tumor initiation while restricting metastasis. However, increased 

ROS in this model drives a phenotypic switch that increases migration, invasion and 

metastatic capacity, and this phenotypic switch is dependent on increased MAPK 

signaling (Cheung et al., 2020). Through these results, they were able to provide some 

preliminary data to support the hypothesis of two pools of ROS. However, further 

research is needed to clarify the precise role of ROS in the pathogenesis and progression 

of colorectal cancer, specifically in the crypt base stem cells, as these cells are identified 

as the cells of origin for colorectal cancer. 

1.7.1 Role of HIF1A in Redox Signaling 

Transcriptional factors are a group of proteins that bind to specific DNA 

regulatory sequences to promote or repress gene expression. Elevated intracellular ROS 
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levels could regulate the activity of transcriptional factors and play an important role in 

CRC (H. Liu et al., 2017). GSEA results from our experiments found a correlation 

between CFTR and HIF-1α. Hence, the transcription factor HIF-1 is of special 

importance to the current study. 

ROS can activate transcription factor HIF-1α (Saikolappan et al. 2019). HIF-1 is 

an oxygen dependent transcriptional activator, and a heterodimer that consists of an alpha 

subunit and a beta subunit(Lee et al., 2004),(Movafagh, Crook, & Vo, 2015). The beta 

subunit is constitutively expressed. However, the alpha subunit activation changes in 

response to oxygen concentrations (Lee et al., 2004),(Movafagh et al., 2015). The 

expression of the alpha subunit is low in normoxic conditions, but remarkably high in 

hypoxic conditions (Lee et al., 2004). ROS signaling via HIF-1α is a key process critical 

in cellular proliferation, angiogenesis and HIF-1α stabilization (Movafagh et al., 2015) 

Research has found that ROS mediated transcriptional and translational regulation 

of HIF-1α occurs through enhanced signaling activity of ERK and PI3K/AKT(Du et al., 

2011) (Hielscher & Gerecht, 2015) and through inflammatory mediators (Haddad, 2002). 

ROS enhances signaling activity of ERK and PI3K/AKT, and this in turn induces HIF-1 

transcription and translation via regulators such as Rac1, HDAC (Du et al 2011, 

Hielscher et al 2015, Movafagh et al 2015). Synthesis of inflammatory mediators such as 

TNF-α and IL1-β are increased due to addition of exogenous ROS or depletion of GSH, 

and these inflammatory mediators in turn induce transcription and protein synthesis of 

HIF-1 (Haddad 2002, Movafagh et al 2015). Studies have found HIF-1α overexpression 

is associated with poor prognosis and colorectal cancer(Baba et al., 2010)(Ioannou et al., 

2015). 

1.9 Focus of this project 

Based on the preliminary information from Gene Set Enrichment analysis (Figure 

7), we hypothesize that the loss of CFTR increases protection from oxidative stress, and 

this protection supports the survival of CRC cells. To test this hypothesis, we obtained 

human colorectal cancer (Caco-2) cell lines from our collaborator Dr. Drumm (Hao et al., 

2019) in which half the cell lines had CFTR knocked out using CRISPR-Cas9 and the 
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other half were corresponding wildtype CFTR controls. Cell lines were treated with 

menadione and tert-butyl hydrogen peroxide (TBHP) to induce oxidative stress. The goal 

of this project is to understand differences in oxidative stress and survival between the 

WT and KO cell lines using cell viability and ROS detection assays. Thus, the current 

project will focus on understanding the role of tumor suppressor gene CFTR in an 

oxidative stress environment created in human colorectal cancer cell (Caco-2) lines.  
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MATERIALS AND METHODS 
 

Cell Culture 

Adherent Cell Culture 

Two pairs of human colorectal adenocarcinoma epithelial Caco-2 cell lines 

modified by CRISPR-CAS9 technology were provided by Dr. Mitchell Drumm from 

Case Western Reserve University. Each pair had one CFTR knockout (KO) Caco-2 cell 

line and one CFTR wildtype (WT) parental control Caco-2 cell line. The cell lines were 

cultured in Eagle’s Minimum Essential Medium (EMEM) with 10% Fetal Bovine Serum 

(FBS) and 1% L-glutamine. The cells were cultured and stored at 37℃ and an 

atmosphere of 5% CO2. The cells were fed or passaged every three to five days. 

For feeding cells, the existing media was removed from the cell culture flasks and 

replaced with fresh new media. For passaging, the old media was removed from the cells, 

1X Phosphate Buffered Saline (1X PBS) was added to rinse the remaining media from 

the flask. Cells were treated with Trypsin-EDTA (ethylenediaminetetraacetic acid) or 

TrypLE and incubated for four minutes at 37°C in 5% CO2. After trypsinization, fresh 

media was added back to the flask, to neutralize the trypsin reaction. The cells were 

moved to a conical tube and centrifuged at 300xg for five minutes. The cell pellets were 

resuspended in fresh media, and a select dilution was added to a new cell culture flask. 

The cells were returned to the incubator at 37°C and 5% CO2. 

Suspension Cell Culture 

Jurkat cells were provided by Dr. Ben Clarke from the University of Minnesota 

Medical School Duluth. The Jurkat cell line is an immortalized T lymphocyte cell line 

obtained from the peripheral blood line of a boy with T cell leukemia. The cell lines were 

cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium with 10% Fetal 

Bovine Serum (FBS) and 1% L-glutamine. The cells were fed or passaged every three to 

five days. 

For feeding cells, 5-10ml fresh RPMI media was added to the cell culture flask 

containing the cells. For passaging, the suspension cells were removed from the cell 
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culture flask and added to a sterile conical tube. The tube was centrifuged at 1200rpm for 

five minutes. The cell pellet was re-suspended in fresh media, and a select dilution was 

added to a new cell culture flask. The cells were returned to the incubator at 37°C and 5% 

CO2. 

DNA extraction 

For the extraction of total DNA from Caco-2 cell lines, frozen stocks of the cell 

lines were thawed, equilibrated to room temperature and then centrifuged for five 

minutes at 190 rpm. Cells were then resuspended in 200ul PBS. DNA was extracted from 

the cells using a DNAeasy Blood and Tissue Kit (250) (Catalog no. 69506) from Qiagen. 

20ul proteinase K and then 200ul Buffer AL were added to the cells. The vials were 

mixed thoroughly by vortexing and incubated at 56℃ for ten minutes. Following this 

step, 200ul ethanol (100%) was added to the vials, which were subsequently mixed by 

vortexing. This mixture was pipetted into a DNAeasy Mini spin column placed in a 2ml 

collection tube and centrifuged at 8000rpm for one minute. The flow-through and 

collection tube were discarded. The spin column was then placed in a new 2ml collection 

tube. 500ul Buffer AW1 was added to the spin column, and the column was centrifuged 

at 8000rpm for one minute. The flow-through and collection were discarded. Next, the 

spin column was placed in a new 2ml collection tube. 500ul Buffer AW2 was added to 

the spin column, and the column was centrifuged at 14000 rpm for three minutes. Again, 

the flow-through and collection were discarded. The spin column was placed in a new 

2ml microcentrifuge tube. 200ul DNA and RNA free water was added to the center of the 

spin column membrane to elute the DNA. The microcentrifuge tube was incubated for 

one minute at room temperature and centrifuged at 8000 rpm for another minute. The 

DNA concentration was then measured on a nanodrop (ND-1000) spectrophotometer. 

DNA Amplification, Purification and Sequencing 

To confirm the presence of the mutation in the CFTR gene, the region of the 

CFTR gene flanking the mutation site was amplified using PCR. DNA extracted from the 

mutant and wildtype Caco-2 cells was used as template. A HotStarTaq Master Mix Kit 

(Catalog no. 203446) from Qiagen was used. DNA from each cell line was placed in a 
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separate PCR tube. In each tube, 25ul of HotStarTaq Master Mix, 13ul RNAse free water, 

1ul reverse primer, 1ul forward primer and 10ul of extracted DNA was added and 

pipetted gently. Next, the PCR tubes were placed in an Applied Biosystems 9700 

thermocycler and the reaction was run for 25 cycles at the following profile: 

Step Time Temperature 

Initial heat activation 15 min 95 C 

3 step cycling: 

Denaturation 0.5-1 min 94 C 

Annealing 0.5-1 min 50-68 C 

Extension 1 min 72 C 

Number of cycles 25 

Final Extension 10 min 72 C 

 

To purify the PCR product obtained, the MinElute PCR purification kit from 

Qiagen was used. Next, the samples were sent to the University of Minnesota Genomics 

Center (UMGC) for sanger sequencing. 

Cell Viability Comparison Assay 

To compare cell viability between CFTR WT and CFTR KO cell lines, an MTT 

assay was performed using a Roche Cell Proliferation Kit I (Catalog no. 11465007001). 

The CFTR WT and CFTR KO cells were grown at a confluency of 2000 cells per well in 

sextuplicate wells and in five separate tissue culture treated clear 96 well plates to 

monitor their growth for five days. They were allowed 24 hours to adhere, and their 

growth was monitored for five days. On day 1, 24 hours after plating, 10ul of the MTT 

labelling reagent was added to all the cells in the 96 well plate. Four hours later, 100ul of 

the MTT solubilizing agent was added to all the cells in the same 96 well plate. 16-18 

hours after adding the MTT solubilizing agent to all the wells, they were read in a 

Synergy 2 Multi-Detection Microplate Reader at an absorbance of 595nm. A similar 

procedure of adding both MTT reagents was carried out day 2 through day 5. 
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Oxidative Stress Treatment Assay 

To compare cell viability between CFTR WT and CFTR KO cells in an oxidative 

stress environment, an MTT assay was performed using the Roche Cell Proliferation Kit I 

(Catalog no. 11465007001). CFTR WT and CFTR KO cells were grown at a confluency 

of 10,000 cells per well in triplicate wells and were allowed 24 hours to adhere to the 

well. They were grown in four separate tissue culture treated clear 96 well plates to test 

four different time points and four different concentrations of drug menadione made from 

an 80mM stock solution of menadione in 100% ethanol and obtained from Dr. Matt 

Slattery’s lab. Menadione drug treatments were added to the cells 24 hours after plating. 

At time point zero, immediately after drug treatments were added to cells in all wells, 

10ul of MTT labelling reagent was added to all wells in the control plate. Four hours 

later, 100ul of MTT solubilizing reagent was added to all wells in the control plate. 

Similar steps of adding both the MTT reagents were carried out at time point two hours, 

time point four hours and time point six hours. 16-18 hours after adding the MTT 

solubilizing reagent to all four 96 well plates, they were read in a Synergy 2 Multi-

Detection Microplate Reader at an absorbance of 595nm. 16-18 hours after adding the 

MTT solubilizing reagent to all four 96 well plates, they were read in a Synergy 2 Multi-

Detection Microplate Reader at an absorbance of 595nm. 

Reactive Oxygen Species (ROS) Detection Assay 

To compare reactive oxygen species (ROS) levels between the CFTR WT and 

CFTR KO cells in an oxidative stress environment, a ROS detection assay was 

developed. The protocol was adapted by comparing methods described from three 

sources – 1. Oxidative stress of alternariol in Caco-2 cells (Fernández-Blanco, Font, & 

Ruiz, 2014); 2. A Caco-2 cell-based quantitative antioxidant activity assay for 

antioxidants (Wan, Liu, Yu, Sun, & Li, 2015); 3. DCFDA Cellular ROS Assay Kit 

(ab113851) from abcam. For the protocol that we developed, thirty thousand (30,000) 

CFTR WT and CFTR KO Caco-2 cells per well were plated in a tissue culture treated 

black 96 well plate. Jurkat cells were used as control cell lines for this experiment, and 

hundred thousand (100,000) cells were plated in each well. To induce oxidative stress, 

cells were treated with 20μM menadione, and 50μM tert-Butyl hydroperoxide (TBHP). 
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To measure ROS levels 20μM 2’,7’-Dichlorofluorescein diacetate (DCFDA) dye 

purchased from Sigma-Aldrich (Catalog no. D6883) was used. For Caco-2 cells, all 

dilutions of menadione, TBHP and DCFDA were made in EMEM media and for Jurkat 

cells, all dilutions were made in RPMI media. The Caco-2 cells were cultured overnight. 

24 hours after Caco-2 cells were plated, media from all wells were aspirated, and these 

wells were washed with 100ul PBS, to wash out any cells that had not adhered to the 

surface. Following the washing step, 100ul EMEM media was added to control wells and 

100ul of 20μM DCFDA dye was added to experimental wells. The plate was covered in 

foil and incubated for 20 minutes in an incubator at 37°C and 5% CO2. At this same time, 

Jurkat cells (which grown in suspension) were counted to plate each well with hundred 

thousand (100,000) cells. They were added in two separate conical tubes, one for cells 

with dye and one for cells without dye. They were centrifuged for 5 minutes at 1200 rpm, 

washed with PBS and centrifuged again. RPMI media and 20μM DCFDA dye was added 

to the respective conical tubes. These tubes were covered with foil and incubated for 20 

minutes in an incubator at 37°C and 5% CO2. The experiment was carried out such that 

both Caco-2 cells in the 96 well plate and Jurkat cells in the conical tubes were incubated 

with dye for 20 minutes starting at the same time. After the 20 minute incubation step, 

dye was aspirated from experimental and cells were washed with 100ul PBS. RPMI 

media was added to the conical tubes containing Jurkat cells, then they were spun at 1200 

rpm for 5 minutes, and then added to the 96 well plate. Next, menadione and TBHP 

treatments were added to the specific wells. Immediately after the treatment, the 96 well 

plate was placed in a SpectraMax microplate reader (Molecular Devices Inc.)  at 37°C 

and fluorescence readings were taken every 15 minutes for six hours at 485nm excitation 

and 535nm emission. 

For performing the ROS detection assay with the DCFDA Cellular ROS Assay 

Kit (ab113851) from abcam, cells were treated with 50μM tert-Butyl hydroperoxide 

(TBHP). For both Caco-2 and Jurkat cells, the DCFDA dye was diluted in 1X buffer, and 

the TBHP drug was diluted in 1X supplemental buffer. The 1X supplemental buffer was 

made by diluting 1X buffer in FBS. To start the experiment, thirty thousand (30,000) 

CFTR WT and CFTR KO Caco-2 cells per well were plated in a tissue culture treated 

black 96 well plate and cultured overnight. 24 hours after Caco-2 cells were plated, media 
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from all wells were aspirated, and these wells were washed with 100ul of 1X buffer 

provided with the kit, to remove any Caco-2 cells that did not adhere to the plate. 

Following the washing step, 100ul 1X buffer was added to control wells and 100ul of 

20uM DCFDA dye was added to experimental wells. The plate was covered in foil and 

incubated for 45 minutes in an incubator at 37°C and 5% CO2. At this same time, Jurkat 

cells (which grown in suspension) were counted to plate each well with hundred thousand 

(100,000) cells. They were added in two separate conical tubes, one for cells with dye 

and one for cells without dye. They were centrifuged for 5 minutes at 1200 rpm, washed 

with 1X buffer and centrifuged again. 1X buffer and 20μM DCFDA dye was added to the 

respective conical tubes. These tubes were covered with foil and incubated for 30 minutes 

in an incubator at 37°C and 5% CO2. The experiment was carried out such that both 

Caco-2 cells in the 96 well plate and Jurkat cells in the conical tubes were incubated with 

dye starting at the same time. After the 30 minute incubation, 1X buffer was added to 

both the conical tubes containing Jurkat cells, they were spun for 5 minutes at 1200 rpm, 

and then plated on the 96well black plate. After the 45 minute incubation, dye was 

aspirated from all the wells, and the cells were washed with 1X buffer. Next, 50uM 

TBHP was added to the respective treatment wells, and 1X supplemental buffer was 

added to the wells without treatment. Immediately after the treatment, the 96 well plate 

was placed in a Spectra Max microplate reader (Molecular Devices Inc.)  at 37°C and 

fluorescence readings were taken every 15 minutes for six hours at 485nm excitation and 

535nm emission. 

Statistical Analysis 

Cell Growth Comparison Assay 

Data was collected for five days, and then analyzed together.  Readings from 

wells with only EMEM media and no cells was subtracted from readings of wells with 

cells and treatments, to remove background absorbance. Four biological replicates were 

carried out, and all quantitative results are given as averages with standard deviation. A 

paired two-tail t-test was used to determine the statistical significance and used a 

significance value of α=0.05. All graphs were made using GraphPad Prism (version 8). 
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Oxidative Stress Treatment Assay 

Data obtained from absorbance readings at 595nm were analyzed. The absorbance 

of wells with only EMEM media and no cells were subtracted from readings of wells 

with cells and treatments, to remove background absorbance. Next, readings of all wells 

in two hours, four hours and six hours treatment plates were normalized to readings from 

the control plate, to account for differences in growth between CFTR WT and CFTR KO 

cells. Specifically, wells with cells in only EMEM media in the two hours, four hours and 

six hours treatment plates were normalized to wells in control plate that had cells in only 

EMEM media. Wells with cells in menadione or ETOH treatments in the two hours, four 

hours and six hours treatment plates were normalized to wells in control plate that had 

cells in ETOH. Three biological replicates were carried out, and all quantitative results 

are given as averages with a standard deviation. A paired two-tail t-test was used to 

determine the statistical significance and used a significance vale of α=0.05. All graphs 

were made using GraphPad Prism (version 8). 

Reactive Oxygen Species Detection Assay 

The fluorescence signal of the cells was taken every 15 minutes for four hours at 

485 excitation and 535 emission using the SpectraMax microplate reader (Molecular 

Devices Inc.). The data was input in a data sheet in GraphPad. A graph was created using 

GraphPad Prism (version 8) by plotting each of these points. This resulted in each cell 

line with a specific treatment being represented by a curve, with error bars representing 

standard deviation. The curves of different cells with specific treatments was compared 

and analyzed visually. To gain a more significant understanding of the differences 

between the treatments, the area under curve for each of these treatments was calculated. 

Area under curve (AUC) is an integrated measurement of a measurable effect. To 

determine AUC using GraphPad, the data sheet with fluorescent intensity of the specific 

treatments was opened. Then from the “Analyze” drop down menu, “Area under curve” 

was chosen from the list of XY analyses. GraphPad computes AUC using the trapezoid 

rule, by connecting a straight line between every set of adjacent points that define the 

curve, and then sums up the area beneath these curves. The AUC values obtained from 

this analysis were input in another data sheet and a bar graph was made to represent these 
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results. We were unable to perform T tests to compare AUC values, as each figure 

represented one biological experiment. However, future experiments will aim to perform 

several biological experiments. The average AUC value from the several biological 

experiments can be input in a data sheet, along with the SEM (standard error of the mean 

value) and degrees of freedom. Then from the “Analyze” drop down menu, select the 

“un-paired two-tail t-test” function, which uses a significance value of α=0.05. This will 

provide the p values to determine statistical significance between the two groups at p ≤ 

0.05. 

List of Primers Used 

Primer Sequence 

Exon 12 PCR Forward: 5’-ACTGTGGTTAAAGCAATAGTGTG-3’ 

Reverse: 5’-GGCAAACAAATACACTGACACC-3’ 

 

 

 

 

 

 

 

 

 

 
 



33 
 

RESULTS 
 

Colon Adenocarcinoma Cell Lines (Caco-2) – Y21 and D8 

We initially obtained one pair of Caco-2 cell lines from our collaborator Dr. 

Mitchell Drumm at Case Western Reserve University in 2017. One cell line had CFTR 

knocked out by CRISPR-Cas9 modification in exon 11 (D8 – CFTR KO), and the other 

was a control that had been treated with a non-targeting vector (Y21 – CFTR WT). Figure 

11 represents the next generation sequence of the cell lines when they were sent to us. 

Figure 12 represents the RT-qPCR conducted by a previous member of the lab, Zishan 

Zhang (Z. Zhang, 2018)to validate CFTR mRNA expression in the Caco-2 cell lines.  

 

 

 

 

Figure 11. Next-Generation Sequencing (NGS) results of CFTR WT (Y21) and CFTR KO (D8). KO was 

created by nucleotide insertion highlighted in the figure. 
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From 2017-2019, we conducted experiments (Figure 14) using Caco-2 cells: Y21 

and D8. In 2019, we performed DNA sequencing of these cells (Figure 13). To test for 

the presence of the mutation in the CFTR gene, the region of the CFTR gene flanking the 

mutation site was amplified using PCR. DNA extracted from the mutant and wildtype 

Caco-2 cells was used as template. The PCR product was purified and sent to the 

University of Minnesota Genomics Center (UMGC) for Sanger sequencing (Figure 13). 

When we re-sequenced the DNA of Y21 and D8 in 2019 using Sanger sequencing, our 

results showed that the cytosine residue that was inserted on exon 11 to create a knockout 

of CFTR, was not present anymore. However, the sequence downstream of the mutation 

site was mixed suggesting that the insertion was present in some cases but lost in others.  

This could occur either because of heterozygosity at the cell level or heterogeneity at the 

population level. We confirmed this instability of D8 cell lines with our collaborator at 

Case Western Reserve University.  

Figure 12. Expression of CFTR in CFTR WT and CFTR KO 

Caco2 cell lines. CFTR mRNA expression in CFTR WT and 

CFTR KO cells was measured by RT-qPCR. The expression of 

CFTR was normalized to the expression of 18S (Zhang 2018). 
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Oxidative Stress Treatment Assay in Y21 and D8 

To evaluate if loss of CFTR protects the survival of CRC cells in an oxidative 

stress environment, we conducted cell viability experiments that compared the viability 

of CFTR WT (Y21) and CFTR KO (D8) cells in the presence of menadione. Menadione 

(Men; 2-Methyl-1,4-naphthoquinone) induces ROS production and oxidative stress by 

arylation and redox cycling. Redox cycling is a one-electron reduction pathway catalyzed 

by microsomal NADPH cytochrome b5 and P450 reductase, and mitochondrial NADPH 

ubiquinone oxidoreductase (Karczewski & Noordhoek, 1999)(O’Brien, 1991), and gives 

rise to a semiquinone. The quinone is reduced to a hydro-quinone via a two-electron 

reduction catalyzed by cytosolic DT-diaphorase. During the oxidation process of the 

hydroquinone and the semiquinone, superoxide anion radicals and singlet oxygen are 

formed (Karczewski & Noordhoek, 1999)(O’Brien, 1991). 

A dose gradient was utilized to select the concentration of menadione used for 

treatment. Eight thousand (8,000) Caco-2 cells per well with 3 technical replicates were 

plated into 96-well plates, cultured overnight, and then treated with menadione. Cells 

were treated with different doses of menadione (5μM, 20μM, 40μM, 80μM) and ETOH 

(vehicle control) for 2 hours in each biological replicate. In the zero hour plate, also 

called the control plate, there were cells in only Eagle’s Minimal Essential Media 

(EMEM), and cells treated with vehicle control ethanol. In the two hour plate, there were 

cells in only EMEM, cells treated with vehicle control and four different concentrations 

Figure 13. Sanger sequencing results of CFTR WT (Y21) and CFTR KO (D8). A. CFTR KO cells of passage 

number 10. B. CFTR KO cells of passage number 24. C. CFTR WT cells of passage number between 10-24. 
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of menadione (5μM, 20μM, 40μM, 80μM). Cell viability was determined using the MTT 

assay. To control for differences in plating the MTT values at each point were first 

normalized to zero hour untreated controls (cells with vehicle control ETOH). Then to 

determine the effect of oxidative stress on each cell line, the ratio of normalized cell 

viability values of treated vs untreated cells at each experimental point was analyzed.  

Mendione treatment caused decreased cell viability in both CFTR KO and WT cells. This 

was seen as a decreasing ratio of cell viability in treated over untreated cells for both 

CFTR KO and WT cells as the concentration of menadione was increased. However, the 

cell viability of CFTR KO cells decreased less than that of WT cells. Comparison of the 

ratio of treated/untreated cell viability in CFTR KO (D8) cells and CFTR WT (Y21) cells 

showed that viability was higher in CFTR KO cells. We performed three biological 

replicates for this experiment, and found difference in ratios between WT and KO cells at 

5μM, 20μM and 40μM menadione to be statistically significant at p ≤ 0.05 (p=0.0374, 

0.0029, 0.0360 respectively, Figure 14). These data indicate that CFTR deficiency causes 

oxidative stress to have a reduced effect on cell viability. 

To evaluate if cell confluency changes the effect of CFTR deficiency on 

protecting CRC cells from oxidative stress, we performed the same experiments as 

detailed above by plating two thousand (2,000), four thousand (4,000) and six thousand 

(6,000) Caco-2 cells per well with 3 technical replicates. Cells were treated with different 

doses of menadione (5μM, 10μM, 20μM) and ETOH (vehicle control) for 2 hours in each 

biological replicate. Cell viability was determined using the MTT assay. This experiment 

was analyzed as described above. As before the ratio of cell viability of treated over 

untreated cells decreased as the concentration of menadione increased. However, the ratio 

of cell viability in treated/untreated CFTR KO (D8) cells was higher than in CFTR WT 

(Y21) cells. We performed three biological replicates for this experiment. Although we 

saw a trend of a protective effect of CFTR KO this difference was not statisitcally 

significant at p ≤ 0.05 (Figure 14). As described at the beginning of this section the 

CFTR mutation was not stable. Thus, although these data suggest that loss of CFTR is 

protective, to confirm this we needed to test better defined cell lines.  
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Colon Adenocarcinoma Cell Lines (Caco-2) – Y4, M5, Y5, N5 

We obtained twelve additional Caco-2 cell lines modified by Crispr-CAS9 

engineering from our collaborator Dr. Mitchell Drumm at Case Western Reserve 

University in 2019. These cell lines were sequenced repeatedly to confirm mutations 

before being published in Hao et al. (2019). We performed experiments on four of these 

Caco-2 cell lines – CFTR WT (Y4, Y5) and CFTR KO (M5, N5). M5 corresponds to 

clone “C5” and N5 corresponds to clone “C2” as mentioned in Hao et al. (2019). To 

confirm the presence of the mutation in the CFTR gene in our cell lines, the region of the 

CFTR gene flanking the mutation site was analyzed by Sanger sequencing (Figure 15). 

The figures represent genotypes of CFTR clones in exon 12. In these CFTR mutant 

clones, the CFTR gene was knocked out by adding a one nucleotide insertion of thymine, 

at position “1750”. Cell lines of early passage represent sequencing of DNA made before 

the experiments, and cell lines of later passage represent sequencing of DNA made after 

the experiments were completed. 

Our Sanger sequencing results confirmed the results of Hao et al. (2019). 

Sequencing results of both CFTR WT (Y4, Y5) cell lines (Figure 15A, B, E, F) were 

Figure 14. MTT Cell Viability Assay in CFTR WT (Y21) and CFTR KO (D8) Caco-2 cell lines after 

menadione treatment. The cell viability of CFTR WT (Y21) and CFTR KO (D8) Caco-2 cell lines plated at 

four different confluencies, after treatment with different doses of menadione for 2 hours, was measured by 

the MTT assay. The Y axis represents ratio of cell viability of treated over untreated Caco-2 cell lines. 

Error bars represent standard deviation.  
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similar for all passage numbers, and thus were proven stable over the course of our 

experiments. Sequencing results of both CFTR KO (Y5, N5) cell lines (Figure 15C, D, E) 

showed insertion of thymine nucleotide at same position at all passage numbers, and thus 

were proven to be stable. Due to lack of time, we were unable to perform Sanger 

sequencing for CFTR KO (N5) cell lines after completing experiments. Our next steps 

were to compare the difference in cell growth rate between the CFTR WT and CFTR KO 

cell lines and repeat the oxidative stress treatment assays in these new cell lines. 

 

 

 

Cell Viability Comparison Assay 

To compare cell viability of CFTR WT (Y4) and CFTR KO (M5) cell lines before 

oxidative stress treatment using an MTT assay, we plated two thousand (2,000) Caco-2 

cells per well with 4 technical replicates into 96-well plates and cultured them from 24 to 

120 hours. Cell viability was determined using the MTT assay. The MTT values at each 

point from 48-120 hours were normalized to the MTT value of the same cell line 24 

hours after plating to control for variations in plating. The cell viability of the CFTR KO 

Figure 15. Sanger sequencing results of CFTR WT (Y4, Y5) and CFTR KO (M5, N5) Caco-2 cell lines. 

Early passage number represents sequencing of cells before experiment, and later passage number represent 

sequencing of cells after experiment. Sequences highlighted in green provide comparison between cell lines. 
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(M5) cell line was higher than the CFTR WT (Y4) cell line (Figure 16). We performed 

four biological replicates for this experiment. Although differences in cell viability 

between CFTR WT (Y4) and CFTR KO (M5) cell lines were not statistically significant 

at p ≤ 0.05, the data show a trend towards increased cell viability in the CFTR KO line 

(M5). Due to lack of time, we were not able to conduct the similar experiments with 

CFTR WT (Y5) and CFTR KO (N5) cell lines. 

 

 

 

 

 

Oxidative Stress Treatment Assay in Y4, M5, Y5, N5 

To evaluate if loss of CFTR protects the survival of CRC cells in an oxidative 

stress environment in these cell lines with well-defined mutations, we conducted cell 

viability experiments that compared the viability of CFTR WT (Y4, Y5) and CFTR KO 

(M5, N5) cells in the presence of menadione. Based on results from our previous 

experiments with Y21 and D8 cell lines (Figure 14), we utilized a dose gradient of 

menadione for the treatment. Ten thousand (10,000) Caco-2 cells per well with 3 

technical replicates were plated into 96-well plates, cultured overnight, and then treated 

Figure 16. MTT Cell growth assay in CFTR WT 

(Y4) and CFTR KO (M5) Caco-2 cell lines. The 

cell viability of CFTR WT (Y4) and CFTR KO 

(M5) cell lines was measured by the MTT assay. 

The Y axis represents ratio of cell viability. 

Error bars represent standard deviation.  
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with menadione. Cells were treated with different doses of menadione (10μM, 20μM, 

40μM, 60μM) and ETOH (vehicle control) for 2, 4 and 6 hours in each biological 

replicate. In the zero hour plate, also called the control plate, there were cells in only 

Eagle’s Minimal Essential Media (EMEM), and cells treated with vehicle control ethanol. 

In the two hours, four hours, and six hours plate, there were cells in only EMEM, cells 

treated with vehicle control and four different concentrations of menadione (10μM, 

20μM, 40μM, 60μM). Cell viability was determined using the MTT assay. To analyse the 

results of this experiment, the MTT values at each point were normalized to zero hour 

untreated controls for CFTR WT (Y4, Y5) and CFTR KO (M5, N5) Caco-2 cell lines, to 

control for variations in plating (Figure 17,18). To determine the effect of oxidative 

stress on each cell line, the ratio of treated of treated vs. untreated cell viability at each 

experimental point was analysed. 

When we compared the CFTR WT (Y4) and CFTR KO (M5) group of cell lines, 

the ratio of viability of treated over untreated cells decreased as the concentration of 

menadione increased. However, the ratio of treated/untreated viability of CFTR KO (M5) 

cells was higher than CFTR WT (Y4) cells. We performed six biological replicates for 

this experiment, and found the difference in the ratios between WT and KO cells when 

they were treated with 40 μM menadione for 4 hours, to be statistically significant at p ≤ 

0.05 (p= 0.022, Figure 17). In this combination of cell lines CFTR deficiency causes 

oxidative stress to have a reduced effect on cell viability. 

For the CFTR WT (Y5) and CFTR KO (N5) group of cell lines, the ratio of cell 

viability of  treated over untreated cells decreased as the concentration of menadione 

increased. However, in this combination of cell lines the ratio of treated/untreated CFTR 

WT (Y5) cells was higher than CFTR KO (N5) cells. We performed three biological 

replicates for this experiment, and found the difference in ratios between WT and KO 

cells when they were treated with 40 μM and 60μM menadione for 6 hours, to be 

statistically significant at p ≤ 0.05 (p= 0.047, 0.019 respectively, Figure 18). These data 

indicate that in this combination of cell lines CFTR deficiency does not cause oxidative 

stress to have a reduced effect on cell viability, contrary to my previous result. 
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In order to determine the role of CFTR deficiency in protecting the survival of 

CRC cells in an oxidative stress environment, the oxidative stress treatment assay needs 

to be performed in the remaining 10 Caco-2 cell lines. These experiments will be 

completed by other lab members. 

 

 

  

 

 

Figure 17. MTT Cell Viability Assay in CFTR WT (Y4) and CFTR KO (M5) Caco-2 cell lines after 

menadione treatment. The cell viability of CFTR WT (Y4) and CFTR KO (M5) Caco-2 cell lines after 

treatment with different doses of menadione for 2, 4, and 6 hours, was measured by the MTT assay. The Y 

axis represents ratio of cell viability of treated over untreated Caco-2 cell lines. Error bars represent standard 

deviation.  
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Reactive Oxygen Species Detection Assay 

In order to further understand how loss of CFTR affects CRC cells in an oxidative 

stress environment we decided to measure reactive oxygen species (ROS) levels in the 

oxidative stress environment. ROS are chemically reactive molecules derived from 

oxygen. Persistent oxidative stress generates excess ROS, and excess ROS damages cells 

and alters signaling pathways and can help initiate cancer (Zhi-Wei Ye et al. 2015). Thus, 

we hypothesized that one way CFTR might influence the response to oxidative stress is 

by modulating ROS levels. In particular, if loss of CFTR is protective, then it might cause 

decreased ROS levels. I used two strategies to test this hypothesis - First I tried to 

develop an in house ROS detection assay, and second, I used a DCFDA Cellular ROS 

Assay Kit (ab113851) from Abcam. 

 

Figure 18. MTT Cell Viability Assay in CFTR WT (Y5) and CFTR KO (N5) Caco-2 cell lines after 

menadione treatment. The cell viability of CFTR WT (Y5) and CFTR KO (N5) Caco-2 cell lines after 

treatment with different doses of menadione for 2, 4, and 6 hours, was measured by the MTT assay. The Y 

axis represents ratio of cell viability of treated over untreated Caco-2 cell lines. Error bars represent standard 

deviation.  
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Development of ROS Detection Assay 

The protocol for the in house ROS detection assay was adapted by comparing 

methods described from three sources – 1. Oxidative stress of alternariol in Caco-2 cells 

(Blanco et. al., 2014); 2. A Caco-2 cell-based quantitative antioxidant activity assay for 

antioxidants (Wan et. al., 2015); 3. DCFDA Cellular ROS Assay Kit (ab113851) from 

Abcam. This protocol development was done in collaboration with Dr. Cara Hegg of the 

Whiteside Institute for Clinical Research. 

Based on protocols used in the research papers mentioned above, we came up 

with an initial protocol which we developed using Y21 CFTR WT cells. We used the dye 

2’,7’-Dichlorofluorescin diacetate (DCFH) purchased from Sigma-Aldrich (Catalog 

number D6883) which changes fluorescence emission upon exposure to ROS.  This dye 

was dissolved it in DMSO to make 20μM DCFH aliquots. 3 x 104 cells were grown in a 

black 96 well plate and cultured overnight. The next day, cells were incubated with the 

dye for 20 minutes, and then treatment was added. Immediately after the treatment was 

added, the plate was read for a specified length of time at 15 minute intervals. The data 

was collected and analyzed using GraphPad Prism. We also narrowed down several 

variables to work with to develop a protocol best suited for our cell lines. 

In the first experiment, we used CFTR WT (Y21) cell lines and three different 

ROS inducers – Menadione (5μM, 10μM, 20μM), tert-Butyl hydroperoxide (TBHP) 

(12.5μM, 25μM, 50μM) and Alternariol (AOH) (15μM, 30μM, 60μM). We measured the 

plate at 485 excitation/535 emission and 504 excitation/529 emission every 15 minutes 

for 400 minutes. Results from this first experiment revealed that menadione gave the best 

signal as a ROS inducer when the plate was read at 485 excitation/535 emission. 

For the second experiment, we used a wider range of menadione doses (5μM, 

10μM, 20μM, 40μM, 60μM) and read the plate every 15 minutes for 500 minutes at 485 

excitation/535 emission. Results from this experiment revealed that Y21 cells gave us the 

best signal when they were treated with 20μM menadione and read every 15 minutes for 

400 minutes. However, due to excessive clumping of cells we were unable to reproduce 

our data. 
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Hence, in the third and fourth experiment, we used a cell strainer and TrypLE in 

place of trypsin before plating the cells. While this helped to reduce clumping, and 

variability, we had a problem with using menadione as a ROS inducer. As shown in 

Figure 19, menadione with dye and cells gave a signal similar to menadione without dye 

and cells, and a signal much higher than cells with just dye. This was because of the high 

background absorbance created by menadione and suggest that menadione may be 

causing autofluorescence. We did not include a control of just dye, and no cells for this 

experiment. Including this would have helped clarify if autofluorescence was really 

occurring. So, the next step was to either try other ROS inducers or use this same 

protocol with other cell lines.  

 

 

 

 

 

We next tested the ROS assay protocol we had developed so far using Jurkat cell 

lines and TBHP as a ROS inducer. Jurkat cells are an immortalized line of T 

Figure 19.  Autofluorescence caused by menadione. The 

fluorescence intensity was measured every 15 minutes 

for six hours and plotted on the graph. The Y axis 

represents the fluorescence intensity, and X axis 

represents time. Comparing the cells treated with 

menadione and dye, and cells treated with just 

menadione, we see a very small difference. Error bars 

represent standard deviation of technical replicates in one 

experiment.  
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lymphocytes. tert-Butyl hydroperoxide (t-BHP) is a short-chain analogue of lipid 

hydroperoxide. It causes overproduction of reactive species, and this leads to oxidative 

stress (Sousa et al., 2015). It is metabolized by two distinct pathways. In the first 

pathway, t-BHP is reduced to tert-butyl alcohol by glutathione peroxidase (GPx), and this 

is followed by conversion of reduced glutathione (GSH) into the oxidized form (GSSG). 

GSSG is converted to GSH by glutathione reductase (GR), and this results in NADPH 

oxidation (Sousa et al. 2015). The second distinct pathway by which t-BHP is 

metabolized involves cytochrome P450 and leads to formation of toxic peroxyl and 

alkoxyl radicals that initiate lipid peroxidation. Thus t-BHP initiates oxidative stress by 

lipid peroxidation and depletion of GSH (Sousa et al. 2015). This mechanism is different 

from that of menadione. The results of this experiment showed that when Jurkat cells 

were treated with TBHP and dye, their fluorescent intensity was higher than Jurkat cells 

with only TBHP and no dye. However, we were unable to replicate the results of this 

ROS detection experiment conducted using Jurkat cells and TBHP and following the 

protocol of the assay we have developed in later experiments.  

Next, we measured ROS levels in Caco-2 CFTR WT (Y4) and CFTR KO (M5) 

cell lines. We tried using menadione as ROS inducer again, to check if it might work 

better with the Y4 and M5 cells. Figure 20A depicts the fluorescence value of the treated 

cells plotted at specific time points and represents one biological replicate. In order to 

compare the ROS levels between the WT and KO cells we calculated the area under the 

curves (AUC) for both cell lines and represented the results in a bar graph (Figure 20B). 

Although the statistically significant difference at p ≤ 0.05, between the WT and KO cell 

lines cannot be determined as this graph represents one biological replicate, the treated 

WT cells showed higher ROS levels than KO. However, we were again unable to 

reproduce these results. So, our next step was to purchase the DCFDA Cellular ROS 

Assay Kit (ab113851) from Abcam, and repeat the experiments using this kit. 
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ROS Detection Assay using kit 

The DCFDA Cellular ROS assay kit was used to compare ROS levels between 

CFTR WT (Y4) and CFTR KO (M5) cells. The protocol used to perform the experiment 

using the kit was according to manufacturer’s instructions and similar to what we had 

already developed. However, instead of PBS to wash the cells we used the 1X buffer 

provided by the manufacturer. In addition, the kit provided us with TBHP as the ROS 

inducer. Cells were incubated with dye, then treated with THBP. Absorbance was 

measured every 15 min. for six hours.  

We performed one experiment with Jurkat cells using the kit (Figure 21). These 

Jurkat cells were used as control cells. We observed that Jurkat cells with only dye and 

no TBHP showed similar fluorescence intensity when compared to Jurkat cells with no 

TBHP and no dye. We also observed that Jurkat cells with dye and treatment showed 

higher fluorescence intensity than Jurkat cells with only dye (Figure 21). Thus, the assay 

gave us results we expected and similar to those included in the commercial kit protocol.  

Figure 20. Comparing ROS levels between CFTR WT (Y4) and CFTR KO (M5) Caco-2 cell lines 

treated with menadione. A. The fluorescence intensity was measured every 15 minutes for six hours 

and plotted on the graph. The Y axis represents the fluorescence intensity, and X axis represents 

time. Error bars represent standard deviation of technical replicates in one experiment. B. The Area 

under curves from A. were calculated and compared, The X axis represents the treatment, and Y axis 

represents the AUC value.  
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Using CFTR WT (Y4) and CFTR KO (M5) and the kit, we performed three 

experiments. In the first experiment (Figure 22), we compared CFTR WT (Y4) and 

CFTR KO (M5) cells treated with TBHP.  After measuring absorbance for six hours we 

calculated area under the curve values for both cell lines and summarized it in a bar graph 

(Figure 22 B). Although, the statistically significant difference at p ≤ 0.05, between the 

WT and KO cell lines cannot be determined as this graph represents one biological 

replicate, treated CFTR WT (Y4) cell lines showed a similar trend of higher ROS levels 

than CFTR KO (M5) cells (Figure 22). In this first experiment using the kit, we had 

missed a critical control treatment: cells with dye and no ROS inducer. Thus, our next 

step was to repeat this experiment including this control. 
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Figure 21. Comparing ROS levels between Jurkat cells treated 

with different combinations of dye and TBHP. The 

fluorescence intensity was measured every 15 minutes for six 

hours and plotted on the graph. The Y axis represents the 

fluorescence intensity, and X axis represents time. Cells 

without dye show poor fluorescence intensity, while cells with 

treatment and dye show the highest fluorescent intensity. Error 

bars represent standard deviation of technical replicates in one 

experiment.  
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Using CFTR WT (Y4) and CFTR KO (M5) and the kit, we performed three 

experiments. In the first experiment (Figure 22), we compared CFTR WT (Y4) and 

CFTR KO (M5) cells treated with TBHP.  After measuring absorbance for six hours we 

calculated area under the curve values for both cell lines and summarized it in a bar graph 

(Figure 22 B). Although, the statistically significant difference at p ≤ 0.05, between the 

WT and KO cell lines cannot be determined as this graph represents one biological 

replicate, treated CFTR WT (Y4) cell lines showed a similar trend of higher ROS levels 

than CFTR KO (M5) cells (Figure 22). In this first experiment using the kit, we had 

missed a critical control treatment: cells with dye and no ROS inducer. Thus, our next 

step was to repeat this experiment including this control. 

 

 

 

 

 

We performed two biological replicates of the ROS detection assay using both 

CFTR WT (Y4) and CFTR KO (M5) cell lines and all the required controls (Figure 23-

26). The figures show plots of fluorescence intensity measured every 15 min. for 6 hours 

Figure 22. Comparing ROS levels between CFTR WT (Y4) and CFTR KO (M5) Caco-2 cell lines 

treated with TBHP. A. The fluorescence intensity was measured every 15 minutes for six hours and 

plotted on the graph. The Y axis represents the fluorescence intensity, and X axis represents time. 

Error bars represent standard deviation of technical replicates in one experiment. B. The Area under 

curves from A. were calculated and compared. The X axis represents the treatment, and Y axis 

represents the AUC value. 
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with standard deviation for each experimental data point calculated from technical 

replicates and areas under curve calculated from these plots. Each experiment is shown in 

separate figures (Figure 23 and 24 for the first experiment, and Figure 25 and 26 for the 

second experiment). The two experiments are not combined.  

In the first biological experiment (Figure 23,24), we compared ROS levels 

between CFTR WT (Y4) cells and CFTR KO (M5) cells with treatment (ROS inducer 

TBHP and dye) and without treatment (only dye). The data shown in both Figure 23 and 

24 are the same, however different comparisons are made. Figure 23 was created by 

plotting fluorescent intensity values obtained every 15 minutes, and it shows change in 

fluorescence intensity for each cell line upon treatment. CFTR WT (Y4) showed 

increased intensity upon treatment. However, we did not see increased intensity upon 

treatment of CFTR KO (M5) cells. This result may be due to experimental error. Figure 

24 shows differences in fluorescence intensity between CFTR WT (Y4) and CFTR KO 

(M5) lines under basal conditions (A, B) and after treatment with THBP (C, D).  In this 

experiment CFTR KO (M5) cells showed a higher fluorescence signal than CFTR WT 

(M5) cells under basal conditions.  However, CFTR WT (M5) had a higher signal after 

treatment with THBP.  While we were unable to determine a statistical significance for 

these differences at p ≤ 0.05 as it represents a single biological experiment, we continue 

to see a trend where treated CFTR WT (Y4) cell lines have greater ROS levels than 

CFTR KO (M5) cell lines when treated with TBHP (ROS inducer).  
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Figure 23. Comparing ROS levels between basal and untreated CFTR WT (Y4) and CFTR KO 

(M5) Caco-2 cell lines A. and C. The fluorescence intensity was measured every 15 minutes for 

six hours and plotted on the graph. The Y axis represents the fluorescence intensity and X axis 

represents time. Error bars represent standard deviation of technical replicates in one experiment. 

B. and D. The Area under the curves from A. and C. were calculated and compared. The X axis 

represents the treatment, and Y axis represents the AUC value.  
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In the second biological replicate (Figure 25,26), we again compared ROS levels 

between CFTR WT (Y4) cells and CFTR KO (M5) cells with treatment (ROS inducer 

TBHP and dye) and without treatment (only dye). In both Figure 25 and 26, the same 

data from one biological experiment was compared in different ways in each figure. 

Figure 25 shows change in fluorescence intensity for each cell line upon treatment. Both 

CFTR WT (Y4) and CFTR KO (M5) lines showed increased intensity upon treatment. 

Figure 26 shows changes in fluorescence intensity between CFTR WT (Y4) and CFTR 

KO (M5) lines under basal conditions (A, B) and after treatment with THBP (C, D).  We 

were unable to determine a statistical significance for these differences at p ≤ 0.05 as it 

represents a single biological experiment. However, CFTR WT (Y4) cells showed a 

Figure 24. Comparing ROS levels between basal and treated CFTR WT (Y4) and CFTR KO (M5) 

Caco-2 cell lines A. and C. The fluorescence intensity was measured every 15 minutes for six hours 

and plotted on the graph. The Y axis represents the fluorescence intensity, and X axis represents time. 

Error bars represent standard deviation of technical replicates in one experiment. B. and D. The Area 

under curves from A. and C. were calculated and compared. The X axis represents the treatment, and Y 

axis represents the AUC value.  
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higher fluorescence signal than CFTR KO (M5) cells under both basal conditions and 

after treatment.  

 

 

 

Figure 25. Comparing ROS levels between basal and untreated CFTR WT (Y4) and CFTR KO (M5) Caco-2 

cell lines A. and C. The fluorescence intensity was measured every 15 minutes for six hours and plotted on 

the graph. The Y axis represents the fluorescence intensity, and X axis represents time. Error bars represent 

standard deviation of technical replicates in one experiment. B. and D. The Area under curves from A. and C. 

were calculated and compared The X axis represents the treatment, and Y axis represents the AUC value.  
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From the above results, there is a trend of CFTR WT (Y4) cells with treatment 

showing fluorescence intensity higher than CFTR KO (M5) cells. However, statistically 

significant differences between their AUC values could not be obtained. In addition, the 

AUC values do not appear to represent the difference in fluorescent intensity between the 

cell lines accurately. The reason for this is unclear from the documentation in GraphPad 

Prism (version 8). Thus, future experiments will aim to do more biological replicates to 

confirm these results and perform unpaired T-tests to determine the statistical 

significance, and in addition determine other statistical test that may accurately represent 

Figure 26. Comparing ROS levels between basal and treated CFTR WT (Y4) and CFTR KO (M5) Caco-2 

cell lines A. and C. The fluorescence intensity was measured every 15 minutes for six hours and plotted on 

the graph. The Y axis represents the fluorescence intensity, and X axis represents time. Error bars represent 

standard deviation of technical replicates in one experiment. B. and D. The Area under curves from A. and C. 

were calculated and compared. The X axis represents the treatment, and Y axis represents the AUC values.  

 



54 
 

differences in ROS levels between the cell lines.  Due to lack of time, we were unable to 

perform more experiments. The next steps will also be to perform more biological 

replicates of this experiment and use the other Caco-2 cell lines. 
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DISCUSSION 

 

Summary 

The initial hypothesis for this thesis was that loss of CFTR increases protection 

during oxidative stress, and that this protection may help CRC cells survive better. To test 

this hypothesis, we carried out pathway analysis on several datasets reporting global 

RNA expression for colon tissue or tumor samples, and we found an overlap between 

gene expression in CFTR-low expressing tumors and HIF1α high expressing tumors 

(Figure 7). Next, we used CRISPR-Cas9 modified Caco-2 cell lines as our model 

systems. Cell viability assay performed by treating Caco-2 cell lines with menadione 

showed a trend where CFTR KO cells had a higher viability than CFTR WT cells. This 

led us to believe that CFTR deficiency may be helping CRC cells survive better in an 

oxidative stress environment. ROS detection assays performed to measure ROS levels 

comparing CFTR WT and CFTR KO cells in an oxidative stress environment, showed a 

trend where CFTR WT cells had higher ROS levels than CFTR KO cells. This led us to 

believe that CFTR deficiency may be protecting CRC cells from oxidative stress by 

lowering ROS levels. These results were not conclusive but suggest a potential 

mechanism for CFTR tumor suppression in CRC.  

Gene Set Enrichment Analysis 

To identify potential mechanisms of tumor suppression by CFTR, we carried out 

pathway analysis of gene expression in several CRC cohorts. The data set “CFTRcomp” 

compared RNA sequences obtained from mouse colon tumors with Cftr knocked out, and 

normal mouse colon with wildtype Cftr. The gene set “HIFgenes” was a set of the top 

100 genes upregulated in Hypoxia Inducible Factor (HIF1α) high expressing human 

colorectal tumors. A comparison of “CFTRcomp” and gene set “HIFgenes” found an 

overlap between gene expression in colon adenomas from Cftr knockout mice and HIF1α 

high expressing human colorectal cancers (Figure 7).  

Research by Lacher et al. 2018 found that the transcription factor NRF2 (a key 

regulator of the adaptive response to oxidative stress), directly regulates the expression of 
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HIF1A, which encodes HIF1α. Thus, through their studies they were able to show that 

HIF1α is linked to oxidative stress, and HIF1A is a ROS responsive transcript (Lacher et 

al. 2018). Based on the results of the GSEA analysis and the information in the Lacher et 

al. 2018 paper, we would expect CFTR deficiency to cause increased expression of 

HIF1α, which would lead to increased ROS levels. However, expression of HIF1α may 

remain high even if ROS levels are low, specifically in cancer cells. This is because in 

cancer cells HIF1α is stabilized by mechanisms that allow it to remain constitutively 

active even during normoxia. These mechanisms can also stabilize HIF1α in the presence 

of low ROS. An example of this mechanism that may stabilize HIF1α in low ROS levels 

is via von Hippel- Lindau gene (pVHL), which is a master regulator of HIF (Haase, 

2009) and a tumor suppressor gene (Kuwai et al., 2004). pVHL being a tumor suppressor 

gene, is mutated in most cancers, including colorectal cancer (Kuwai et al., 2004). Thus, 

if pVHL is mutated it may affect stabilization of HIF1α and lead to its increased 

expression in a cellular environment of low ROS levels.  

Potential Mechanisms of CFTR Tumor Suppression 

CFTR expression has been linked to oxidative stress and ROS in the past via 

positive and negative correlations (Table 2). A study by Duranton et al., (2012) found 

that in normal proximal convoluted tubules from mouse kidneys, loss of CFTR leads to 

cellular retention of GSH and therefore decreased oxidative stress. In contrast, studies by 

(Marie Laure Kleme, Sané, Garofalo, & Levy, 2016)and (Marie L. Kleme et al., 2018) 

showed that CFTR gene deletion in normal intestinal epithelial cells induces oxidative 

stress, and this may occur via disruptions in mitochondrial redox homeostasis and cellular 

lipid synthesis. Fei et al., 2018 found that in Human umbilical vein endothelial cells 

(HUVECs), over expression of CFTR inhibited production of ROS, and this occurs via 

inactivation of NF-KB and MAPK signaling. Additionally,(Xu, Huang, Yin, Fang, & 

Shen, 2020) reported that CFTR overexpression attenuated oxidative stress injury in 

chronic obstructive pulmonary disease (COPD) mouse. However, the impact of these 

results on oncogenesis is not known. 
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CFTR expression and oxygen homeostasis 

(Duranton et al., 2012) (Marie L. Kleme et al., 2018) 

• Researchers found that loss of CFTR 

leads to cellular retention of GSH and 

therefore decreased oxidative stress. 

 

• They propose a mechanism to represent 

the role of CFTR in hypoxia-induced 

adaptive response in renal cells. 

 

1. Hypoxia inhibits degradation of 

HIF1α which accumulates on the 

cytosol, and also induces 

production of ROS from 

mitochondria. 

2. ROS activates CFTR, thus allowing 

GSH to flow outside the cell. 

3. Mutation of CFTR leads to 

increased intracellular accumulation 

of GSH, which scavenges ROS and 

leads to reduced ROS levels in the 

cell. 

4. Thus, cellular redox status depends 

on equilibrium between ROS and 

GSH controlled by CFTR. 

 

• Researchers found CFTR defects induce 

oxidative stress via mitochondrial 

dysfunction and lipid homeostasis 

disruption in intestinal epithelial cells. 

 

1. Researchers found that mutation of 

CFTR gene expression in intestinal 

cells was sufficient to induce 

oxidative stress and increase 

susceptibility to pro-oxidants. 

2. Increased susceptibility to pro-

oxidants may have occurred via 

down-regulation of PGC-1α 

(regulator of gene expression of 

antioxidants). 

3. In CFTR knockout cells, 

downregulation of respiratory 

OXPHOS complexes, and high 

ADP/ATP ratio demonstrated 

defects in mitochondrial respiration. 

4. In CFTR knockout cells, increased 

secretion of lipids, lipoproteins and 

apolipoproteins demonstrated 

lipogenesis stimulation. 

 

 

Oxidative stress in colorectal cancer has both pro-oncogenic and anti-oncogenic 

effects. High rates of metabolism in cancer cells lead to increased oxidative stress and 

production of ROS (Scott, Anderson, Singhania, & Cormier, 2020). Signaling ROS are 

pro-tumorigenic because of increased signalling of several pathways such as Wnt-Beta 

catenin pathway and have a beneficial role as they promote cancer development via 

mechanisms such as DNA damage (Scott et al. 2020). Damaging ROS are anti-

tumorigenic and are harmful to both normal and cancer cells as they cause excess DNA 

damage which leads to apoptosis (Scott et al. 2020). Further research is needed to clarify 

the precise role of ROS in the pathogenesis and progression of colorectal cancer. 

Table 2. CFTR expression has been linked to oxygen homeostasis via positive and negative 

correlation. 
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Loss of CFTR may be protective in cancer cells by decreasing extreme oxidative 

stress and therefore protecting tumors from deleterious effects of high oxidative stress 

created by cancer conditions. In the literature, there are examples of loss of CFTR both 

increasing and decreasing oxidative stress (Table 2). However, based on the GSEA 

results that showed overlap of CFTR low with HIF1α high, we hypothesized that loss of 

CFTR may be protective against oxidative stress.  

Human Colorectal Cancer Cell Lines 

To test our hypothesis, we used human colorectal cancer (Caco-2) cell lines as our 

model systems. Cancer cell lines are valuable in-vitro model systems because of their 

ability to provide an inexhaustible source of biological material for experimental purpose 

(Mirabelli, Coppola, & Salvatore, 2019). Using appropriate controls, and under the right 

conditions cancer cell lines retain most of the genetic properties of the cancer of origin 

(Mirabelli et al. 2019). 

We obtained CRISPR-Cas9 modified Caco-2 cell lines from our collaborator, Dr. 

Drumm, and tested three combinations of cell lines: CFTR WT (Y21) and CFTR KO 

(D8), CFTR WT (Y4) and CFTR KO (M5), CFTR WT (Y5) and CFTR KO (N5). Upon 

re-sequencing the first combination: Y21 and D8, we found that the CFTR KO (D8) cell 

lines were unstable (Figure 13). Their homozygosity was lost, and thus these cell lines 

were not stable. This may have arisen due to heterozygosity at the cellular level or 

heterogeneity at the population level. The instability of this cell line was confirmed with 

our collaborator. Results from these cell lines did provide us with data that supported our 

hypothesis. However, due to their instability interpretation of results using these cell lines 

was unclear. We obtained twelve new Caco-2 cell lines from Dr. Drumm. Of these 

twelve, six had the CFTR gene knocked out and six were control cell lines that had been 

treated with a non-targeting vector. These cell lines had been tested and published in Hao 

et al. 2019. For the experiments in this thesis, we only used four clonal cell lines: CFTR 

WT (Y4, M5), and CFTR KO (Y5, N5). These twelve lines have been tested and 

published in Hao et al. (2019). Our sequencing results (Figure 15) for the four lines we 

used match the results published in Hao et al. (2019, Table S4), and thus we were able to 

confirm that these cell lines are stable. 
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The next step was to compare the cell viability between CFTR WT and CFTR KO 

Caco-2 cell lines. Due to lack of time we were only able to do this for CFTR WT (Y4) 

and CFTR KO (M5). We performed an MTT assay to compare the viability between the 

two cell lines. Although the results did not show the difference in viability between the 

two cell lines to be significant (Figure 16), throughout our experiments we observed a 

trend where CFTR WT (Y4) cell lines had a slightly higher cell viability than CFTR KO 

(M5) cell lines. 

When we began oxidative stress treatment assays with these cell lines, comparing 

certain groups of cells gave us contradictory results. The results from oxidative stress 

treatment assays with the first two combinations of cells (Y21 and D8, Y4 and M5) were 

similar. However, when we used a third combination of Caco-2 cells: CFTR WT (Y5) 

and CFTR KO (N5) and conducted the oxidative stress treatment assays with the same 

experimental design and methods as had been used for the first two combinations, we 

observed some contradictory results. The data from these experiments with CFTR WT 

(Y5) and CFTR KO (N5) cell lines showed that upon comparing the ratio of treated over 

untreated cell viability at each point, CFTR WT (Y5) cells had a higher viability than 

CFTR KO (N5) cells (Figure 18). This data indicates that in this combination of CFTR 

Caco-2 cell lines, CFTR deficiency does not cause oxidative stress to have a reduced 

effect on cell viability, contrary to the results we observed with CFTR WT (Y4, Y21) and 

CFTR KO (M5, D8) cell lines. Thus, to confirm our hypothesis with the greatest 

accuracy, we need to repeat this experiment in the remaining eight Caco-2 cell lines as 

published in Hao et al. (2019).  

This variation in results may have occurred because, for our experiments, groups 

of cell lines were chosen on a random, unbiased basis. They had not been created by Hao 

et al. (2019) as pairs.  Additionally, in Hao et al. (2019) the researchers performed 

hierarchical clustering of the subclones to test their RNA expression and found that each 

cell line resembled itself more than others, and samples did not segregate based on 

genotype (Figure 3, Hao et al. 2019). This may potentially reflect the heterogeneity of 

cells within the parent cell line and each subclone’s unique genome complement, thus 

underscoring the importance of comparing multiple, independent cell lines (Hao et al. 
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2019). This may explain the contradiction in our results, as we did not perform oxidative 

stress treatment assays in all cell lines. Thus, comparing each WT clone to each KO clone 

is imperative to understanding the difference in cell viability between CFTR WT and 

CFTR KO cell lines in an oxidative stress environment, and in the future these 

experiments will be conducted using all 12 cell lines simultaneously.  

While performing the ROS detection assay, we observed poor reproducibility in 

results. This may have arisen due to limitations of research studies using cell lines.  Cell 

culture is undoubtedly one of the best model systems for in-vitro research (Place et al. 

2017). However, experimental studies with cell lines present certain limitations. 2D cell 

culture systems exhibit a flattened morphology and have altered signaling networks as 

compared to cancer cells in tumor tissue in-vivo. This affects their response to drugs 

(Kondo & Inoue, 2019). Additionally, the culture medium containing serum for 2D cell 

culture of cancer cells, induces transformation of the cells and accelerates their clonal 

selection. This leads to loss of the parental tumor’s characteristics (Kondo & Inoue, 

2019). These limitations in experimental studies with 2D cell lines may be the reason for 

our contradictory results and the reason why we observed poor reproducibility in results. 

Future studies will aim to translate current experiments using in-vivo model systems, 

such as colon organoids. This will help to overcome the limitations of experimental 

studies with 2D cell culture because organoids are 3D multicellular in-vitro tissue 

constructs that mimic the corresponding in-vivo organ. This allows the researcher to 

study aspects of that organ in a tissue culture dish (De Souza, 2018).  

In addition to the limitations that cell culture presents while performing 

experimental studies, the 2D cell culture model presents many hurdles to studies aimed 

specifically at understanding oxygen-related signaling (Place et al., 2017). One of the 

most common errors in cell culture research specifically with hypoxia, is the assumption 

that oxygen percentage of the gas overlaying the cell culture is representative of the 

conditions that underlie normal cellular physiology (Place et al. 2017). Cell lines have 

differing amounts of oxygen consumption rates (OCR), and depending on the density and 

confluency of the cells at the bottom of the dish, oxygen is utilized and replenished by 

diffusion from above at varying rates (Place et al. 2017). Not accounting for these 
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variables, may lead to poor reproducibility between experiments. In addition to this, 

Place et al. 2017 also suggest that poor reproducibility in experiments performed using 

cell culture may be due to the effects of changing oxygen conditions on oxygen 

dependent enzymes, such as HIF-PHDs. These enzymes sense changing oxygen 

conditions and activate transcriptional programs that induce cell differentiation and 

modify cellular metabolism. In the body, the huge store of oxygen hemoglobin buffers 

the concentration of dissolved oxygen and keeps it relatively constant (Place et al. 2017). 

However, in the laboratory, cells are constantly proliferating and there is inconsistency 

with regard to cell number and medium thickness between experiments. Thus, signaling 

response from oxygen sensing machinery of the cells becomes unpredictable, and may be 

the cause for irreproducibility see in cell culture experiments (Place et al. 2017). While 

experiments performed for this thesis did maintain consistency between cell number and 

medium thickness between experiments, the oxygen composition of the gas in the cell 

culture incubator was not controlled. Future studies will aim to store the cells in oxygen 

controlled incubators and perform the experiments in a hypoxia chamber. This may help 

to eliminate inconsistencies between experiments performed for this thesis. 

CFTR Deficiency in Caco-2 cells might be protective against oxidative 

stress  

To test the potential protective effect of CFTR deficiency against oxidative stress, 

the viability between CFTR WT and CFTR KO cell lines in an oxidative stress 

environment created by drug menadione, was tested using an MTT assay. Interpretation 

of data obtained from the CFTR KO (D8) and CFTR WT (Y21) group of cells was 

unclear, as the CFTR KO (D8) cell lines were shown to be unstable upon re-sequencing 

(Figure 13). Thus, the next step was to sue more stable and better defined cell lines. We 

repeated the MTT assay with a second combination of cell lines: CFTR WT (Y4) and 

CFTR KO (M5) cells. Statistical analysis revealed that when these cells were treated with 

menadione, CFTR KO (M5) cells had a higher viability than CFTR WT (Y4) cells 

(Figure 17). This data indicates that in this combination of CFTR Caco-2 cell lines, 

CFTR deficiency causes oxidative stress to have a reduced effect on cell viability. These 
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results show a trend for loss of CFTR to be protective in an oxidative stress environment.  

This effect is seen in some but not all reports in the literature. 

The reason for difference in the results from the current thesis, and reports in the 

literature may be attributed to difference in model systems used, and differences in the 

process with which CFTR gene was deleted. Studies by Kleme ML et al. (2016, 2018) 

showed that CFTR gene deletion in intestinal epithelial cells induces oxidative stress, and 

this may occur via disruptions in mitochondrial redox homeostasis and cellular lipid 

synthesis. Although this study used the same model system as ours: Caco-2 cell lines, the 

CFTR gene deletion was generated using zinc-finger nuclease (ZFN) procedure. They 

induced oxidative stress using iron (II) sulphate heptahydrate and ascorbate, and assessed 

the oxidative stress created using HPLC. This was different from our CRISPR-Cas9 

modified Caco-2 cell lines, ROS inducer menadione that we used, and our plate reader 

assays. In Fei et al. (2018), where researchers found that in Human umbilical vein 

endothelial cells (HUVECs), over expression of CFTR inhibited production of ROS, the 

model system was different from ours. In addition, CFTR gene deletion was created using 

adenoviral infection, and glucose-induced endothelial cell oxidative stress was measured. 

Finally, in Xu et al. (2020) researchers found that CFTR overexpression attenuated 

oxidative stress injury in chronic obstructive pulmonary disease (COPD) mouse. This 

study had different model systems than ours, and in addition was focused on determining 

the role of CFTR in the lung tissue. Thus, the overall reasons for differences in our results 

from other studies, may have been due to difference in model systems, CFTR gene 

deletion, induction and measurement of oxidative stress. This suggests that role of CFTR 

in the oxidative stress pathway is context dependent. 

CFTR Deficiency in Caco-2 cells appears to decrease ROS levels in an 

oxidative stress environment 

To examine the response of CFTR deficiency to oxidative stress in more depth, 

we decided to measure Reactive Oxygen Species (ROS) under baseline conditions and in 

an oxidative stress environment and compare the ROS levels between CFTR WT and 

CFTR KO Caco-2 cell lines. Oxidative stress leads to increased levels of ROS. ROS are 
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oxygen containing species that are more reactive than molecular oxygen. Increased levels 

of ROS due to oxidative stress cause damage to DNA, RNA, lipids and proteins (Sosa et 

al., 2013). Direct evaluation of intracellular ROS levels has been found to be a good 

indicator of the oxidative damage to living cells (Wang & Joseph, 1999). Thus, we 

hypothesized that in CRC cells without functional CFTR, reduced ROS levels may be 

protecting their survival. To measure ROS levels in Caco-2 cells we used two 

approaches: development of in house ROS detection assay and using DCFDA Cellular 

ROS Assay Kit (ab113851) from Abcam. 

Development of ROS Detection Assay 

The initial protocol for the development of the assay was based on the Caco-2 cell 

based quantitative antioxidant activity assay developed by Wan et al. (2015). We 

purchased the dye 2’,7’-Dichlorofluorescin diacetate (DCFH-DA). This dye is non-polar 

and taken up by cells through passive diffusion. Upon diffusion it is deacetylated by 

cellular esterases to form polar 2’,7’-Dichlorofluorescin (DCFH) and then trapped within 

cells (Wan et al. 2015). Then, ROS generated by ROS inducers (menadione or TBHP) 

oxidize DCFH to fluorescent dichlorofluorescein (DCF). DCF is a polar compound 

trapped within cells. The level of fluorescence is proportional to the level of DCF, and 

this reflects the extent of oxidation. Thus, the higher the level of DCFH, the higher the 

fluorescence intensity measured (Wan et al. 2015). 

To develop a protocol that would be best suited for the Caco-2 cell lines we were 

working with, and for our experimental design, we tested different concentrations of 

DCFH dye, different concentrations and types of ROS inducers, different time periods of 

fluorescence intensity measurement and different excitation/emission wavelengths. Initial 

experiments while developing this assay revealed several problems with clumping of 

cells, which may have led to poor reproducibility. We were able to overcome this by 

using TrypLE and a cell strainer at the time of passaging and plating cells. Additionally, 

over time in most of our experiments we found ROS inducer menadione gave a high 

background absorbance. As shown in Figure 19, menadione showed a high fluorescence 

intensity signal even without the presence of dye. This autofluorescence mat be due to 

certain chemical properties of menadione. To overcome this, our next step was to try 
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using other ROS inducers, and a different group of cells: CFTR WT (Y4) and CFTR KO 

(M5).  

We began by testing the ROS levels in CFTR WT (Y4) and CFTR KO (M5) 

Caco-2 cell lines using the in house assay that we had developed, and using menadione as 

a ROS inducer, to check if it may work better with these cell lines. To analyze and 

compare the ROS levels between the two cell lines, we used GraphPad to do analyses 

similar to what was done by (Wan et al. 2015). We performed one biological experiment 

and observed a trend where CFTR WT (Y4) cell lines appeared to have higher ROS 

levels than CFTR KO (M5) cell lines. But we were unable to reproduce these results, and 

thus unable to determine a statistical significance. This may be due to reasons explained 

in the section on Caco-2 cell lines. Our next step was to repeat this experiment using the 

ROS Assay kit.  

ROS Detection Assay using Kit 

To overcome the problems, we had due to background absorbance created by 

menadione and poor reproducibility with our in house ROS assay, we used a ROS 

detection kit to compare ROS levels between CFTR WT (Y4) and CFTR KO (M5) Caco-

2 cell lines. The design of the protocol was similar to what we had already designed, 

however instead of menadione, we used TBHP as a ROS inducer.  

We were able to perform three experiments with this kit. In the first biological 

experiment we compared AUC values of CFTR WT (Y4) and CFTR KO (M5) Caco-2 

cell lines treated with TBHP and dye (Figure 22). We found that the ROS levels in CFTR 

WT (Y4) cell lines appeared to be higher than ROS levels of CFTR KO (M5) Caco-2 cell 

lines. This trend was similar to what we had seen with this pair of Caco-2 cell lines when 

treated with menadione using the in house ROS detection assay we developed. However, 

we had been missing some critical controls and were thus unable to determine difference 

between basal ROS levels and ROS levels after treatment. In the second biological 

experiment, interpretation of results was unclear possibly due to plating errors in the 

CFTR KO (M5) cell line, and in the third biological experiment we saw a trend of 

increased ROS levels in the CFTR WT cell line as compared to CFTR KO cell lines. Due 

to difference in results among all three biological experiments, we were unable to 
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determine statistical significance in ROS levels between the WT vs. KO cell lines. 

Moreover, comparison of fluorescent intensity between cells with different treatments 

done by Area Under Curve (AUC) function of GraphPad did not appear to match visually 

with the curves created by plotting fluorescent intensity values every 15 minutes of cells 

with different treatments. Thus, future experiments will aim to use other methods of 

analysis for comparison of ROS levels, and we will take measures described in the final 

paragraph of this section to reduce variability between experiments.  

Although results from the ROS detection assay showed poor reproducibility, we 

observed some trends in the experiments. The trend observed in these results aligned with 

the results in Duranton et al. (2010). In this paper, researchers proposed a mechanism for 

the role of CFTR in the hypoxia induced adaptive response in renal cells. Hypoxia 

induces production of ROS (which helps stabilize HIF-1-α) from mitochondria. The ROS 

production in turn activates CFTR and allows GSH (a ROS scavenger) to flow out of the 

cell. However, when CFTR is dysfunctional, intracellular GSH levels increase, and they 

scavenge ROS levels. Thus, equilibrium between ROS and GSH help maintain cellular 

redox status, and this is regulated by CFTR expression (Duranton et al. 2010). It is also 

important to note that some limitations in comparisons between our studies and studies 

done by Duranton et al. (2010) may arise, because they measured role of CFTR in 

hypoxia. However, our studies measured role of CFTR in oxidative stress. Hypoxia in 

Duranton et al. (2010) was measured by generating a hypoxia-induced fluorescent 

reporter system to determine if CFTR modulates hypoxia induced HIF1 stabilization. In 

our studies, we treated cells with menadione to induce ROS and generate oxidative stress 

in them. Future studies will aim to determine the role of CFTR deficiency in a hypoxic 

environment using the hypoxia chamber and storing cells in oxygen level controlled.  

The trend we observed in our ROS detection assays, appear to show that CFTR 

deficiency reduces ROS levels. We know that ROS enhances the signaling activity of 

ERK and PI3K/AKT, which in turn induces HIF-1α transcription and translation 

(Movafagh et al., 2015). Thus, it appears that CFTR deficiency may lead to reduced HIF-

1α transcription. This contradicts the results we observed from our GSEA analysis, which 

showed an overlap between gene expression in CFTR-low expressing tumors and HIF1α 
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high expressing tumors. This contradiction can be explained by having a closer look at 

HIF stabilization. In normal cells, HIF-1α is only active during hypoxic conditions. 

However, in cancer cells HIF-1α is stabilized by several mechanisms to allow it to be 

constitutively active even under normoxic conditions. These mechanisms may also 

stabilize HIF-1α in the presence of low ROS in cancer cells. An example of this 

mechanism of HIF-1α stabilization is via von Hippel- Lindau gene (pVHL), which is a 

master regulator of HIF (Haase, 2009) and a tumor suppressor gene (Kuwai et al., 2004). 

pVHL serves as a substrate recognition component of an E3 ubiquitin ligase, which 

ubiquitylates and targets the alpha subunit of HIF for oxygen dependent proteolysis 

(Haase, 2009). Thus, mutation in pVHL leads to constitutive HIF stabilization and 

activation of HIF controlled transcription irrespective of oxygen levels (Haase, 2009). In 

addition, pVHL being a tumor suppressor gene, is mutated in most cancers, including 

colorectal cancer (Kuwai et al., 2004). Thus, contradiction between our hypothesis and 

results may be because pVHL is mutated in colon cancer cell lines and this may lead to 

poor stabilization of HIF. 

Although the results from the ROS detection assays showed a trend that CFTR 

deficiency reduces ROS levels, the results were not conclusive because we were unable 

to reproduce them. To understand the reasons for poor reproducibility amongst all ROS 

detection assays performed using our in house protocol and ROS detection kit, we began 

by looking at the mechanism of ROS production by ROS inducers menadione and TBHP. 

Menadione generates ROS via a redox cycling process, and TBHP generates ROS via 

lipid peroxidation and depletion of GSH. Thus, the two ROS inducers have different 

mechanisms of action, and this may have led to contradictory results. Future experiments 

will aim to test other ROS inducers as well. In addition, we also observed a significant 

amount of autofluorescence created by menadione. Although there is no mention of 

menadione creating autofluorescence in cell lines in the literature, we can speculate that 

the autofluorescence may have been caused due to certain chemical properties of 

menadione. Furthermore, no studies in the literature have observed similar problems of 

poor reproducibility as we have. However, in (Chiesi, Fernandez-Blanco, Cossignani, 

Font, & Ruiz, 2015), researchers performed 24 replicates to measure time dependence of 

ROS induced fluorescence in Caco-2 cells exposed to Alternariol. Thus, future studies 
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will aim to perform similar number of replicates to determine statistical significance 

between ROS levels generated in CFTR WT and CFTR KO cell lines.  

CONCLUSION 
 

The experiments performed for this thesis are not conclusive, but they suggest 

that loss of CFTR may protect CRC cells from oxidative stress, and it also appears that 

this protection may be occurring via reduced ROS levels. This trend is consistent with 

our hypothesis which states that loss of CFTR increases protection during oxidative 

stress, and that this protection may help CRC cells survive better. A potential mechanism 

for these results is that CFTR deficiency may be protecting CRC cells from ROS induced 

cell death via production of antioxidants such as GSH and other mechanisms (Figure 26) 

(Scott et al. (2020).  

 

 

 

 

Figure 27. CFTR deficiency improves survival of CRC cells under oxidative stress (Scott et al. 

2020). 
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LIMITATIONS AND FUTURE DIRECTIONS 
 

For the experiments in the present study, we only used three combinations of 

Caco-2 cell lines. However, research from Hao et al. 2019, suggest that there may be 

heterogeneity of these Caco-2 cell lines within the parental cell line and each subclone 

may have a unique genome complement. Thus, future studies will aim to conduct the 

experiments in all the twelve Caco-2 cell lines. Additionally, upon examining the broader 

transcriptome of the cells and heat maps derived from RNA-sequence data, the 

researchers in Hao et al. 2019, found patterns of genes that were inherently different, and 

some that revealed themselves only after stimulation with CXCL8 (encodes Interleukin 8) 

(Hao et al. 2019). They proposed that the differential expression may represent a 

mechanism where the genome maybe remodeled in response to loss of CFTR. This 

genome remodeling may alter chromatin in way that alters active expression of genes and 

proves that absence of CFTR may be affecting epigenetic or transcriptional regulatory 

processes (Hao et al. 2019). Thus, our future experiments will also aim to understand 

genome remodeling that may occur due to loss of CFTR in an oxidative stress 

environment in Caco-2 cell lines. 

Cell culture is an essential scientific tool that has played an important role in 

medical and scientific research over the last fifty years (Okamoto, Sato, Barnes, & Sato, 

2013). However, their flattened morphology and altered signaling networks in 

comparison to cancer cells in tumor tissue in-vivo, present certain limitations to 

understanding the how the results of these experiments may apply to physiological 

conditions. Additionally, 2D cell culture models present many barriers to studies aimed at 

understanding oxygen-related signaling. Thus, future experiments will also aim to study 

the role of CFTR in an environment where it most likely contributes to development of 

CRC: the intestinal stem cell compartment via use of crypt-derived organoids, and these 

experiments will be conducted in a hypoxia chamber and stored in oxygen controlled 

incubators.  

The results of the oxidative stress treatment assays with Caco-2 cell lines 

produced contradictory results in different combinations of cell lines and results different 
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from what was seen in some of the literature. The contradiction in results with different 

combinations of Caco-2 cell lines may be because we chose the combinations on a 

random, unbiased basis, and these cells were not created as pairs by Hao et al., 2019. 

Thus, future experiments will aim to compare all twelve caco-2 cell lines simultaneously. 

The difference in results from what is seen in the literature, may be due to difference in 

model systems, CFTR gene deletion, induction and measurement of oxidative stress. 

Thus, role of CFTR in the oxidative stress pathway is context dependent. 

The results of the ROS detection assay suggested that menadione auto fluoresces 

and this affected accurate measurement of ROS levels. TBHP provided lesser background 

absorbance in comparison to menadione. However, both menadione and TBHP have 

different mechanisms of ROS production. Thus, future experiments will aim to test other 

ROS inducers as well. We also observed that AUC analysis to compare fluorescent 

intensities between cells with different treatments did not appear to visually represent the 

results of the curves created by plotting raw fluorescent intensity values. Thus, future 

experiments will also aim to use other more accurate methods of analysis to compare 

ROS levels. Furthermore, only three biological experiments were conducted for ROS 

detection, and each produced a different result. Future experiments will aim to produce 

several more biological experiments to determine a statistical significance.  
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