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ABSTRACT OF THE DISSERTATION  

 
 
 

Hyperglycemia-Mediated Transcriptional Alterations in Tumorigenesis 
 

by 
 

Carina Nicole Edmondson 
 

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental 
Biology 

University of California, Riverside, December 2020 
Dr. Xuan Liu, Chairperson 

 
 

The relationship between metabolism and cancer is formed through 

molecular mechanisms which allow for the growth of all cells in our body. 

Unfortunately, cancer cells rely on similar growth pathways found in normal 

healthy cells but reprogram them to adopt a cellular growth advantage. Recent 

research has shown that there is a higher occurrence of cancer, such as breast, 

liver, pancreatic, and colon cancer, in patients with diabetes. Diabetes is 

characterized by altered metabolism; to understand how these alterations relate 

to increased cancer incidences, our lab investigated the molecular effects of a 

high glucose treatment in cancer cells, as this mimics the hyperglycemic 

conditions in diabetic patients. Previously our laboratory demonstrated that 

TAF1, a general transcription factor with intrinsic kinase activity, phosphorylates 

p53, a tumor suppressor and transcription factor known to protect the cell from 

DNA damage and maintain genomic integrity. Phosphorylation of p53 at Thr55 
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results in dissociation of p53 and TAF1 from promoters leading to transcription 

termination. Importantly, this regulation event contributes to cell cycle 

progression from G1 to S phase through dissociation from the p21 promoter. In 

addition, the lab has shown that TAF1 kinase activity is governed by cellular ATP 

concentrations, and may function as an ATP sensor in cells. Because TAF1 

kinase is cellular ATP dependent, HG may increase tumorigenesis in vivo 

through Thr55-phosphorylation and inhibition of p53. This dissertation aims to 

provide additional evidence for the role TAF1 kinase and p53 regulation plays in 

a diabetic mouse model. My studies include creation of a T55A phosphorylation 

mutant through CRISPR/Cas9 genome editing, and the effects this mutation has 

on p53 regulation both in cell culture and in vivo. Further, I determine that our 

working model can be replicated in vivo, suggesting the importance of TAF1 

kinase regulation and p53 inactivation in tumorigenesis. Additionally, I discover a 

new model for the role hyperglycemia plays in cell migration. Because the 

molecular mechanisms behind the link between diabetes and increased cancer 

risk are largely unknown, the discoveries shown here provide evidence that 

hyperglycemia can lead to cancer progression through multiple pathways.  
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1.1 Metabolic Reprogramming in Cancer  
 

Recently, the regulation of cancer metabolism has become essential in the 

understanding of cancer progression. The development of cancer initially arises 

from point mutations, translocations, amplifications and deletions in genes 

involved in multiple signaling pathways responsible for growth and survival of 

cancer cells through metabolism (Cairns et al., 2011).  These alterations can 

affect the four major classes of macromolecules: carbohydrates, proteins, lipids, 

and nucleic acids that are involved in metabolic pathways that can be associated 

with cancer (Cairns et al., 2011). Cellular reprogramming of metabolites involved 

in key cancer pathways allow for a change in gene expression, cellular 

differentiation, and the tumor microenvironment, all of which contribute to 

tumorigenesis and increased cancer risk (Pavlova and Thompson, 2016).  

Biosynthetic Demands 

 To meet the demands for proliferating cells, multiple molecular mechanisms 

alter core cellular metabolism to sustain three basic needs: ATP generation; 

increased biosynthesis of macromolecules, and tight regulation of cellular redox 

status (Cairns et al., 2011). To do this, cancer cells increase import of nutrients 

from the surrounding tumor microenvironment (Pavlova and Thompson, 2016). In 

a mammalian cell, the preferred substrate for ATP-yielding metabolism is glucose 

and is critical for proliferating cells (Holley and Kiernan, 1974; Pardee, 1974). Upon 

uptake through glucose transporters, glucose is converted to pyruvate by a 
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catabolic process called glycolysis. For every one molecule of glucose, two 

molecules of pyruvate are produced, in addition to a net production of two 

adenosine tri-phosphate (ATP) and two nicotinamide adenine dinucleotide (NADH) 

molecules. In normal conditions, in the presence of oxygen, pyruvate is shunted 

into the tricarboxylic acid cycle (TCA) and undergoes oxidation to CO2 and H2O in 

the oxidative phosphorylation pathway, resulting in production of 36-38 ATP 

molecules. In the absence of oxygen, however, pyruvate is instead converted into 

lactate by utilizing the anaerobic glycolysis pathway. It has been shown that cancer 

cells, even in the presence of oxygen, can convert glucose to lactate, through a 

process called aerobic glycolysis or the Warburg effect (Warburg, 1956).  

Due to the demand of a rapidly proliferating cell, cancer cells not only 

require increased ATP production but also increased biosynthesis of 

macromolecules, including nucleotides, fatty acids, membrane lipids, and proteins. 

Three main biosynthesis pathways required for tumor growth are ribose-5-

phosphate (R5P) for nucleotide biosynthesis, fatty acid production for lipid 

biosynthesis, and amino acids for protein synthesis. Intermediates needed for 

biosynthesis are largely produced by utilizing glucose metabolic intermediates as 

the main carbon source, which are generated through glycolysis.  (Romero-Garcia 

et al., 2011) Glucose can be shunted into the oxidative or nonoxidative arms of the 

pentose phosphate pathway (PPP) to create R5P, which is a key building block to 

nucleotide synthesis (Jones and Thompson, 2009). Interestingly, carbon flow into 

nucleotide and fatty acid synthesis can be regulated by a glycolysis intermediate, 
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pyruvate kinase-M2 (PKM2), to further promote increased proliferation (Christofk 

et al., 2008). Additionally, glycolysis intermediate 3-phosphoglyercerate (3-PG) is 

used as a carbon source for amino acid and lipid synthesis (Jones and Thompson, 

2009).   

Finally, balance between cellular ROS species is vital for the growth and 

survival of cancer cells. Reactive oxygen species (ROS) are produced as a 

byproduct of metabolic processes, and different concentrations of ROS have 

effects on downstream components (Cairns et al., 2011). Cell proliferation and 

survival pathways are enhanced when levels of ROS are low as a result of NADPH 

and NADPH oxidase (NOX), which is important in signaling to maintain 

homeostasis. Following a slight increase in ROS species, moderate levels can 

induce stress-response genes to increase glucose transport and the growth of new 

blood vessels (Bell et al., 2005; Gao et al., 2007). High levels of ROS can lead to 

loss of cell survival or proliferation due to DNA damage, or factors that induce 

senescence or apoptosis (Garrido et al., 2006; Ramsey and Sharpless, 2006; 

Takahashi et al., 2006). Oxidative stress caused by ROS can be counteracted by 

increased production of antioxidants that prevent accumulation of ROS species 

(Fruehauf and Meyskens, 2007). Cancer cells regulate the balance between ROS 

species through mutagenesis and increased expression of adaptive genes in a 

way that promotes survival (Cairns et al., 2011).  
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Warburg Effect 

 In the 1920s, Otto Warburg observed that the uptake of glucose in tumor 

tissue was increased, compared to normal surrounding tissue, and that this 

glucose was fermented to produce lactate, a process that usually occurs in the 

absence of oxygen (Warburg, 1925). Aerobic glycolysis was later thought to be 

caused by dysfunctional mitochondria, and that this event was a primary cause of 

cancer (Warburg et al., 1927). Research following this discovery showed that 

enhanced glycolysis was occurring, even in the presence of healthy mitochondria, 

suggesting that perhaps the Warburg effect was a consequence of carcinogenesis, 

until it was shown to be required for tumor growth (Fantin et al., 2006; Shim et al., 

1998). Since then the function of the Warburg effect has remained elusive but 

some hypothesize additional roles it could play in the regulation of rapid ATP 

synthesis, biosynthesis, cell signaling, and the tumor microenvironment (Liberti 

and Locasale, 2016). Compared to oxidative phosphorylation, generation of 

glucose through glycolysis yields less ATP per glucose molecule (Locasale and 

Cantley, 2011; Vander Heiden et al., 2009). However, aerobic glycolysis occurs 

10-100 times faster than the time it takes for the mitochondria to oxidize glucose, 

and produces comparable amount of ATP in the same timespan (Shestov et al., 

2014). To keep up with biosynthetic demands of a proliferating cell, some propose 

that the Warburg effect utilizes the increased glucose consumption as a carbon 

source for anabolic processes to be used for de novo generation of nucleotides, 

lipids, and proteins (Cairns et al., 2011; Koppenol et al., 2011; Levine and Puzio-
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Kuter, 2010). Lastly, the Warburg effect has been proposed to function as a direct 

signal to cancer cells to control redox balance or modify chromatin state through 

histone acetylation, which can be influenced by glucose metabolism (Cluntun et 

al., 2015; Liu et al., 2015; Lu and Thompson, 2012). 

 
 
Hypoxia and the Tumor Microenvironment (TME)  
 
 Due to the altered metabolism of cancer cells, it’s possible that the Warburg 

effect allows for selective advantage for survival and proliferation in the TME (Hsu 

and Sabatini, 2008). The TME is made up of interactions between malignant and 

non-malignant (non-transformed) cells, which the latter can often promote tumor 

functionality at all stages of carcinogenesis (Hanahan and Coussens, 2012). 

These non-malignant cells contain cells of the immune system, including T and B 

lymphocytes and natural killer (NK) and natural killer T (NKT) cells, cells involved 

in tumor vasculature and lymphatics, in addition to fibroblasts, pericytes, and 

adipocytes (Balkwill et al., 2012). These cell types that make up the TME are 

responsible for multifactorial contributions to the hallmarks of cancer, including 

sustaining proliferative signaling and inducing angiogenesis, that rely on 

reprogramming certain metabolites for survival (Hanahan and Coussens, 2012). 

 In the later stages of tumor growth, the local blood supply is outgrown and 

results in hypoxia and activation of HIF transcriptional programs to relieve hypoxic 

stress (Kaelin and Ratcliffe, 2008). Due to the decreased reliance on aerobic 

respiration, expression of glycolytic enzymes, glucose transporters, and inhibitors 
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of the mitochondria are increased, shifting metabolism towards glycolysis (Hsu and 

Sabatini, 2008). Hypoxic stress also triggers HIF to stimulate angiogenesis to 

recruit blood vessels to the TME. Because these newly formed blood vessels are 

disorganized, blood delivery is not as efficient and does not completely alleviate 

hypoxia, thus resulting in a tumor that varies in oxygen levels both spatially and 

temporally (Gatenby and Gillies, 2004). Due to these fluctuating oxygen levels, the 

TME potentially confers a selective advantage for survival by upregulating 

glycolysis and other metabolic changes to induce oncogenic activation and tumor 

suppressor loss (Hsu and Sabatini, 2008).  

 

Oncogenes and Tumor Suppressors and Cancer Metabolism  
 
 To meet proliferation demand, cells have to regulate an increased metabolic 

phenotype and rely on oncogenes and tumor suppressor genes for the response. 

Several oncogenes including, PI3K, Myc, and Ras, have been shown to regulate 

activation of glycolysis (Hsu and Sabatini, 2008). One of the most popular 

pathways activated to control growth, proliferation, organismal metabolism, and 

vesicle trafficking is the PI3K-AKT pathway (Cantley, 2002; Engelman et al., 2006). 

Onocgenic mutations in phosphatidylinositol 3- kinase (PI3K) promote increased 

signaling through the pathway, leading to activated protein kinase B (PKB or AKT), 

which drives the glycolytic metabolism in tumor cells through increased GLUT 

transporter expression and membrane translocation, overall resulting in increased 

cellular glucose uptake. (Barthel et al., 1999; Elstrom et al., 2004; Kohn et al., 
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1996). The oncogene c-Myc is highly involved with cell proliferation through 

metabolic processes by regulating gene expression involved in glucose 

metabolism, nucleotide, lipid, amino acid, and protein synthesis (Dang, 2013; Li 

and Simon, 2013) Finally, oncogenic mutations in Ras that cause constitutive 

activation can stimulate glycolysis and the pentose phosphate pathway (PPP) 

(Vizan et al., 2005).  

Opposing oncogenes, tumor suppressors have also been shown to play a 

part in glucose metabolism as regulators of several glycolytic intermediates.  The 

tumor suppressor phosphatase and tensin homologue (PTEN), can inhibit the 

PI3K/AKT pathways by dephosphorylating the main activator of AKT. Not 

surprisingly, loss of function mutations in PTEN, can lead to increased glycolysis 

(Tandon et al., 2011). Additionally, loss of function mutation in tumor suppressor 

succinate dehydrogenase (SDH) and fumarate hydratase (FH) can promote HIF1 

stability in normal conditions, ultimately leading to switch to glycolysis from 

oxidative phosphorylation (Isaacs et al., 2005; Selak et al., 2005). Finally, tumor 

suppressor p53 regulates glucose metabolism through several different 

mechanisms. One main function of p53 to suppress tumor growth in normal 

conditions is to promote oxidative phosphorylation while inhibiting glycolysis. 

OXPHOS is promoted through by p53 transcriptional regulation of cytochrome c 

oxidase (SCO2). SCO2 is a component important for the cytochrome c oxidase 

complex (COX), which results in increased function of mitochondria and the 

electron transport chain (Matoba, 2006). Glycolysis is inhibited through the 
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upregulation of Tp53-induced glycolysis and apoptosis regulator (TIGAR), which 

is responsible for decreased fructose-2,6-bisphosphate, a known activator of 

glycolytic activity (Bensaad et al., 2006).  In addition, p53 regulates the inhibition 

of GLUT1 and GLUT4 transcription, resulting in decreased glucose uptake 

(Schwartzenberg-Bar-Yoseph et al., 2004). Thus, loss of p53 through mutation 

causes increased glycolytic phenotype.  

 
1.2 Diabetes and Its Correlation to Cancer 
 

Because cancer metabolism is imperative in the malignancy of tumor 

growth, it’s understandable how a metabolic disorder, such as diabetes mellitus, 

could sustain the energy requirements for proliferating cells. Diabetes mellitus 

can be compartmentalized into two main disorders, Type 1 and Type 2 (T1DM 

and T2DM) (ADA, 2020). T1DM is a chronic autoimmune disorder where the 

immune system attacks the insulin-producing ß-cells in the islets of Langerhans 

of the pancreas, destroying them and the ability to secrete insulin (Van Belle et 

al., 2011). T1DM is termed juvenile diabetes/insulin-dependent DM (IDDM), due 

to its prevalence in children, adolescents, and young adults (Abudawood, 2019). 

Differing from T1DM, T2DM is distinguished by insulin resistance and an inability 

to produce appropriate amounts of insulin (Kahn et al., 2014). Although the 

pancreatic ß-cells remain intact (early stages), dysregulation of the insulin 

signaling pathway leads to reduced glucose uptake. T2DM is also named adult-

onset diabetes (non-IDDM), and results from other risk factors than T1DM, 

including genetic and environmental factors, such as age, obesity, and lack of 
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physical activity (ADA, 2020). Because both T1DM and T2DM lead to diminished 

glucose uptake, as a result of either lack of insulin, or insulin resistance, glucose 

levels in the blood increase leading to a condition called hyperglycemia.  

As of 2020, 34.2 million people in the United States, which accounts for 

10.5% of the population, have diabetes (CDC, 2020). Of these cases T1DM 

accounts for 5-10%, while T2DM accounts for 90-95%, showing the significantly 

higher prevalence of T2DM over T1DM (ADA, 2020). Diagnosis of diabetes relies 

on testing of fasting plasma glucose (FPG), where a normal healthy individual 

should have FPG levels below 100mg/dL (5.6mM). According to the American 

Diabetes Association (ADA), prediabetics have FPG levels that are too high to 

be normal, but too low to be considered diabetic and fall within the 100 – 125 

mg/dL (5.6mM and 6.9mM) range and can be classified as individuals with 

impaired fasting glucose (IFG). Any FPG values in the range between 140 – 199 

mg/dL (7.8mM and 11.0mM) are considered to be prediabetic and these 

individuals are classified with impaired glucose tolerance (IGT). Patients with 

FPG over 200mg/dL (11.1mM) and have symptoms of hyperglycemia are 

considered diabetic (American Diabetes Association, 2020).  

 

Correlation between Diabetes and Cancer  

Abnormalities in glucose metabolism, a popular cancer hallmark, can affect 

the development and prognosis of certain types of cancer (American Diabetes 

Association, 2020).  Due to diabetes and its unique relationship with 
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hyperglycemia, or high blood glucose levels, it is not surprising that diabetes 

patients have increased risk for developing liver, pancreatic, stomach, 

colorectum, kidney, bladder, breast , and endometrial cancer (Everhart, 1995; 

Friberg et al., 2007; Ge et al., 2011, 2011; Larsson and Wolk, 2011; Larsson et 

al., 2006, 2007; Wang et al., 2012). Some of these cancers have varying 

incidence ratios, where liver, endometrial, and pancreatic cancer have a higher 

risk as compared to colon, breast, kidney, and bladder cancer (Figure 1.1) 

(Harding et al., 2015). Additionally, Wang et al., 2020 has assembled recent 

studies, their designs, and their findings, showing similar results in the link 

between increased risk for cancers with patients suffering from diabetes (Table 

1.1). The biological links between diabetes and carcinogenesis are still unknown 

but possibilities include regulation as a result of hyperinsulinemia, 

hyperglycemia, and fat-induced chronic inflammation. Table 1.2 outlines how 

each characteristic of diabetes can contribute to the promotion of cancer, overall 

showing that each has the capability to sustain cancer cell progression. It is not 

clear whether these factors contribute to increased cancer risk alone, or if a 

combination of the characteristics are required for increased risk (Giovannucci 

et al., 2010). 

 

Hyperglycemia and Cancer Progression 

Hyperglycemia and diabetes have been previously linked to certain 

cancers, exhibiting an increased risk and mortality (Harding et al., 2015). Defined 
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by having an increased concentration of glucose circulating in the blood, 

hyperglycemia can directly influence cancer growth and progression. Due to the 

role glucose plays in cellular metabolism, it is understandable as to why it is 

required to meet the demand of rapidly proliferating tumor tissues. High glucose 

has been shown to activate and sustain several hallmarks of cancer, including 

cell proliferation, anti-apoptosis, migration and invasion through the regulation of 

various signaling pathways (Johnson and Gale, 2010; Suh and Kim, 2011; 

Vigneri et al., 2009). Furthermore, it is widely known that tumor tissues uptake 

glucose at a higher rates than normal tissues and this uptake has been 

associated with increased rates of glycolysis and utilization (Warburg, 1956; 

Warburg et al., 1927). 

Several mediators of hyperglycemia and cancer cell proliferation have 

been identified. Not surprisingly, expression of glucose transporters, GLUT1 and 

GLUT3, are regulated in hyperglycemic conditions (25mM) through increased 

transcription and enhanced protein levels, resulting in increased glucose uptake 

(Hahn et al., 1998). In addition, high glucose treatment can influence oncogenic 

pathways, such as epidermal growth factor (EGF) and its receptor the epidermal 

growth factor receptor (EGFR) (Han et al., 2011). Hyperglycemic conditions can 

also induce a more aggressive phenotype by stimulating levels of protein kinase 

C (PKC) and peroxisome proliferation-activated receptors (PPARs) (Okumura et 

al.; Ways et al., 1995).  
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Because a high percentage of cancer deaths from solid tumors are caused 

by metastatic growth, it is essential to determine the underlying causes for the 

process (Walters et al., 2013).  Metastatic growth occurs as a result of cancer 

cells invading the circulatory system and gaining access to distant organs. 

Cancer cells become invasive through a process called epithelial-mesenchymal 

transition, a process which allows cancer cells to develop a pluripotent stem cell-

like phenotype that allows from increased migration (Iwatsuki et al., 2010). It has 

been previously shown that high glucose can exacerbate cancer cell 

invasiveness and migration by promoting EMT through direct and indirect effects. 

E-cadherin levels, a protein involved in attachment and adherence of cells, is 

downregulated with high glucose treatment and leads to a more invasive 

phenotype (Masur et al., 2011). Although high glucose levels generate increased 

oxidative stress due to increased reactive oxygen species (ROS), is has been 

shown that some species of ROS, such as hydrogen peroxide, can actually 

contribute to increased cell motility and invasiveness (Li et al., 2016). Oxidative 

stress, as a result of increase ROS, contributes to vascular destruction, which in 

addition to the EMT induction facilitated by hyperglycemia, is why high glucose 

contributes to cancer cell metastasis (Li, 2012).  

 

Chemically induced Diabetic Mouse Model 

 While the correlation between diabetes and cancer is well documented, 

the underlying mechanisms that lead to this association are still unknown. Several 
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animal models of diabetes have been discovered to evaluate treatments for both 

T1DM and T2DM, including chemical induction, spontaneous autoimmune, 

genetically induced, and virally-induced methods (King, 2012). Chemical 

induction methods provide the simplest model of hyperglycemia and can easily 

be applied in a lab setting in a cost-efficient manner. Two main chemical 

compounds are commonly used to induce diabetes in animal models: 

streptozotocin (STZ) and alloxan. Both compounds are structurally similar to 

glucose, which allows them to up taken by cells easily (Bansal et al., 1980; 

Rakieten et al., 1963). STZ is glucosamine-nitrosourea alkylating agent, that 

gains access to the cells through GLUT2 transporters, but not other known GLUT 

transporters. This gives STZ specificity to the pancreatic ß-cells, due to their high 

expression of GLUT2 and high uptake of glucose (Schnedl et al., 1994; Wang and 

Gleichmann, 1998). Upon entry into the cell, STZ leads to activation of poly ADP-

ribose polymerase (PARP) thus depleting NAD+, reducing ATP production, and 

inhibition of insulin production (Sandler and Swenne, 1983). DNA damage, as a 

result of STZ induced free radicals, and subsequent cell death follows, leading to 

complete destruction of the pancreatic ß-cells (Szkudelski, 2001). Loss of the 

pancreatic ß-cells, induces hyperglycemia in animal models, which can be used 

to study the effects diabetes and cancer.  
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Mouse Cancer Models for Studying Cancer Progression 

 Currently, the most advanced preclinical strategies we have for studying 

the complexity of human cancer is the mouse cancer models, Cell-line Derived 

Xenograft (CDX), Patient-Derived Xenograft (PDX), Genetically Engineered 

Mouse (GEM), and GEM-Derived Allograft (GDA) (Day et al., 2015). Mouse 

cancer models first originated a mouse-in mouse isografts, where murine tumors 

with transplanted into immunocompetent host mice. This model evolved to a more 

controllable method dubbed CDX transplantation models, where human cancer 

cells lines are subcutaneously injected into immunocompromised mice (DeVita 

and Chu, 2008; Talmadge et al., 2007). Similar to the CDX model, PDX models 

utilize immunocompromised mice, but surgically derived clinical tumor samples 

are subcutaneously grown. PDX models are more physiologically relevant for 

studying human disease, but don’t provide the flexibility in targeting specific 

mechanisms offered by the CDX model (Day et al., 2015). Overcoming this 

limitation, GEMs provide a complete representation of cancer development and 

molecular specificity. However, although the mouse and human genome share 

many conserved proprieties, some features are human specific and can only be 

studied utilizing human- derived cell lines. By utilizing both chemically induced 

diabetic mouse models, combined with CDX cancer mouse models, simple 

molecular mechanisms correlating cancer and diabetes can be studied.   
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1.3 Tumor Suppressor p53 

Among all the oncogenes and tumor suppressor genes studied in relation 

to cancer, none are as popular as p53. Acting as crucial tumor suppressor, p53 

function in the regulation of cancer is particularly interesting due to its mutations in 

more than 50% of human cancers (Olivier et al., 2010) Original research of p53 

focused mainly around the induction of cell-cycle arrest or apoptotic programs, 

however p53 function recently has extended to include regulation of metabolism, 

autophagy and the oxidative status of the cell (Brady and Attardi, 2010). The main 

role of p53 is a sensor of cellular stress, where it is activated upon a variety of 

stress signals including, DNA damage, hypoxia, oncogene expression, nutrient 

deprivation, and ribosome dysfunction (Brady and Attardi, 2010; Vousden and 

Prives, 2009). The downstream effects of p53 activation depend primarily on the 

severity of the stressor, which leads to the appropriate transcriptional activation of 

specific target genes that contribute to the p53-mediated response.  

 

Activation of p53  
 

Cells that become damaged or stressed have the potential to contain 

mutations that affect cell proliferation or show a more aggressive oncogenic 

phenotype. To respond to this, p53 is activated to either stall the cell cycle to allow 

time for DNA repair, or it will activate apoptotic pathways to kill a cell that is damage 

beyond repair. Due to this important role p53 has in response to abnormal cells, it 

plays a critical role in the development and progression of tumors (Vogelstein et 
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al., 2000). p53 activation can be comprised in three basic steps: stabilization of 

p53, sequence specific DNA binding, and transcriptional activation of target genes 

(Kruse and Gu, 2009; Zilfou and Lowe, 2009) Several proteins are involved in the 

activation of p53 in response to different stimuli. Following DNA damage, two well-

known kinases, ataxia telangiectasia mutated (ATM) and checkpoint kinase 2 

(Chk2), are activated in response to double stranded breaks, which can 

phosphorylate p53, leading to stabilization (Appella and Anderson, 2001; Kruse 

and Gu, 2009). Alternatively, expression of Ras or Myc signal that the cell is going 

thorough abnormal growth, and this signals p53 activation through the p14ARF 

pathway, which inhibits the p53 inhibitor MDM2 (Sherr, 2006). Additionally, in 

response to chemotherapeutic drugs, UV light, or protein-kinase inhibitors, all 

stressors to the cell, p53 is activated by Ataxia Telangiectasia Related (ATR) and 

Casein Kinase II (CK2) (Meek, 2006). All responses to these different stimuli result 

in stabilization of p53, either through stabilizing post-translational modifications 

directly, or indirect effects that stabilize the protein, both of which inhibit 

degradation of p53 (Vogelstein et al., 2000).  

 

Post-translational modifications of p53 

Currently, there are more than 300 different post-translational modifications 

(PTMs) of p53 that have been discovered (Bode and Dong, 2004; DeHart et al., 

2014). Upon the covalent addition of a variety of functional groups following 

translation, p53 activity is altered, significantly affecting the expression of target 
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genes. Several of these PTMs include phosphorylation of serines and/or 

threonines, acetylation, and ubiquitylation or sumolyation of lysine residues. (Bode 

and Dong, 2004). Particular PTMs, activate stressor-specific responses dictated 

by the severity of the cellular damage (DeHart et al., 2014).  

 Phosphorylation of p53 is generally a mark for activation of p53, and is the 

most common PTM (Bode and Dong, 2004). Due the reversible nature of 

phosphorylation, it is a key regulating mechanism for a protein biological activity. 

For p53 specifically, phosphorylation is usually a stabilization marker as it has been 

shown to increase its sequence-specific DNA binding (Hupp and Lane, 1994). 

These individual phosphorylation sites can be phosphorylated by multiple protein 

kinases, and distinct kinases can phosphorylate multiple phospho-sites, exhibiting 

redundancies in regulation. Given the vital role p53 plays in tumor suppression, 

the redundancy ensures that in the event dysregulation, p53 can remain active and 

respond to cellular stressors (Bode and Dong, 2004). Less is known about the 

dephosphorylation of p53, but recently two PTMs, Ser376 and Thr55, have shown 

that activation of p53 can also be achieved once dephosphorylated, demonstrating 

that not all sites of phosphorylation result in stability (Gatti et al., 2000; Waterman 

et al., 1998).  

 While phosphorylation outranks acetylation in frequency, acetylation also 

plays a major role in p53s function as a transcriptional activator. Originally, 

acetylation of histone tails during transcriptional events was the dominating 

regulation through lysine residues, until p53 was shown to be regulated by histone 
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acetyl transferases (HATs) (Gu and Roeder, 1997; MacDonald and Howe, 2009). 

Similar to phosphorylation, acetylation of p53 correlates with protein stability and 

activation in response to cellular stressors (Barlev et al., 2001; Ito et al., 2001; 

Knights et al., 2006; Rodriguez et al., 2000). Several HATs have been associated 

with acetylation of p53 including p300/CREB-binding protein (CBP) and 

p300/CBP-associated factors (PCAF), both of which acetylate p53 at specific 

lysine residues in the C-terminal region providing additional docking sites for the 

recruitment of other HATs and transcriptional machinery to promoter regions (Gu 

and Roeder, 1997; Liu et al., 1999; Sakaguchi et al., 1998; Wang et al., 2003). 

Thus, acetylation not only results in activation of p53 but can help promote 

transcription of target genes (Goodman and Smolik, 2000).  Independently of C-

terminal lysine acetylation, the DNA binding domain is regulation by acetyl 

transferases from the MYST family, hMOF and TIP60 (Sykes et al., 2006; Tang et 

al., 2006). Modification of these sites, however, affect the proapoptotic functions 

of p53 rather than providing stability or affecting DNA binding, overall showing the 

variety of regulation acetylation can provide p53.  

 Opposing the majority of phosphorylation and acetylation sites, 

ubiquitination of p53 acts as a destabilizing modification and marks the protein for 

recognition and degradation by the 26S proteasome. In normal growth conditions, 

p53 is degraded through a process mediated by MDM2, and E3 ubiquitin ligase, 

and mediates p53 ubiquitination though a RING domain (Fuchs et al., 1998; Honda 

et al., 1997).  Acting in a negative feedback loop, p53 is a transcriptional activator 
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of mdm2 to maintain low levels of p53 protein in unstressed conditions (Jones et 

al., 1995; de Oca Luna et al., 1995). Upon cellular stress, disruption of p53 

mediated mdm2 transcription and inhibition of MDM2 through PTM interference 

leads to an increase in p53 protein levels (Gu and Roeder, 1997; Lu et al., 2007). 

Popular PTMs that can disrupt the p53-MDM2 interaction are Ser15 and Ser20, 

which ultimately leads to p53 stabilization (Chehab et al., 1999; Shieh et al., 1997; 

Unger, 1999). Additionally, the C-terminal lysine residues that are acetylated to 

activate p53 transcriptional activity, are the same residues ubiquitinated (Lohrum 

et al., 2001). Thus, p53 stability relies on a plethora of PTMs that are regulated in 

response to environmental stimuli that dictate the structural and functional fate of 

p53 protein.  

 
Functional domains of p53 
 
 The individual domains that make up p53 include the N-terminal region, the 

central core, and the C-terminal region all divided between 393 amino acids. 

Making up the majority of the N-terminal region, is the acidic transactivation 

domain, and its subdivisions TAD1 and TAD2 in addition to a proline-rich domain 

(PRD). Importance for the TAD in the regulation of p53 comes from its role as a 

binding site for interacting proteins such as, the transcriptional machinery, 

coactivators p300/CBP, and negative regulators mouse double minute 2 and 4 

(MDM2/MDM4), which enhance transcription of p53 target genes. (Di Lello et al., 

2006; Thut et al., 1995). The PRD contains the motif PxxP that can interact with 



  21 

Src homology 3 (SH3)-domain-binding regions, which are binding sites to enhance 

protein-protein interactions (Toledo et al., 2006). 

 The sequence-specific DNA binding ability of p53 occurs to elements found 

within the DNA-binding domain (DBD), which makes up the central core of p53. 

This domain is responsible for how p53 regulates gene transcription by binding a 

sequence specific motif 5’-RRRCWWGYYY-3’ (R=A,G; W = A,T; Y= C,T), two 

decameric half-site palindromes separated by 0-13bp. (E-Deiry et al., 1992). p53 

binds to this response element as a tetramer, or dimers of dimers, and can 

stimulate the transcription of many target genes. Interestingly, most p53 mutations 

that cause cancer are found in the DBD, revealing the reliance of p53-mediated 

tumor suppression on DNA binding (Brady and Attardi, 2010).  

 Finally, the C-terminal domain contains the nuclear localization signal 

(NLS), the tetramerization domain, the nuclear export signal (NES), and a C-

terminal regulatory domain. (Bode and Dong, 2004). The tetramerization domain 

is required for the oligomerization of p53 to form the native p53 tetrameric protein, 

which is necessary for interacting with DNA (Levine, 1997).  Additionally, the C-

terminal regulatory domain helps p53 interact with its response elements through 

a basic, lysine-rich stretch at the extreme end of p53. The basic region can bind 

DNA, independent of sequence specificity, to help promote DNA interactions, in 

addition to undergoing post-translational modifications that influence sequence-

specific DNA binding through p53 stabilization (Kruse and Gu, 2009).  
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p53 function and its role in cellular mechanisms  

 The functions of p53 grow by the year but there are several canonical 

functions of p53 that are activated upon different severities of stress including cell-

cycle regulation, cellular senescence, and apoptosis.  Cell-cycle regulation is an 

important feature of cell division that relies on several checkpoints to ensure fidelity 

of the cell, and p53 provides an important role in arresting the cell in certain 

checkpoints (Chen, 2016). Upon DNA damage, DSBs in DNA activate ATM/ATR 

pathways which activate p53 through PTMs, thus inhibiting interaction with MDM2 

(Chen, 2012). This p53 stability allows for transcriptional activation of cyclin-

dependent kinase inhibitor p21Waf1/Cip1, inducing cell cycle arrest of the G1/S 

checkpoint (El-Deiry et al., 1993). Additionally, following DNA damage, p53 can 

arrest the G2/M checkpoint by repressing cell division cycle 25c (cdc25c), a 

phosphatase that promotes mitosis through the cyclinB1/cdc2 complex (Varmeh-

Ziaie et al.). In relation, nuclear localization of cyclinB1/cdc2 complex can be 

perturbed after DNA damage by 14-3-3σ, specifically as a result of transcriptional 

activation of 14-3-3σ by p53 (Martın-Caballero et al.). 

 In response to severe stress signals, p53 will activate senescence, a more 

permanent cell cycle arrest, or apoptosis, programmed cell death. Cell senescence 

is activated by p53 in response to chronic stress such as telomere shortening, 

oncogene activation, or prolonged exposure to DNA-damaging drugs (Chen, 

2016). p53 alone cannot activate senescence and require crosstalk between 

phosphorylated retinoblastoma (pRb), nuclear factor kappa-light-chain-enhancer 
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of activated B cells (NF-KB), and mammalian target of rapamycin (mTOR), all of 

which help determine cell fate in regard to irreversible cell-cycle arrest due to their 

roles in cell survival (Chen, 2016). In contrast, p53 can promote apoptosis in 

response to severe damage to the cell. Apoptosis can be activated by two 

pathways the intrinsic, or the BCL-2 mediated pathway, and extrinsic, the death 

receptor pathway, both of which can be trigger by a p53-mediated response 

(Fridman and Lowe, 2003; Green and Kroemer, 2009). Overall, the determination 

of p53 in deciding cell fate, (i.e. induction of cell cycle arrest, cellular senescence, 

or apoptosis) is one of the main functions p53 plays as guardian of genome and 

why is plays such an important role in tumor suppression.  

 

1.4 p53 and TAF1 Regulation 

TAF1 

TATA-binding protein (TBP) associated factor 1 (TAF1) is the largest 

subunit of TFIID, a major component of eukaryotic transcription initiation. As a part 

of the general transcription machinery, TFIID is the first to bind the TATA box of 

many core promoters as part of the preinitiation complex (PIC). TFIID itself is 

comprised of 13 individual TATA-binding protein associated factors (TAFs), in 

addition to TATA- binding protein (TBP) (Tora et al., 2002; Thomas and Chiang, 

2006). Some significant elements constituting TAF1 include, bipartite kinase 

domains (Dikstein, 1996), histone acetyl- transferase (HAT) activity (Mizzen et al., 

1996), ubiquitin activating and conjugating activity (E1/E2) (Crane-Robinson, 
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1999; Pham and Sauer, 2000), and a double bromodomain (DBrD) (Jacobson et 

al., 2000).  

TAF1’s bipartite kinase domains were revealed upon discovery that TAF1 

has the ability to autophosphorylate, in addition to the transphosphorylation of 

RAP74, a subunit of TFIIF (Dikstein et al., 1996). Following a deletion analysis, 

two individual ~400 amino acid kinase domains, at the N- and C- termini, were 

found to be required for this phosphorylation of serine residues on RAP74. More 

recently TAF1 has been shown to phosphorylate TATA-binding protein (TBP) 

associated factor 7 (TAF7), another component of TFIID (Bhattacharya et al., 

2014). This phosphorylation event has been linked to regulation of TAF1, where 

phosphorylation of TAF7, an inhibitor of TAF1 HAT activity, by TAF1 leads to a 

conformational change that alleviates this repression. Finally, TAF1 has been 

shown to phosphorylate tumor suppressor p53, a transcription factor that’s 

responsible for protecting genomic integrity following DNA damage.  

TAF1’s DBrD is situated proximal to the C-terminal kinase domain and 

spans 110 residues, consisting of a hydrophobic acetyllysine binding pocket 

(Jacobson et al., 2000). Interestingly, TAF1 was found to bind selectively to 

acetylated histone H4 peptide tails to target TFIID to promoters regions through 

interaction with the DBrD (Dhalluin et al., 1999; Jacobson et al., 2000). 

Additonally, TAF1 was found to interact with non-histone proteins, specifically 

p53, through acetylated lysine residues (discussed further below) (Li et al., 

2007).  
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TAF1 Phosphorylates p53 at Thr55 

 Tumor suppressor p53 can be phosphorylated by TAF1 at the Thr55 

residue, leading to decreased interaction with promoter sequences and increased 

interaction with MDM2, and E3 ubiquitin ligase, resulting in the degradation of p53 

(Li et al., 2004). In contrast to other well- known p53 phosphorylation markers (i.e. 

Ser15, Ser20), Thr55-P leads to destabilization of p53, and is essential for G1 

progression and promotion of cell proliferation through TAF1 regulation. 

Phosphorylation of p53 at Thr55 relies on a TAF1/p53 interaction that brings both 

kinase domains into close proximity to Thr55. As mentioned, in addition to TAF1s 

intrinsic kinase activity, it possesses a double bromodomain (DBrD) responsible 

for interaction with acetylated lysines (Jacobson et al., 2000). Specifically, p53 is 

acetylated at K373 and K382 by CBP/p300 following DNA damage, which can 

stimulate DNA binding activity (Gu and Roeder, 1997). TAF1 can interact with the 

C-terminal domain of p53 through interaction with these acetylated lysines and the 

DBrD to activate transcription of target genes, such as p21 (Li et al., 2007, 2004). 

Following recruitment to the p53 binding site on the p21 promoter, TAF1 is 

subsequently looped to gain interaction with the TATA-box core promoter to 

activate transcription in response to environmental stressors, such as DNA 

damage. Thus, TAF1 plays a role in p53 target gene transcription activation, via 

recruitment of the general transcription machinery, while also playing a role in the 

inactivation of transcription, through phosphorylation of Thr55 on p53. 
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Interestingly, this regulation by TAF1 to control transcriptional activation and 

inactivation is cellular ATP dependent.  (Wu et al., 2014). 

Following DNA damage, activation of poly ADP ribose polymerase-1 

(PARP1) leads to a depletion of cellular ATP levels (Schreiber et al., 2006). 

Because TAF1 kinase is cellular ATP dependent, reduction of ATP concentration 

results in decreased TAF1 kinase activity, and thus p53 remains bound to the p21 

promoter due lack of phosphorylation at Thr55 (Figure 1.2). At later stages of DNA 

damage however, activation of Amp-activated protein kinase (AMPK) (Hardie, 

2007) results in ATP recovery and increased ATP levels, thus cellular ATP-

dependent TAF1 kinase phosphorylates p53 at Thr55 causing the dissociation of 

p53 from the p21 promoter and termination of transcription. Due to p21’s role in 

the promotion of cell cycle arrest at the G1/S checkpoint upon DNA damage, 

termination of p21 transcription leads to G1 progression, and overall cell 

proliferation (El-Deiry et al., 1993). Thus, TAF1 could play a role in the promotion 

of cell growth through regulation of Thr55 on p53.  

Because a unique feature of this regulation is that TAF1 kinase activity is 

cellular ATP dependent, it’s possible that it can respond to fluctuations in ATP and 

act as a molecular switch to activate or inactivate transcription. Kinases typically 

have lower Km values far below the range of cellular ATP concentration (1-5mM), 

signifying that their kinase activity is not affected by variations in ATP levels 

(Gribble et al., 2000; Knight and Shokat, 2005). TAF1 kinase has a contrasting Km 

of ~1.9mM (Wu, 2014), indicating that fluxes in ATP can act as a metabolic switch 
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to activate or inactivate TAF1 kinase. Given that glucose is critical for cancer 

metabolism to provide ATP for a proliferating cell, increased glucose could provide 

increased cellular ATP (Hsu and Sabatini, 2008). In addition, a higher degree of 

glucose consumption is seen in cancer cells compared to healthy cells (Jones and 

Thompson, 2009), suggesting that a glucose-rich environment, such as metabolic 

diseases that result in high blood glucose (i.e. diabetes), may play an important 

role in the growth-promoting activity of TAF1 kinase.  

 

1.5 Genome Editing  

 The basics of genetics is the determination to match genotype with 

phenotype (Carroll, 2011). While classic genetic experiments rely on first 

identifying a phenotype and subsequently determining the responsible gene, 

reverse genetics depends on deliberate mutations made to a gene and then the 

following characterization of the phenotype. The more modern approach is done 

through two major gene manipulations: targeted mutagenesis or target gene 

replacement, both of which are examples of genome engineering and genome 

editing. Genome editing allows for site specific changes ranging from single 

nucleotide base pair changes to large insertions or deletions in a chromosome, 

providing the tool to engineer knock-out or knock-ins of a target gene.  
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Meganucleases, ZFNs, and TALENs 

Until recently, genome editors such as meganucleases (Stoddard, 2006), 

zinc finger proteins (ZNFs) and transcription activator-like effectors nucleases 

(TALENs) (Christian et al., 2010; Miller et al., 2007; Porteus and Baltimore, 2003) 

facilitated these targeted genome modifications but off-targets effects, engineering 

simplicity, and affordability disadvantaged these technologies.  Homing 

endonucleases, also known as meganucleases, are one of the original sequence 

specific nucleases capable of genome editing due to their ability to recognize large 

cleavage sites and stimulate homologous recombination (Thierry and Dujon, 

1992).  The LAGLIDADG family of meganucleases, is among the most well studied 

and have been engineered to broaden the sequence specificity of desired 

recognition sites (Smith et al., 2006). However, because the construction of 

sequence specific meganucleases posed to be technically challenging, 

researchers found more efficient ways to edit genomes (Abdallah et al., 2015).  

 Due to editing restraints using the previous meganuclease system, several 

strategies have been introduced to allow for more precise editing.  Zinc-finger 

nucleases (ZFNs) are comprised of two domains, a DNA-binding domain and a 

DNA-cleavage domain, resulting in a chimeric restriction endonuclease (Carroll, 

2011). The DNA-binding domain consists of well-known DNA recognition proteins 

called zinc fingers (ZFs) that can interact with 3bp of DNA (Urnov et al., 2010). By 

linking together multiple zinc finger proteins, many different target sequences could 

be targeted for editing. Cleavage of DNA is facilitated by a restriction enzyme FokI, 
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which must dimerize to cause DSBs in DNA to enrich specificity (Smith et al., 

2000). While ZFNs allow for broader genome editing capabilities, complexity in 

engineering and affordability restricts the practicality of this editing strategy.  

Following introduction of ZFNs, TALENs or Transcription activator-like 

effector nucleases present a new more flexible system compared to its 

predecessors (Bogdanove and Voytas, 2011). While ZFs can recognize 3 bp of 

DNA, each TALE DNA-binding domain can recognize individual nucleotides, 

allowing virtually any sequence to be targeted for genome editing (Christian et al., 

2010). By maintaining the same Fok1 cleavage principle to ZFNs, TALENs allows 

for increased target specificity (Bogdanove and Voytas, 2011; Moscou and 

Bogdanove, 2009). However, off-target effects of both ZFNs and TALENs can lead 

to cell toxicity proving to be a disadvantage for editing (Mussolino et al., 2014).  

 

CRISPR/Cas9 

Overcoming several obstacles in genome editing, is the CRISPR-Cas9 

system which was developed using the adaptive immune system of bacteria and 

archaea (Horvath and Barrangou, 2010). The CRISPR, or clustered regularly 

interspaced palindromic repeats, loci contain direct repeats separated by variable 

protospacers and lie adjacent to CRISPR-associated (cas) genes. These cas 

genes provide the host cell with functional domains of nucleases, helicases, 

polymerases, and polynucleotide-binding proteins useful for protection against 

foreign invaders (Bogdanove and Voytas, 2011; Moscou and Bogdanove, 2009). 
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Consisting of three main stages, adaptation, expression and interference, the 

CRISPR-Cas immune response responds to any foreign plasmid or viral 

sequences the host encounters (Barrangou and Marraffini, 2014; Gasiunas et al., 

2014; van der Oost et al., 2009). Foreign sequences must contain a protospacer-

adjacent motif (PAM) sequence, which can be recognized by Cas proteins to 

cleave out the protospacer at the adaptation stage. To complete the adaptation 

stage, the protospacer is inserted into the CRISPR array, to become a spacer and 

be used to identify future foreign sequences with the same spacer DNA (Horvath 

et al., 2008). Following the adaptation stage, the CRISPR array is transcribed into 

a pre-CRISPR RNA (pre-crRNA) that is then processed into mature CRISPR RNAs 

(crRNAs) in the expression stage. These crRNAs contain the spacer and flanking 

repeats that serve to guide the Cas nuclease to the invading virus or plasmid 

genome, containing the protospacer, for cleavage in the final interference stage 

(Garneau et al., 2010; Gasiunas et al., 2014).  

There are two classes of CRISPR-Cas systems, where class 1 consists of 

effector modules that contain multiple Cas proteins which function together by 

forming a CRISPR RNA (crRNA)-binding complex. Functionally analogous to class 

1, class 2 CRISPR-Cas systems have a single effector protein that is a multi-

domain crRNA-binding protein (Makarova et al., 2020). Within each class of 

CRISPR-Cas systems, there are types, in addition to subtypes, that make up the 

classification hierarchy (Makarova and Koonin, 2015). The most widely used type 

II, from class 2 CRISPR-Cas system, utilizes a single effector protein from 
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Streptococcus pyogenes, SpCas9, that is adapted for targeted genome editing. 

The type II CRISPR locus contains genes Cas1 and Cas2 for adaptation, RNaseIII 

for expression, and Cas9 for interference (Makarova et al., 2020).  

To reconstitute the type II CRISPR-Cas system in mammalian cells, only 

three components are needed, a SpCas9 nuclease for cleavage,  a crRNA to help 

determine specificity to a genome location, and a auxillary trans-activating crRNA 

(tracrRNA) to act as a scaffold (Cong et al., 2013). The system has been modified 

to fuse both the crRNA and tracrRNA components, to mimic the natural crRNA-

tracrRNA hybrid, to make up the guideRNA (sgRNA) (Hsu et al., 2013; Jinek et al., 

2012) By using a two-component system encompassing SpCas9 and chimeric 

crRNA-tracrRNA hybrid (sgRNA), targeted double stranded breaks (DSBs) can be 

generated in mammalian cells  (Cong et al., 2013; Hsu et al., 2013). The sgRNA 

is designed to target specific genomic locations by containing a complementary 

20bp sequence unique to individual genes. One requirement for the sgRNA 

genomic sequence is that it must be flanked by the protospacer adjacent motif 

(PAM) sequence “NGG” to allow for Cas9 recognition and cleavage (Sternberg et 

al., 2014).  Following DNA damage by CRISPR/Cas9 mediated DSBs, either the 

Non-homologous End Joining (NHEJ) or Homology-Directed Repair (HDR) 

pathway is activated (Liang et al., 1998; Symington and Gautier, 2011) . Because 

NHEJ is error-prone, repair of the DNA can include insertions or deletions (indels) 

leading to frameshift mutations and overall loss of function in the targeted gene 

(knock-out), while HDR is virtually error-free allowing for single base pair 
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modifications, or large insertions (knock-in) in the presence of a donor template 

(Kakarougkas and Jeggo, 2014; Sander and Joung, 2014; Symington and Gautier, 

2011).  

Several strategies have been developed to enhance genome editing 

efficiency using the CRISPR-Cas system including variations on Cas9:sgRNA 

complex delivery methods. The traditional plasmid based method, where a plasmid 

is introduced through transfection or electroporation, encodes both Cas9 nuclease 

and sgRNA and allows for more stability and long lasting expression of CRISPR 

components (Cong et al., 2013; Mali et al., 2013). Because the traditional plasmid-

based method relies on successful transfection into the nucleus, in addition to 

transcription and translation of CRISPR components, it can be less efficient than 

other delivery methods. To combat this, researchers developed a way to directly 

introduce Cas9 mRNA and sgRNA into the cell, to try and increase editing 

efficiency and reduce off target effects (Shen et al., 2013, 2014). However, stability 

of mRNA reduces the expression longevity of CRISPR components and thus 

decreases genome editing. Finally, direct delivery of Cas9 protein in a preformed 

ribonucleoprotein complex with the sgRNA (RNP) provides the most efficient 

delivery method in addition to high editing and reduced off targets effects (Kim et 

al., 2014). Recently, a new modification to the CRISPR-Cas9 system allows for 

targeted single base pair editing from A:T to G:C, without the need for DSBs, HDR, 

or donor templates by using an adenosine deaminase fused to catalytically dead 
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Cas9, therefore enhancing editing efficiencies exclusive of indel mutations 

(Gaudelli et al., 2017).  

 

1.6 Summary of Chapters 

 We have provided substantial evidence of the role TAF1 kinase plays in p53 

transcriptional regulation through Thr55 phosphorylation in cell culture, however 

we have yet to investigate this mechanism in vivo. To accomplish this goal, in 

Chapter 2 we first created a stable T55A p53 phosphorylation mutant HCT-116 

cell line using CRISPR/Cas9 genome editing. These studies provide a 

summarization of popular point mutation methods used in our analysis, and our 

troubleshooting process, to better help other researchers with a common editing 

goal. Further in chapter 3, we investigated the role hyperglycemia plays in p53 

regulation in a diabetic CDX mouse model. These studies indicate that 

hyperglycemia leads to p53 inactivation and contributes to cancer progression. In 

addition, we characterize our T55A p53 cell line and gain more insight on the role 

Thr55 could be playing in tumorigenesis. Finally, Chapter 4 investigates the overall 

effect hyperglycemia has on the colon cancer transcriptome. Through our studies, 

we identify a new role for high glucose in cell migration. Overall, the work 

completed here provides two potential links between hyperglycemia and cancer 

progression.  
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1.8 Figures and Tables  
 
 

 
 
 
 
Figure 1.1 Standard Incidence Ratios (SIRs) of various types of cancer in 
patients with Type 1 or Type 2 diabetes. Data obtained from Harding et al. 
2015.  
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Figure 1.2 TAF1 regulates p53 transcription activity in a cellular ATP 
dependent manner following DNA damage. (PARP1, poly ADP-ribose 
polymerase 1; ATP, adenosine triphosphate; AMPK, AMP-activated protein 
kinase; TAF1 TATA-binding protein (TBP) associated factor 1; MDM2, 
mouse double minute 2 homolog). Figure represents findings from Wu et 
al., 2014)  
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Cancer  Reference Design Findings 

Pancreatic  Setiawan et al. , 2019 Cohort Study 
Positive association between diabetes and 
pancreatic cancer 

 Chen et al. , 2017 Cohort Study  
 Pang et al. , 2017 Meta-analysis of 22 cohort studies  

 Tan et al. , 2017 
Systematic review and meta-
analysis  

 Dankner et al. , 2016 Cohort study  
 Song et al. , 2015 Meta-analysis  
 Ogunleye et al. , 2009 Cohort study  
 Gupta et al., 2006 Cohort study  
Liver Li et al. , 2017 Case-control study Increased risk of liver cancer in diabetes 
 Wang et al., 2017 Metaanalysis  
 Chen et al., 2015  Meta-analysis of 21 cohort studies  
 El-Serag et al., 2006  Systematic review  

 Wang et al., 2014 
Systematic review and meta-
analysis 

Diabetes is independently associated with  
a poorer survival in HCC patients 

 Lai et al. , 2006 Cohort study  
Diabetes increases risk of HCC in HCV  
negative individuals 

Colorectal Zhu et al. , 2017 Meta-analysis 
Positive correlation of diabetes with colorectal 
cancer  

 Guraya et al., 2015  Meta-analysis of 8 cohort studies  
 Larsson et al. , 2005 Cohort study  

 Amshoff et al. , 2018 Cohort study 

Pre-existing T2DM has no influence on disease-
specific 
 and all-cause survival among CRC patients 

 Jacobs et al. , 2016 Cohort study 
The aMED score is related to lower mortality  
only in African-American women 

 Campbell et al., 2010  Cohort study 
Modest association between T2DM and CRC  
among men, but not among women 

Breast Luo et al., 2015 Cohort study 
Pre-existing diabetes increases the risk of total  
mortality among women with breast cancer 

 Lipscombe et al., 2015 Cross-sectional study 
Diabetes may predispose to more aggressive 
breast cancer  

 Alokail et al. , 2009 Cohort study  

 Boyle et al., 2012  Meta-analysis  
Risk of breast cancer is increased by 27% in 
diabetic women 

Endometrial Saed et al., 2019 
Systematic review and meta-
analysis 

Diabetes increases the risk of endometrial 
cancer in women 

 Saltzman et al., 2008 
Systematic review of case-control 
study  

 
Lindemann et al. , 
2015 Cohort study 

Diabetes, but not BMI, is associated with an 
increased 
 risk of all-cause death and death from EC 

Bladder Xu et al., 2017 
Meta-analysis of 21 cohort studies  
and case–control studies Diabetes increases the risk of bladder cancer 

 Turati et al., 2015 Case–control study  

 Zhu et al., 2013  
Meta-analysis of 36 observational 
studies  

 Prizment et al., 2013 Cohort study 

Positive association between diabetes and 
bladder  
cancer risk among White post-menopausal 
women 

Prostate  Häggström et al., 2018 Cohort study 
An inverse association between diabetes and 
prostate cancer  

 Lee et al., 2016 Metaanalysis  
 Dankner et al., 2016  Cohort study  
 Khan et al. , 2016 Cross-sectional, case-only study  
 Fall et al., 2013  Case-control study  
Table 1.1 Summary of association studies between diabetes and various types of cancers from 
2015-2019. Data obtained from Wang et al., 2020 
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Characteristics of diabetes Consequencess which promote cancer  
High blood sugar level DNA damage 

 ROS production 

 Chronic inflammation 

 Promote cancer cell proliferation 

 Promote cancer cell growth 

 Promote cancer cell metastasis 

 
Provide alternative energy source for cancer 
cell survival 

High blood insulin level 
(as in T2DM) Increase level of IGF-1 

 Promote cancer cell proliferation 

 Promote cancer cell differentiation 

 Promote cancer cell survival 

 Promote cancer cell migration 

 Promote cancer cell growth 

 Promote cancer cell metastasis 
Inflammation Promote cancer cell proliferation 

 Accelerate cancer cell growth 

 Accelerate cancer cell metastasis 

 Promote EMT 

 Promote cancer cell survival 

 Inhibit certain immune responses 
Table 1.2 Biological links between diabetes and cancer. Data 
obtained from Wang et al., 2020 
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Chapter 2  
 
 
Analysis of conventional and alternative CRISPR/Cas9 genome editing 
methods to enhance single-base pair knock-ins   
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2.1 Introduction  
 
 Cell signaling is a crucial method of communication that controls the ability 

of cells to respond to environmental cues, resulting in the coordination of multiple 

cascades important for growth and survival. A main regulatory feature of the signal 

transduction pathways responsible for this response is protein phosphorylation, a 

reversible post-translational modification of serine/threonine (S/T), or tyrosine 

residues (Y) (Pawson and Scott, 2005). Because phosphorylation is a key 

regulator of signaling pathways, studying the mechanisms of phosphorylation and 

how specific PTM sites affect downstream cellular events is crucial to our 

understanding of how a cell works (Nair et al., 2019). Many studies of PTMs include 

small chemical inhibitors, or RNAi knockdowns of protein kinases or 

phosphatases, the enzymes responsible for phosphorylation or 

dephosphorylation, respectively (Tarrant and Cole, 2009). More recently, genomic 

editing of key players involved in signaling pathways allows researchers to knock 

out genes or knock-in versions of a gene with a tag or specific modification or 

mutation to influence protein function.  

Early technologies of genome editing, including recombinant adeno-

associated viruses (rAAV), meganucleases, zinc-finger nucleases (ZFNs), and 

transcription activator-like effector nucleases (TALENs), had major limitations in 

their capability to provide a cost effective, highly efficient, and adaptable 

technology (Christian et al., 2010; Flotte, 2004; Miller et al., 2007; Porteus and 

Baltimore, 2003; Stoddard, 2006). After the introduction and discovery of the innate 
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immune response of bacteria, the type II CRISPR/Cas9 system became a 

revolutionary genome editing tool (Horvath and Barrangou, 2010). The CRISPR, 

or Clustered Regularly InterSpaced Palindromic Repeats, locus from the type II 

Streptococcus pyogenes contains cas (CRISPR-associated) genes including 

Cas9, a trans-activating CRISPR RNA (tracrRNA), and CRISPR RNA (crRNA) 

containing direct repeats interspaced with variable protospacers. By using a two-

component system encompassing SpCas9 and chimeric crRNA-tracrRNA hybrid 

(sgRNA), targeted double stranded breaks (DSBs) can be generated in 

mammalian cells (Cong et al., 2013; Hsu et al., 2013).  

Following DNA damage in the form of DSBs, either the Non-homologous 

End Joining (NHEJ) or Homology-Directed Repair (HDR) pathway is activated 

(Chang et al., 2017; Jasin and Rothstein, 2013). NHEJ results in insertion or 

deletion (indel) mutations that result in frameshift mutations, leading to loss of 

protein function in the target gene (knock-out). In contrast, HDR results in specific 

mutations such as single base pair modifications, or large insertions (knock-in) due 

to the presence of a donor template.  To enhance the precision of single base pair 

edits, a new modification to the CRISPR/Cas9 system allows for targeted single 

base pair editing from A:T to G:C. The technology utilizes an adenosine deaminase 

fused to a catalytically dead Cas9 (dCas9), thus no DSBs are created, eliminating 

the need for a DONOR template and therefore enhancing editing efficiencies 

exclusive of indel mutations (Gaudelli et al., 2017). Through the precision of 

CRISPR/Cas9-mediated genome editing, stable cell lines can be produced to 
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harbor specific mutations and allow researchers to determine how mutations can 

influence molecular pathways.  

Tumor suppressor p53, commonly known as the guardian of the genome, 

is well-known to be regulated by PTMs, including phosphorylation (Bode and 

Dong, 2004). Recently, we have discovered a new mechanism for the regulation 

of p53 by TAF1 kinase, which is the largest subunit of transcription factor II D 

(TFIID) (Burley and Roeder, 1996; Li et al., 2004). Phosphorylation of p53 by TAF1 

kinase at Thr55 results in the dissociation of p53 and TAF1 from promoter 

sequences leading to transcription termination and subsequent p53 protein 

degradation (Fig. 1B). To determine the importance of Thr55 phosphorylation, we 

aimed to mutate this residue from threonine (T) to alanine (A) (Fig.1A) to create a 

knock-in stable cell line harboring this mutation for further analysis. However, 

knock-in editing relies on HDR (compared to creation of a knock-out edit with 

NHEJ) which accounts for a small percentage of DNA repair, thus making knock-

ins and single base pair edits difficult due to significantly lower rates of the repair 

pathway needed for creation. To circumvent this problem, researchers have 

established several methods to either enhance knock-in editing by inhibiting NHEJ, 

or by avoiding DSBs, which can result in a high incidence of indel mutations. Here 

we review the efficacy of several methods of CRISPR/Cas9 technology to induce 

single base pair edits. 
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2.2 Results  

 Traditional methods of CRISPR/Cas9 rely on transfection of a plasmid that 

co-expresses the Cas9 protein and sgRNA. Upon entering the nucleus, the sgRNA 

and Cas9 nuclease are transcribed and translated (if applicable), and undergo 

complex formation to create the Cas9:gRNA complex (Fig. 2A). Multiple features 

of the sgRNA establish the efficiency in which editing can occur. These features 

include (i) presence of a 5’ NGG Sequence (ii) proximity of the guide to the target 

edit site, and (iii) any potential off-target effects of the sgRNA. To maximize 

efficiency of a single base pair edit, the sgRNA was designed so that the cut site 

was 10 base pairs from the target edit, limited by the presence of the “NGG” PAM 

sequence and off target effects (Fig. 2B). To utilize the CRISPR/Cas9 system in 

our lab, a plasmid containing a targeting sgRNA was cloned into the pSpCas9(BB)-

2A-Puro plasmid and transfected into HCT-116 cells, a human colon cancer cell 

line, along with and a 100bp single oligonucleotide (ssODN) DONOR template 

harboring our mutation. In addition, SCR7, a NHEJ inhibitor, was used to increase 

HDR occurrence. Following selection, the type of mutation of the plasmid-based 

method was determined by sequencing. Our results show a large incidence of indel 

mutations (Fig. 2C), suggesting that NHEJ occurred despite the presence of 

SCR7. Of these edits, the majority of mutations occurred at the base pair flanking 

the Cas9 cut site (Fig. 2D). Overall, while the traditional plasmid-based method 

resulted in 77% editing (Fig.6A), due to high occurrence of NHEJ, the resulting 

mutations did not include the target edit.  
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 To try and increase base specific editing and reduce the chance for indel 

mutations, a new technology using adenosine base-editors was utilized. A tRNA 

adenine deaminase (TadA) fused to a catalytically dead spCas9 (dCas9) nuclease 

forms the spCas9-ABE7.9 base editor and can successfully convert adenine to 

guanine (A to G), by converting A to inosine (I), which is later converted to G 

thought DNA repair or replication (Fig. 3A) (Gaudelli et al., 2017). The spCas9-

ABE7.9 forms a complex with the sgRNA, which is designed to make sure the 

target edit is located between bases 4-10 of the sgRNA, where the PAM sequence 

spans bases 20-23 (Fig. 3C). Because this method does not rely on CRISPR/Cas9 

mediated DSBs, the chances for indel mutations is greatly reduced. However, due 

to the proximity limitation of the desired edit site in respects to the TadA domain of 

the base editor, no editing was observed (Fig. 6A). Efficiency of the base editing 

system increases based on the location of the desired edit, where base 4-5 within 

the sgRNA gives the best chance for editing. To overcome this issue, the xCas9-

ABE7.10 adenosine base editor was utilized (Fig. 3B) (Hu et al., 2018). The xCas9 

nuclease has been evolved to broaden the PAM sequence capabilities so that it 

can recognize “NG” vs the classic “NGG”, allowing our desired target to fall within 

the base 4 location (Fig. 3D). Surprisingly, even when ideal editing conditions were 

met, no editing was obtained using adenosine base editors (Fig. 6A).  

In an effort to increase the likelihood of selecting our edit, we created a 

knock-in system that would allow for selection of clones that had specifically been 

edited and repaired using our DONOR plasmid. The DONOR plasmid contains a 
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neomycin cassette flanked by loxP sites, and 400bp homology arms, in which the 

target edit site is located (Fig. 4A). Upon CRISPR/Cas9 mediated DSBs, the 

neomycin cassette and edit are incorporated into the genome through homologous 

recombination, thus decreasing the likelihood of indel mutations. To avoid 

disruption of the p53 gene, the cassette was inserted into intron 3  using a sgRNA 

within 100bp of the desired edit site to ensure editing (Fig. 4B). Furthermore, to 

ensure proper p53 function, the neomycin cassette was floxed and removed upon 

Cre-mediated recombination (Fig.4B). Selection utilizing this neomycin knock-in 

method aided in increased specificity to the target editing location, however 100% 

of the edits resulted in heterozygous mutations (Fig. 4C, 4D). In addition, re-editing 

the heterozygous mutation did not result in a homozygous mutation (data not 

shown). This result suggests inefficiencies in the traditional plasmid-based 

method.  

To increase efficiencies, we revised the original design by instead using a 

preformed ribonucleoprotein (RNP) complex consisting of Cas9 protein and the 

sgRNA. Because the plasmid-based method relies on proper transcription of both 

the sgRNA and Cas9 gene, in addition to translation of Cas9 protein, and formation 

of the complex, editing efficiencies can be affected (Kim et al., 2014). The RNP 

complex, once transfected, is ready to begin editing upon entry into the nucleus, 

thus increasing its efficiency. The sgRNA remained identical to previous designs 

(Fig2B), however the ssODN DONOR template was modified to include a 5’ 

spacer, to prevent degradation, in addition to a silent mutation within the sgRNA, 
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to prevent re-editing of the RNP complex after successful editing (Fig. 5A). The 

majority of mutations using this method were frameshift mutations cause by indels, 

however editing did result in heterozygous mutations of both the desired edit site 

and the silent mutation (Fig. 5D, 5E). Interestingly, the majority of mutations 

occurred surrounding the silent mutation site, or the desired edit site, indicating 

increased specificity for target locations (Fig. 5C). In an effort to increase the 

probability of creating a homozygous mutant, the heterozygous cell line created 

was re-transfected with the components above. Resulting edits showed more 

specificity to the region of target edits (Fig. 5C), in addition to decreased indels 

(Fig. 5D). Importantly, a homozygous mutation of the desired edit site and silent 

mutation was obtained (Fig. 5D, 5E).  

Comparison of the methods utilized showed that although traditional 

plasmid-based method has the highest percent editing (Fig.6A), the high 

occurrence of indel mutations (Fig. 6B), and low specificity to the target edit site 

(Fig. 6C) lead it to be an unreliable method for knock-in editing.  Adenosine base 

editors resulted in a complete lack of editing (Fig. 6A), suggesting that the 

limitations in our design with the necessary requirements for this method are not 

compatible. Although our knock-in neomycin cassette method only resulted in 

heterozygous mutations (Fig.6B), this method circumvents the problem of indel 

mutations, and allows for the highest specificity to the target location of the 

methods used. The most efficient method found was the RNP method, which 
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resulted in the homozygous mutant (Fig. 6B), and increased specificity for target 

edit sites (Fig. 6C).  

 
2.3 Discussion  
 
 Since the rise of genomic editing, and CRISPR/Cas9 technologies in 

particular, there has been a growth in the quantity of techniques used to obtain an 

ideal edit. In this study, we provide a comparison of popular CRISPR/Cas9 

techniques used to make single base pair knock-in edits. Traditional plasmid-

based methods where a plasmid co-expresses the sgRNA and Cas9 protein 

results in mutations caused by the NHEJ repair pathway. Even in the presence of 

a NHEJ inhibitor, frameshift and insertion mutations, surrounding the Cas9 cut site 

dominated the resulting edits. There is a possibility that the addition of a 5’ spacer 

to the ssODN (Fig.5A) resulted in the protection of the DONOR template, thus 

increasing HDR. This simple plasmid-based method then in theory could have 

increased efficiencies in knock-in edits with the addition of the 5’ spacer.  

While adenosine base-editors have the advantage in simplicity, given that 

they don’t require a DONOR template, the lack of editing implies it’s in the early 

stages of reproducibility in a lab setting. Low editing efficiencies of the original 

spCas9/ABE7.9 were most likely due to the fact our edit site could not be designed 

to fall within the 4-5bp range in the sgRNA that was needed for maximum 

efficiency. Most likely, if our system could include this prerequisite for editing, our 

efficiencies would have increased. While the xCas9/ABE7.10 protein has a 

broader range of PAM sequences that allowed us to have our edit within the 
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necessary 4-5bp range, lack of editing suggests, at least in our system, that this 

method of editing is inefficient. We acknowledge this is due to our inability to design 

a sgRNA that falls within the requirements for maximum efficiency of this 

technology. However, these requirements for base editing could pose problems 

for other researchers with similar design limitations, and thus is an approach that 

is not recommended. 

In addition, we provide a new knock-in approach to help increase selection 

of clones in which editing took place. This knock-in approach can be used for single 

base pair edits or be modified for any knock-in edit (i.e., multiple base pairs or 

protein tags). While this method helps to select for clones that have undergone 

editing, it requires the target edit site to be within 100bp of an intron due the 34 

base pair loxP ‘scar’ left behind. Understandably, this method is not feasible for 

potential editing sites within exons and is less versatile than other selection 

methods. Interestingly, our results show that this method results in highly specific 

heterozygous mutations, and no indel mutations were found. Combination of 

components used in our comparison could provide for increased editing, such as 

using pre-formed RNP in addition to our neomycin knock-in method.  

Importantly, our results show that using pre-formed RNP, in addition to a 5’ 

spacer and silent mutation of the DONOR ssODN, results in base-specific editing. 

We believe that all components of this method contributed to the increased 

efficiency and recommend using them concurrently. Though the RNP method 

resulted in the homozygous mutants, and increased specificity for target edit sites, 
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it is unclear whether this was due to increased efficiency of the complex formation, 

or due to the silent mutation and/or the addition of the spacer on the ssODN, or 

some combination of both. Additionally, our method required two rounds of editing 

using the RNP method. We are uncertain if homozygous mutants can be obtained, 

as well as the percentage at which homozygous editing could occur, with just one 

round of RNP editing. Nevertheless, is it clear that all the changes included in our 

final method resulted in the highest homozygous mutation efficiency in our 

experiments. Overall, these data present a clear and concise comparison of 

popular single base pair knock-in edits. With the help of our research, hopefully 

other researchers can use these methods, or a combination of these methods to 

help aid in their genome editing. 

 

2.4 Materials and Methods 
 
Plasmid-based Method 

 Prospective sgRNAs were designed using the Zhang lab CRISPR Design 

tool (crispr.mit.edu). Following selection of best sgRNA, the top choice was 

cloned into pSpCas9(BB)-2A_Puro plasmid, using the Zhang lab cloning 

protocol, available on Addgene website. The pSpCas9(BB)-2A-Puro (PX459) 

V2.0 was a gift from Feng Zhang (Addgene plasmid #62988). Single stranded 

oligonucleotide (ssODN) (100bp) was designed to have 50bp flanking the DSBs 

(4nmole Ultramer DNA Oligo; IDT). HCT-116 cells were seeded into 24-well 

plates to be 70% 12-14hr following seeding. Co-transfection of CRISPR plasmid 
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(2ug), and ssODN template (4ul of 10mM stock) was performed using 

Lipofectamine 3000 in the presence of non-homologous end joining (NHEJ) 

SCR7 inhibitor (0.2uM; HY-12742 Med Chem Express). Following transfection, 

cells were selected with puromycin (1ug/ml) for 24 hrs before clonal expansion 

(see below).  sgRNA sequence: 5’ CATTGTTCAATATCGTCCG  

DONOR ssODN: 

5’GGGAGCTTCATCTGGACCTGGGTCTTCAGCGAACCATTGTTCAATATCGT

CCGGGGACAGCATCAAATCATCCATTGCTTGGGACGGCAAGGGGGA 

 

Adenosine Base Editor (ABE) Method 

GuideRNA (sgRNA) was designed manually following the parameters 

from (Gaudelli et al., 2017; Hu et al., 2018), and cloned into BPK1520 sgRNA 

expression plasmid. HCT-116 cells were seeded on 48-well plates to be 70% 

confluent 12-14hr following seeding. Co-transfection of ABE plasmid (750ng), 

sgRNA expression plasmid (250ng) was performed using 1.5ul of Lipofectamine 

3000. pCMV-ABE7.9 and xCas-(3.7)-ABE(7.10) plasmids were a gift from David 

Liu (Addgene plasmid #102918; #108382). BPK1520 was a gift from Keith Joung 

(Addgene plasmid #65777).  

sgRNA sequence for spCas9-ABE7.9:  

5’- CAATGGTTCACTGAAGACCC  

sgRNA sequence for xCas9-ABE7.10:  

5’- TTCACTGAAGACCCAGGTCC 
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Neomycin Knock-In Method 

GuideRNA (sgRNA) was designed manually in intron 3 of the Tp53 gene 

and cloned into the pSpCas9(BB)-2A_Puro (PX459) plasmid. For DONOR 

plasmid, 400bp homology arms flanking the DSB were cloned into pGolden-Neo 

plasmid, which contains the floxed Neomycin cassette. Site directed mutagenesis 

was used to create T55A mutation in the right homology arm (RHA). HCT-116 

cells were seeded into a 6-well plate to be 70% confluent 12-14hr following 

seeding. Co-transfection of spCas9 (1ug) and DONOR plasmid (1ug) was 

transfected using 4ul of Lipofectamine 3000. Following transfection, cells were 

selected for 72hr using 1ug/ml neomycin before clonal expansion (see below). 

After confirmation of heterozygous mutations through Sanger Sequencing, 

clones were transfected with pCMV-CRE plasmid to remove Neomycin cassette. 

sgRNA sequence:  

5’- TGGGTGAAAAGAGCAGTCAG 

 

Ribonucleoprotein (RNP) Method 

 For the RNP method we utilized the Alt-R CRISPR-Cas9 technology from 

IDTDNA. GuideRNA (sgRNA) used in RNP method was a verified guide (Alt- R 

CRISPR- Cas9 crRNA, 2nmol; Hs.Cas9.TP53.1.AK). RNP complex included 

crRNA; tracrRNA; and Cas9 nuclease (Alt-R CRISPR-Cas9 tracrRNA, 5nmol 

#1072532; Alt-R S.p. Cas9 Nuclease V3,100ug #1081058). Single stranded 
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oligonucleotide (ssODN) DONOR template was designed with 50nt arms flanking 

the DSB (IDTDNA; 100nmole DNA oligo) HCT-116 cells were seeded into a 12-

well plate to be 70% confluent 12-14hr following seeding. The RNP complex was 

preformed according to the Alt-R CRISPR-Cas9 protocol (scaled up from the 

recommended 96-well plate). RNP complex and DONOR ssODN (1uM) were 

transfected using RNAiMAX (Thermo #13778100) in the presence of 20uM Alt-R 

HDR Enhancer (IDTDNA # 1081072). Note: CRISPRMAX transfection reagent 

was unsuccessful in editing. 

 sgRNA sequence:  

5’ CCCCGGACGATATTGAACAA 

RNP_DONOR sequence: 

/5Sp9/GATGATTTGATGCTGTCCCCGGACGATATTGAACAGTGGTTCGCTGA

AGACCCAGGTCCAGATGAAGCTCCCAGAATG 

 

Clonal Expansion, DNA Extraction, and Sanger Sequencing 

All methods followed the same clonal expansion and DNA extraction 

method. Selected clonal cells were diluted to have a final concertation of 1 

cell/well, seeded into 96-well plates, and allowed to grow for 2 weeks, or until the 

appearance of rounded colonies. Single colonies were harvested using 0.25% 

trypsin and DNA was extracted using 40ul QuickExtract (Lucigen #QE09050) 

buffer per well. Extracted DNA was then prepped for sequencing. PCR amplicons 

containing sequence flanking Thr55 residue were purified using DNA clean & 
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concentrator (Zymo #D4013) and sanger sequenced. Edits were manually 

identified through chromatograms. Primer set used to amplify sequence flanking 

Thr55 are:  

FOR 5’ – GCAGTCAGATCCTAGCGTCG  

REV 5’ - TACGGCCAGGCATTGAAGT 
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2.6 Figures  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 Overview of Inactivation of Thr55 Phosphorylation by mutation to 
Alanine Residue. (A) Schematic of T55 location and single base pair change for 
inactivation of Thr55 phosphorylation. Red box show Thr55 residue and editing 
location. (B) TAF1 kinase phosphorylation p53 at Thr55 and causes dissociation of 
p53 from the p21 promoter. Phosphorylated p53 associates with MDM2 (not 
shown) to be targeted for degradation. Once mutated, T55A p53 is unable to be 
phosphorylated by TAF1, resulting in p53 remaining bound to p21 promoter and 
subsequent transcriptional activation.  
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Figure 2.2 Traditional plasmid-based method of CRISPR/Cas9 genome editing 
results in high incidence of indel mutations (A) Schematic of traditional plasmid-
based method of CRISPR/Cas9 Genome Editing. The sgRNA, consisting of the 
protospacer and scaffold, forms a complex with the Cas9 nuclease to bind target 
genomic DNA. Upon target cleavage, double stranded breaks (DSB) can be repaired by 
error-prone Non-Homologous End Joining (NHEJ) or error-free Homology Directed 
Repair (HDR). NHEJ DNA repair results in indel mutations, including insertions, 
deletions, and frameshifts, while HDR can result in more targeted editing to include 
desired alteration. HDR utilizes a 100bp single stranded oligonucleotide (ssODN) which 
harbors the T55A mutation. (B) Design of gRNA (green) and PAM sequence (blue) in 
respect to location of T55 residue (red box) (C) Percentage of specific mutations and 
location of edits from the target site (D). Red box indicates single base pair target.  
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Figure 2.3 Adenosine Base Editors (ABE) result in no genomic editing. 
(A) Schematic of A to G base editing using Adenosine Base Editors (ABE). A 
tRNA adenine deaminase (TadA) domain is fused with catalytically dead 
spCas9 (dCas9) nuclease to form the spCas9- ABE7.9, which makes a 
complex with the sgRNA to target genomic DNA. (B) A TadA domain is fused 
to catalytically dead spCas9 variant with broad PAM capabilities (xCas9), to 
form xCas9-ABE 7.10, which forms a complex to target genomic DNA. Design 
of gRNA (green) and PAM sequence (blue) in respect to location of T55 
residue for spCas9-ABE7.9 (C) and xCas9-ABE7.10 (D). Red box indicates 
target edit site. 
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Figure 2.4 Base editing using a knock-in selectable Neomycin cassette results 
in highly specific heterozygous mutations. (A) Cas9:gRNA complex binds target 
genomic DNA and cleaves DNA. The resulting double stranded break (DSB) is 
repaired through Homology Directed Repair (HDR) using plasmid DNA as a donor 
template. The donor plasmid contains a left homology arm (LHA) and a right 
homology arm (RHA), which includes the T55A mutation, corresponding to 400bp 
regions outside the DSB, in addition to a neomycin cassette flanked by loxP sites. 
After selection, Cre recombinase is introduced resulting in recombination of the loxP 
sites to remove neomycin cassette. (B) Design of sgRNA and PAM sequence in 
respect to location of T55 residue (red box).  (C) Percentage of specific mutations 
and chromatogram confirming heterozygous mutation (D). Red box indicates single 
base pair target.  
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Figure 2.5 Ribonucleoprotein (RNP) complex increases efficiency and 
specificity of single base pair edits. (A) Prior to transfection, the ribonucleoprotein 
complex (RNP), consisting of sgRNA and Cas9 nuclease, is preformed to enhance 
efficiency of editing. Upon target cleavage, double stranded breaks (DSB) can be 
repaired by error-prone Non-Homologous End Joining (NHEJ) or Homology directed 
repair (HDR). HDR utilizes a single stranded oligonucleotide (ssODN) that harbors 
the T55A mutation and a silent mutation in the sgRNA sequence including a 5’ 
spacer to prevent degradation. (B) Design of sgRNA (green) and PAM sequence 
(blue) in respect to target Thr55 location (red box). (C) Location of edits and types of 
mutations (D) of HCT-116 +/+ (green) and HCT-116 +/- (yellow) cells. (E) Sanger 
sequencing of heterozygous and homozygous mutations. Red box indicates target 
single base pair edit for T55A (left) and silent mutation (right). 
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Figure 2.6 Mutation rates between different CRISPR/Cas9 genome editing 
methods. (A) Percentage of edits made by varying methods of CRISPR/Cas9 
editing. (B) Percentage of specific mutations and location of edits (C) using 
different CRISPR/Cas9 editing methods. Red box indicated target single base 
pair editing site.  
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Chapter 3  
 
 
High Glucose-Induced p53 Functional Inhibition via Regulation of Thr55 

Phosphorylation in vivo 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Some of the work presented in Chapter 3 is intended to contribute to a 

publication. Dr. Selene Bobadilla, is responsible for the work shown in Figure 

3.2A, B, and C; and Figure 3.3B, C.  
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3.1 Introduction 

Tumor suppressor, p53, was originally characterized for its functional 

response to DNA damage and apoptosis (El-Deiry et al., 1993; Toshiyuki and 

Reed, 1995), but recently has also been shown to be involved in many other non-

canonical pathways, including metabolism (Kastenhuber and Lowe, 2017). p53 

protein is post-translationally modified via phosphorylation of serine/threonine 

residues, which inhibits interaction with MDM2, facilitating stabilization of the 

protein through tetramerization (Bode and Dong, 2004; Gu and Roeder, 1997; Lu 

et al., 2007). While most PTMs lead to activation of p53, recent studies have shown 

TAF1 mediated degradation of p53 through phosphorylation of Thr55 (Li et al., 

2004), demonstrating a role for phosphorylation in the destabilization of p53. 

Because of its responsibility in regulation of many distinct biological processes, 

mutagenesis of p53, as expected, results in dysregulation of many human cancers  

(Hainaut and Hollstein, 1999; Kandoth et al., 2013). While direct mutations to p53 

have been extensively shown to inactivate transcriptional activity through DNA 

binding (Cho et al., 1994; Donehower, 1996), it still has to be determined what 

other molecular mechanisms can alter p53 function and how this regulation occurs. 

 Our lab has proposed a new mechanism of p53 regulation facilitated by 

TAF1’s ability to respond to changes in cellular metabolism. TAF1 is the largest 

subunit of transcription factor II D (TFIID) which is comprised of 13 individual 

TATA-binding protein associated factors (TAFs), in addition to TATA- binding 

protein (TBP)(Burley and Roeder, 1996; Thomas and Chiang, 2006; Tora, 2002). 
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Interestingly, TAF1 has been shown to be a significantly mutated gene in cancer, 

highlighting its significance in regulation of cancer (Kandoth et al., 2013). 

Previously, our lab has shown that acetylated p53 recruits TAF1, through 

interaction with its double bromodomain (DBrD), to the p21 promoter following 

DNA damage, thus activating transcription and promoting cell cycle arrest (Wu et 

al., 2014). A unique feature of this regulation is that TAF1 kinase activity is 

responsible for inactivating transcription through phosphorylation in a cellular-ATP 

dependent manner.  

Given that glucose is critical for cancer metabolism to provide ATP for a 

proliferating cell, increased glucose could provide additional energy for growth 

(Hsu and Sabatini, 2008). In addition, it has been shown that cancer cells consume 

more glucose than normal cells (Warburg, 1956), suggesting that a glucose-rich 

environment, such as patients with diabetes, may play an important role in the 

growth-promoting activity of TAF1 kinase. Diabetes is metabolic disorder that can 

be separated into two main subtypes: Type 1 and Type 2 (T1DM and T2DM), 

where Type 1 accounts for 5-10% of diabetic patients (ADA, 2020). T1DM largely 

differs from T2DM diabetes in that it is an autoimmune disease that results in the 

body’s immune system attacking the ß-cells responsible for the production of 

insulin (Kahn et al., 2014) . Lack of insulin, a hormone responsible for glucose 

uptake in muscle cells and adipose tissue, results in high blood glucose levels, 

termed hyperglycemia. In contrast, T2DM is characterized by insulin resistance, 

where the body is unable to efficiently use insulin to maintain glucose homeostasis, 
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leading to a hyperglycemic phenotype (Van Belle et al., 2011). Interestingly, 

diabetes is associated with increased risk for certain types of cancer including 

colon, breast, pancreatic, liver, and bladder, however research is largely unclear 

about the mechanisms that control this correlation (Giovannucci et al., 2010). 

Recently, our lab has shown that high glucose exposure inhibits p53 tumor 

suppressor activity through TAF1 regulation, leading to an overall promotion of 

cellular proliferation. To further study the role of Thr55 phosphorylation in 

tumorigenesis, we investigated whether hyperglycemia, and subsequent TAF1 

regulation, plays a role in cell line-derived xenograft (CDX) tumor promotion in vivo 

by using a streptozotocin (STZ)-induced diabetic mouse model.  

In this study, we show that treatment with STZ leads to an increase in tumor 

growth in WT p53 CDX HCT-116 tumors. STZ-induced hyperglycemia, or high 

blood glucose, results in increased cellular ATP levels, which correlates to an 

increase in Thr55-phosphorylation and subsequent downregulation of p53 and p21 

protein levels. Interestingly, STZ treatment leads to increased tumor density, 

overall suggesting a role for hyperglycemia in tumor promotion by affecting p53 

Thr55 phosphorylation. Additionally, we show that phosphorylation mutant T55A 

p53 abolishes the HG effect on p53 stress response, suggesting the importance 

of TAF1-mediated Thr55 phosphorylation. Lack of phosphorylation at Thr55, leads 

to a rescue of p53 transcriptional activity of p21 through DNA binding, activation of 

expression, and overall protein levels in HG conditions. Furthermore, T55A p53 

shows a reduction in adherent cell growth, and eliminates HG induced cellular 
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proliferation. Interestingly, CDX T55A p53 tumors show a downregulation of p53 

and no significant change in tumor growth. These data indicate that while p53 

functions through Thr55 phosphorylation in adherent cells, which is supported by 

a plethora of evidence, the complexity of tumorigenesis in a diabetic mouse models 

and the relationship to Thr55 phosphorylation needs to be further evaluated.  

 

3.2 Results 

Creation of an immunocompromised T1DM mouse model 

To determine the effect of hyperglycemia on tumor growth, we first created 

an immunocompromised diabetic mouse model through the use of STZ. 

Streptozotocin (STZ) is a compound that is toxic to the pancreatic ß-cells in the 

islets of Langerhans and results in hyperglycemia and insulin-deficiency (Lenzen, 

2008). We first treated Nu/J mice with 5- low doses of varying concentrations of 

STZ to determine the best dosage resulting in a prolonged hyperglycemic 

phenotype (Fig. 1A,B). Our results indicate that doses of 45mg/kg and 50mg/kg 

result in blood glucose levels >500 mg/dL on average, while 40mg/kg results in a 

large range of blood glucose levels, ranging from 250-500mg/dL (Fig. 1B). 

Because physiological blood glucose levels of diabetics are rarely above 500 

mg/dL, we treated STZ mice with 42.5 mg/kg and analyzed any mice that fell within 

this range. Additionally, due to the correlation of colon cancer and diabetes, we 

chose HCT-116 cells, a human colon cancer cell line, for our experiments. 

Following 5-low doses of STZ, HCT-116 cells were injected subcutaneously in the 
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dorsal flank of Nu/J mice. Timing of the injection was chosen post-STZ treatment 

so that HCT-116 cells would grow in a STZ-induced hyperglycemic environment 

as illustrated (Fig. 1A).  

 

Hyperglycemia induced p53 inhibition via Thr55-P promotes increased 

tumor growth 

Previous cell culture data has shown that HG treatment leads to an increase 

in cellular ATP levels, and overall p53 inactivation through Thr55 phosphorylation. 

To verify these results in vivo we first assayed individual cells disaggregated from 

CDX tumors to determine ATP concentrations. Results show that STZ-treated 

CDX tumors lead to a 4-fold increase in ATP levels, suggesting that high blood 

glucose contributes to increased glucose consumption and processing (Fig. 2C). 

Because HG contributes to increased Thr55 phosphorylation in adherent cells, we 

next investigated whether p53 inactivation could be due to regulation of Thr55 by 

TAF1 kinase. Importantly, STZ-treated CDX tumors show an increased in Thr55 

phosphorylation (Fig.2B,D). Furthermore, because p53 protein function is 

regulated through HG induced increased ATP concentrations, we next 

investigated whether hyperglycemia and the resulting increased ATP could affect 

p53 inactivation. Interestingly, we see a significant decrease in p53 protein 

expression, in addition to a decrease in p21 protein expression (Fig2B,E,F). To 

further confirm the role of Thr55-dependent p53 inactivation we compared tumor 

growth in control vs STZ-treated mice. Interestingly, our results indicate that STZ 
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treatment leads to an increase in tumor density (Fig. 2A,G). While this change is 

not noticeable through observation of tumor volume (Fig. A,H), tumor weight is 

significantly higher in CDX tumors grown in STZ-treated mice compared to control 

mice. This suggest that the increased tumor density seen with STZ-treated CDX 

tumors could be a result of increased cellular proliferation through p53 inactivation. 

Together, these results suggest that hyperglycemia, as a result of STZ treatment, 

can influence cellular ATP levels, leading to p53 inactivation and increased tumor 

density through increased Thr55 phosphorylation by TAF1 kinase.  

 

High Glucose inhibits p53 stability and DNA damage response in a Thr55 

phosphorylation dependent manner 

Previous studies show that HG contributes to cellular ATP induction and 

p53 Thr55 phosphorylation, with no modifications to other phosphorylation sites 

(Fig.3A).  Additionally, this increase in Thr55-P correlates to a decrease in p53 

protein levels, and subsequently inhibits p21 expression (Fig3A,B). Because p53s 

role as a tumor suppressor is dependent on PTMs induced upon cellular stress, 

such as DNA damage, we previously investigated whether HG treatment affects 

p53 stabilization following DNA damage. Interestingly, results show that HG affects 

Thr55 phosphorylation, but not other common PTMs that have be shown to 

stabilize p53 (Fig 3C). To further verify the importance of Thr55 phosphorylation in 

HG-induced p53 inactivation, we created a stable cell line harboring a Thr55 to Ala 

mutation using CRISPR/Cas9 genome editing (Fig.3D). Mutation to alanine, 
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removes the hydroxyl group (-OH) required for phosphorylation, thus inactivating 

the residue and preventing TAF1 kinase-mediated phosphorylation. To assess the 

role of Thr55-P in p53s DNA damage response, WT p53 and T55A p53 cell lines 

were analyzed by UV treatment. Results show that while WT p53 is inhibited by 

HG treatment, T55A p53 abolishes the HG-induced p53 inhibition and subsequent 

p21 inhibition, in both DNA damage conditions and non-DNA damage conditions 

(Fig.3E). To determine that Thr55-P is sufficient to inhibit p53 activation upon DNA 

damage, we next assayed p21 RNA levels in response to UV treatment. Our 

results show that WT p53, when treated with HG, leads to a decrease in p21 RNA 

levels, while T55A p53 remains unchanged (Fig 3E). Following DNA damage, WT 

p53 increased p21 RNA levels were inhibited by HG treatment, and T55A p53 

increased p21 levels remain unaffected (Fig.3F). To ensure that p21 transcriptional 

inhibition was due to p53 dissociation from the p21 promoter we performed 

chromatin immunoprecipitation (ChIP) to determine whether Thr55-P affects HG-

induced p53 inactivation following DNA damage. Not surprisingly, DNA damage 

results in binding of both WT p53 and T55A p53 to the p21 promoter, however 

following HG treatment, WT p53 binding is inhibited, while T55A p53 is unaffected 

(Fig. 3G). Together, these data suggest that HG-induced Thr55 phosphorylation 

inhibits p53 DNA damage response.  

Loss of Thr55 phosphorylation results in altered cell growth phenotype  

Due to the role HG and Thr55-P plays in p53 transcriptional activity, we 

investigated the physiological significance of HG in our WT p53 and T55A p53 cell 
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lines. To assay the effect of endogenous T55A p53 on cell growth, we performed 

a CCK8 cell growth assay, using WT p53 and T55A p53 cell lines. Results show 

that when treated with HG, WT p53 cell growth is significantly increased compared 

to control conditions (Fig.4A). Interestingly, T55A p53 cell growth is significantly 

reduced compared to WT p53 cell growth, and HG shows no effect (Fig.4A). To 

gain a better understanding of how Thr55-P affects cellular growth in vivo, we 

overexpressed WT p53 and T55A p53 in p53 null H1299 cells and assayed their 

effects on 3D/matrigel cell cultures, which mimics the tumor microenvironment in 

cell culture conditions. We showed that WT p53 leads to a decrease in colony 

growth, which can be abrogated by HG treatment, leading to an increase in colony 

growth (Fig.4B,C). Overexpression of T55A p53, however, shows that HG 

treatment fails to increase colony growth, suggesting that HG-induced colony 

growth through p53 inhibition is dependent on Thr55-P (Fig. 4B,C). To further 

determine the role of Thr55-P in tumorigenesis we subcutaneously injected WT 

p53 and T55A p53 cell lines into the dorsal flank of Nu/J mice. Surprisingly, T55A 

p53 CDX tumors show a decrease in p53 expression, while p21 protein remains 

unchanged (Fig. 4D). Because previous results in the lab have shown that Thr55-

P leads to increased association with MDM2, we analyzed MDM2 protein which 

showed no change in expression (Fig. 4D). Additionally, because T55A p53 

adherent cells resulted in decreased cell growth, we hypothesized that tumor 

growth would decrease compared to WT p53 tumors. However, results show no 

significance in tumor growth and instead suggest a potential increase in T55A p53 
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tumor growth when compared to the WT p53 (Fig. 4E). These results suggest that 

while evidence for the role of Thr55-P in adherent cell growth is convincing, the 

complexity of CDX tumor growth in a diabetic mouse model, and the relation to 

Thr55-P remains to be elucidated.  

 

3.3 Discussion  

 Cancer metabolism in relation to the progression of cancer and its 

correlation to metabolic disorders, such as diabetes, is imperative to understanding 

how the two diseases are linked. It is well known T1DM and T2DM correlate to 

increased risk for certain types of cancer including colon, breast, liver, pancreatic, 

and bladder (Giovannucci et al., 2010; Vigneri et al., 2009). Several molecular links 

between why there is an increased cancer risk with diabetes have been 

speculated, however the direct impact that diabetes has on increased cancer risk 

is not known. It is unclear whether environmental risk factors (e.g. obesity, poor 

diet, physical inactivity, or aging) or the metabolic consequences of the disease 

(e.g. hyperglycemia, insulin resistance, hyperinsulinemia, chronic inflammation) 

are responsible for the increased risk for diabetes (Giovannucci et al., 2010).  

In this study we show a role for p53 and hyperglycemia in the regulation of 

increased tumor growth in diabetic mice. Our results reveal that increased cellular 

ATP, as a result of STZ treatment, leads to an increased in Thr55-P in CDX tumors. 

Interestingly, this increase in phosphorylation correlated to a downregulation of 

p53 expression and subsequent p21 inhibition. Because p21 protein functions in 
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cell cycle arrest, downregulation of p21 leads to G1 progression and cellular 

proliferation, thus promoting tumorigenesis. Overall, these results suggest that p53 

inactivation is potentially due to regulation of Thr55-P in vivo. Given our previous 

cell culture studies, it is likely this p53 inactivation is due to cellular ATP-dependent 

TAF1 kinase regulation of Thr55. To further determine the role TAF1 plays in 

Thr55-P in hyperglycemia conditions, we can assay Thr55-P in STZ diabetic mice 

treated with apigenin, which has been previously shown to inhibit TAF1 kinase 

activity (Wu et al., 2014). This would allow us to verify that changes in Thr55-P in 

hyperglycemic conditions is the result of increased TAF1 kinase activity, overall 

showing a mechanism for increased tumor growth through TAF1-medaited 

regulation.  

While our results show that hyperglycemia plays a role in tumor growth, 

proliferating cells and their increased nutrient uptake relies on growth factors to 

facilitate this acquisition (Palm and Thompson, 2017). Due to the fact that we do 

not observe increased tumor volume in our STZ-treated CDX tumors, it is possible 

that another factor in addition to hyperglycemia is contributing to increased cancer 

risk in diabetic patients. In the case of T2DM, insulin resistance is a major 

consequence of the disease. Glucose uptake and glycogenesis is stimulated by 

the activation of the PI3K/AKT pathway that relies on insulin binding to its receptor 

(Collins, 2014). While insulin resistance blocks activation of this pathway, the 

MAPK pathway, which promotes cellular proliferation, is activated in response to 

the increased insulin production (Becker et al., 2009; Vigneri et al., 2009). Thus, 
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its hypothesized that hyperinsulinemia can result in a mitogenic phenotype, 

promoting tumorigenesis. Because we wanted to specifically observe the effects 

of hyperglycemia on tumorigenesis, we chose the simplest method for a diabetic 

mouse model that resembles T1DM (Furman, 2015). T1DM results in destruction 

of the pancreatic-ß cells, resulting in an insulin deficiency. Due to the importance 

of insulin and its role in promoting cellular proliferation, it is possible that a stronger 

growth phenotype can be seen when both hyperglycemia and hyperinsulinemia 

are present. This suggests that while hyperglycemia and p53 inhibition can 

promote proliferation, it alone is not responsible for the increased risk for cancer in 

diabetics. It would be interesting to further identify the effects of hyperglycemia and 

p53 inhibition in a T2DM mouse model. If Thr55 phosphorylation and subsequent 

p53 inactivation play a significant role in T1DM model, it is likely this regulation 

could play an even bigger role in cancer progression in a T2DM.  

 Our results also suggest that Thr55-P is required for the p53 DNA damage 

response under HG conditions. We show that WT p53 DNA damage response is 

downregulated upon HG treatment and that T55A p53 abolishes this 

downregulation under HG conditions. Additionally, we show a physiological 

consequence of this regulation through cell growth assays.  While WT p53 is 

affected by HG treatment, leading to increased cell growth, T55A p53 shows a 

reduction in cell growth and no effect following HG treatment. Surprisingly, 

results show the opposite trend when grown into CDX tumors. Previously, we 

have shown that Thr55-P leads to association with MDM2, an E3 ubiquitin ligase 
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responsible for marking p53 for degradation (Li et al., 2004). Due to this 

regulation, we hypothesized that T55A p53 would be stabilized further and lead 

to increased p53 levels in CDX tumors. Because these are preliminary results 

(n=4), we would need to further study this regulation in vivo with a larger sample 

size to make any final concluding remarks. However, it is possible that 

degradation of p53 through this Thr55-P MDM2-mediated pathway, is a critical 

point of regulation of p53. Cancer reprogramming is an essential mode of 

regulation for cancer cells to bypass certain limitations in growth. If mutation of 

the Thr55 residue results in increased p53 expression, perhaps the tumor is able 

correct for this and downregulate p53 through another degradative pathway. 

Additionally, because we’ve shown that high glucose plays an important role in 

Thr55-P, it would be interesting to continue in vivo experiments by comparing WT 

p53 and T55A p53 CDX tumors in STZ-treated mice. This would allow us to 

specifically determine the role high glucose has on Thr55 phosphorylation and 

p53 function in tumorigenesis. 

    

3.4 Materials and Methods  
 
Cell Culture 
 
 HCT-116 WT p53 and T55A p53 cells were grown in McCoy’s 5A 

(Modified Medium) that was supplemented with 10% Fetal Bovine Serum 

(Omega FB-11) and 1% Penicillin-Streptomycin (Coring, 30-002-CI). Plates were 

cultured in a humidified incubator at 37°C with 5% CO2.  
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Streptozotocin (STZ) Diabetic Mouse Model and Cell-line Derived (CDX) 

Xenograft Tumors  

Inbred Nu/J mice were ordered from Jackson Laboratory (#002019) at 7 

weeks old. Streptozotocin (STZ) (S0130, Sigma) was dissolved in citrate buffer 

according to (Furman, 2015). At 8 weeks old, Nu/J mice were weighed and 

injected intraperitoneally with 42.5 mg/kg of STZ for 5 days at daily time points. 

Following injections, mice were given 10% sucrose water to avoid effects of 

hypoglycemia following destruction of the pancreatic beta-cells and release of 

insulin. Initial and weekly blood glucose levels (mg/dL) were taken from the tail 

vein, after a small incision, using a Bayer Contour Blood Glucose Monitor. Mice 

were first fasted for 6hr prior to ensure accurate blood glucose. HCT-116 cells 

were injected 5 days following the end of STZ treatments. Cells were trypsinized 

and 2x106 were resuspended in 200ul 20% matrigel and 1X phosphate buffered 

saline (PBS). Cells were injected subcutaneously in the dorsal flank of Nu/J mice 

and grown until ~1000mm3. Nu/J mice were sacrificed by cervical dislocation to 

dissect tumors. Following dissection, tumors were either flash frozen in liquid 

nitrogen, or prepared for disaggregation protocol. 
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Cell Disaggregation and Cellular ATP Level and ATP/ADP Ratio 

 HCT-116 tumors were dissected, minced into small pieces using a sterile 

razor blade (3mm3) in 5ml complete McCoys 5A medium, and pelleted at 5000 

rpm for 5min at 4°C. Pellet was resuspended in 0.25% trypsin and incubated 

shaking at 37°C for 4 hours. Following incubation, disaggregated cells were 

strained through 80micron filter and pelleted at 5000 rpm for 5min at 4°C. Pellet 

was washed with 1x PBS and resuspended in cell lysis buffer. ATP level was 

measured by the luciferin/luciferase method using the ATP Determination Kit 

according to manufacturer's protocol and concentrations were determined by 

comparing to a standard ATP dilution curve (Molecular Probes, A22066). The 

results expressed as fold (means ± SE) over control from 10 individual tumors 

(n=10).  

Reagents and Western Blot Analysis  

 For CDX tumors, tumors were homogenized in cell lysis buffer using 

Precellys homogenizer at 6500 rpm 1min for 3 cycles while placing samples on 

ice for 2 minutes between cycle to keep sample cold. Tumor lysate was 

centrifuged at 14,000rpm at 4°C to remove cellular debris and analyzed using 

western blot with the antibodies indicated. For WT p53 and T55A HCT116 cells, 

cells were subjected to UV radiation (20J/m^2) or treated with 25mM high 

glucose and incubated for 8hr prior to harvest. Following harvest, cell lysate was 

analyzed using western blot with the antibodies indicated. Antibodies used for all 
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western blots were anti-p53 (DO-1; Santa Cruz), anti-phospho-Ser46(2521, Cell 

Signaling Technology), anti-acetyl-Ly373 (Upstate), anti-p21 (C-19; Santa Cruz), 

anti- vinculin (VIN-11-5; Sigma), anti-Thr55-P (202; homemade); MDM2 (SMP14; 

Santa Cruz) 

 
ChIP Analysis  
 

ChIP analysis was carried out as described previously (Li et al., 2007a). 

HCT116 WT p53 and T55A cells, nuclear extracts were collected at indicated 

time points after mock, 20 J/m2 UVC treatment, or 25mM high glucose treatment 

and sonicated to generate chromatin fragments of 300 bp. Antibodies and p21 

primer sets used in PCR were as described (Li et al., 2007a). Binding sites for 

p21 were amplified with 28–32 cycles of PCR.  

RT-PCR 

Total RNA was extracted using TRIzol reagent (Life technologies) 

following the protocol issued by the manufacturer. RT-PCR reactions were 

carried out using SuperScript One-Step RT-PCR kit (Invitrogen). Primer sets for 

amplification of p21 mRNA: 

FOR 5’- CGACTGTGATGCGCTAATGG  

REV 5’- GGCGTTTGGAGTGGTAGAAATC  

CCK8 Cell Proliferation Assay 

 WT p53 or T55A p53 HCT-116 cells were seeded into a 96 well plate in 

100ul of complete McCoys 5A media with or without 25mM glucose (1000 

cells/well). Each timepoint (day), 10ul of CCK-8 solution was added to each well 
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and incubated at 37°C for 1 hour. Absorbance (450nm) was measured using 

Victor 2 microplate reader.  

3D-Cell Growth/Matrigel Assay  

H1299 p53 null cells were cultured in RPMI 1640 (Corning #10-043) and 

transfected with WT p53, T55A p53, or a control cytomegalovirus empty vector 

(CMV) using BioT (Bioland). In a four-well plate, a base layer of Matrigel (BD 

Bioscience CB-40230; 200ul/well) was covered with 1.0x10
4 cells suspended in 

1ml of complete RPMI medium with or without HG. 72 hours post plating images 

were captured using bright field (BF) on an inverted microscope (Nikon Eclipse 

TE2000U) and analyzed using NIS-Elements AR 2.30 image software. To 

analysis diameters, the diameter of colonies were measured for each 

experimental condition (40 colonies per condition). The data reported as the fold-

change in diameter for each experimental condition relative to the appropriate 

control.  
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3.6 Figures  
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Creation of an immunocompromised diabetic mouse 
model A) Timeline of STZ treatments and HCT-116 cell line injection B) 
Blood glucose levels following 5-low injections of STZ at doses 40mg/kg, 
45mg/kg, and 50mg/kg.  
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Figure 3.2 Hyperglycemia induced p53 inhibition via Thr55-P promotes 
increased tumor growth A) CDX HCT-116 tumors from Control vs STZ 
treatment. B) Tumors were homogenized in cell lysis buffer and lysates were 
analyzed through western blot with the antibodies indicated. For Thr55-P, p53 
levels were normalized through western blot and and subjected to 
immunoprecipitation (IP) using a Thr55-P specific Ab (202) and blotted for 
p53. C) Following dissection, CDX tumors were disaggregated by incubating 
in 0.25% trypsin for 4hr. Tumor cells were then analyzed using an ATP 
determination kit using a luciferin/luciferase method to evaluate ATP 
concentration (n=10). Western blots were quantified using Biorad Image Lab 
program to show relative D) Thr55-P (n=4) E) p53 (n= 8), and F) p21 (n=8) 
expression levels in control vs STZ treatment. G) Tumor weight (mg) and H) 
tumor volume (mm3) following dissection of CDX tumors from control vs STZ 
treatment (n = 23). 
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Figure 3.3 High Glucose inhibits p53 stability and DNA damage 
response in a Thr55 phosphorylation dependent manner (A) Western blot 
analysis and cellular ATP determination following a HG time course. HCT-116 
cells were treated with 25mM glucose and harvested at the specified 
timepoints and blotted with the antibodies indicated. Cellular ATP levels were 
determined using a luciferin/luciferase method according to manufacturer's 
protocol. (B) U2OS cells were treated with high glucose (25 mM) or UV 
irradiation (20J/m2) as specified and blotted for the antibodies indicated. (C) 
U2OS cells were treated with high glucose (25 mM) over a time course and 
p21 hnRNA and mRNA was analyzed by RT-PCR. (D) Sanger sequencing 
verifying Thr to Ala mutation in HCT-116 cells. E-G) HCT-116 WTp53 or HCT-
116 T55Ap53 cells were treated with high glucose (25mM) or UV irradiation 
(20J/m2) as specified. (E) Cell lysates underwent Western blotting with 
various primary antibodies as indicated. (F) Cells were harvested, and total 
RNA was extracted and analyzed by RT-PCR. (G) Protein extracts were 
prepared and subjected to ChIP assays using the indicated antibodies. PCR 
was performed to test for enrichment of the 5’ p21 promoter region.  
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Figure 3.4 Mutation of Thr55 residue results in alteration of cell growth 
phenotype A) WTp53 or T55Ap53 HCT-116 cells were seeded into a 96-
well plate (1000 cells/well) and grown for the time indicated. CCK8 reagent 
was added and incubated at 37°C for 1hr. Absorbance at 450nm was 
measured using a microplate reader. B) 3D/Matrigel cell culture with WTp53 
or T55Ap53 overexpression, in mock vs HG conditions C) Graphical 
representation of 3D/Matrigel experiments. D- E) WTp53 vs T55Ap53 HCT-
116 cells were subcutaneously injected into Nu/J mice and grown for 18 
days. D) CDX tumors were dissected and homogenized in cell lysis buffer 
and lysate was analyzed by western blot with the antibody indicated. E) 
Length and width of tumors were measured every 3 days following the 
appearance of tumor growth and tumor volumes were calculated using 
(n=4). 
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Chapter 4  
 
 
Transcriptome analysis of CDX tumors in STZ-treated mice reveals  
role for high glucose in cell migration  
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4.1 Introduction  
 

Cancer metabolism regulation has recently become imperative in the 

understanding of cancer progression. Alterations to cellular metabolism, leading to 

an abnormal metabolic phenotype, are necessary for a cancer cell to maintain 

requirements for proliferation. These requirements include the ability to generate 

ATP for bioenergetics purposes, macromolecules through increased biosynthesis, 

and mechanisms to aid in redox control (Cairns et al., 2011).  One of the most well-

known metabolic phenotypes is the Warburg effect, which is characterized as 

aerobic glycolysis, where the production of ATP is shifted from oxidative 

phosphorylation to glycolysis, even when oxygen is present (Warburg, 1956). The 

proliferating cell can utilize this shift to glycolysis by means of a glycolytic 

intermediate supply to alternative pathways to satisfy metabolic demands, showing 

a dependence for glucose consumption (Lunt and Heiden, 2011). This shift in 

cellular metabolism is a hallmark of cancer cells, suggesting that the increased 

uptake of glucose and the additional alterations to sustain energy and biomass are 

fundamental to the survivability of cancer cells. While the many different roles that 

glucose plays in regulation of cancer metabolism have been elucidated, the 

complexity of the processes involved illustrates that more remains to be 

uncovered.  

Because glucose metabolism is essential in the malignancy of tumor 

growth, it is understandable how a metabolic disorder, such as diabetes mellitus, 

could sustain the energy requirements for proliferating cells. Diabetes mellitus can 



  106 

be classified into two main disorders, Type 1 and Type 2 (T1DM and T2DM) 

(American Diabetes Association, 2020). T1DM is a chronic autoimmune disorder, 

that results in the inability to secrete insulin following the destruction of the insulin-

producing ß-cells in the islets of Langerhans of the pancreas. (Van Belle et al., 

2011). In contrast, T2DM is distinguished by insulin resistance, where function of 

the pancreatic ß-cells remains intact, however downstream insulin signaling 

events are dysregulated (Kahn et al., 2014). In a healthy individual, insulin is 

secreted from the ß-cell to aid in glucose uptake in insulin-sensitive tissues such 

as, skeletal muscle cells, adipose tissue, and liver (Van Belle et al., 2011). Failure 

to uptake glucose, due to lack of insulin, or insulin resistance, results in 

hyperglycemia, or high blood glucose levels. Hyperglycemia and diabetes have 

been previously linked to certain cancers, such as liver, pancreas, colorectal, 

kidney, bladder, and breast, all exhibiting an increased risk and mortality 

(Giovannucci et al., 2010; Harding et al., 2015). It is not known exactly how 

diabetes affects the progression of these cancers but some hypothesize that 

hyperglycemia may help cellular proliferation and metastasis (Johnson and Gale, 

2010; Suh and Kim, 2011; Vigneri et al., 2009). In this study, we employ the use 

of streptozotocin (STZ), a molecule with a similar structure to glucose, that is toxic 

to pancreatic beta cells, to create a T1DM mouse model with severe 

hyperglycemia and insulin deficiency (Schnedl et al., 1994). By using a STZ-

induced diabetic mouse model, in addition to cell-line derived xenograft (CDX) 

tumors, we can further elucidate the correlation between cancer and diabetes.  
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Here we used high-throughput RNA sequencing (RNA-seq) to analyze 

cellular transcriptome changes of cell-line derived xenograft (CDX) tumors in 

streptozotocin (STZ)-treated diabetic mice. We show that there are no significant 

overall changes in the transcriptome profiles between tumors grown in non-

diabetic vs diabetic mice. However, we found one statistically significant gene, 

desmocolin-2 (DSC2), that is downregulated in CDX tumors in STZ-treated mice. 

We investigated the effect of a high glucose treatment on expression of DSC2, and 

reproduced RNA-seq results in HCT-116 adherent cells. Due to the role of DSC2 

in cell adherence and inhibition of cell migration, we further analyzed its role in cell 

motility and show that loss of DSC2 results in increased migration of HCT-116 

cells. Additionally, we show that high glucose (HG) treatment promotes increased 

migration and that loss of DSC2 in HG environments leads to an exaggeration of 

this phenotype. Together, these data suggest that HG plays a role in cell migration 

through downregulation of DSC2. 

 
 

4.2 Results 
 
CDX tumors grown in STZ-Treated mice show no significant change in 

transcriptome profiles  

 To evaluate the role of hyperglycemia in tumorigenesis we treated 

immunodeficient Nu/J mice with 5 low doses of 42.5mg/kg of STZ followed by 

injection of HCT-116 cells (Fig. 1A). Because glucose levels of diabetic patients 

are rarely above >600mg/dL, we chose to analyze CDX tumors grown in mice with 
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a physiological blood glucose range from >250-500mg/dL (American Diabetes 

Association, 2020). Following RNA-sequencing of CDX tumors, it was important to 

distinguish host reads (mouse) form graft reads (human) due to contamination of 

mouse stromal cells in tumor samples. To do this we employed XenofileR to 

deconvolute mouse vs. human reads, which aligns reads to both the human and 

mouse genomes individually and removes any reads that map to the mouse 

genome, or both mouse and human genomes (Kluin et al., 2018) (Fig. 1B). Results 

determined that there were no significant changes to the transcriptome profiles of 

control vs. STZ-treated mice (Fig. 2). The principal component analysis of the 3000 

most variable genes, which is useful to discover distinct patterns in the data set, 

showed no variation between individual tumors within control vs. STZ treatments 

(Fig. 2A). Additionally, a heat map of the 3000 most variable genes, shows that 

control vs. STZ cannot be distinguished by unsupervised clustering (Fig. 2B). 

Furthermore, the data revealed no significantly expressed genes meeting the 

standard criteria of +/- 2-fold change and an adjusted p-value < 0.05 (Fig 3A). 

While changes in average gene expression appear to be primarily upregulated 

(Fig. 3B), no significant changes between control vs. STZ gene expression was 

found.  Interestingly, we determined one gene, DSC2, significantly down-regulated 

(1.4-fold) with STZ-treatment (Fig. 3A). 
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DSC2 is down regulated in high glucose environments  

Desmocolin-2 (DSC2) is a primary component of desmosomes, which are 

responsible for intercellular junctions between cells (Desai et al., 2009). We 

validated the RNA-seq results by performing RT-PCR and RT-qPCR (Fig. 4A,C) 

and confirmed that DSC2 is downregulated in CDX tumors in STZ-treated mice. 

We hypothesized that if DSC2 is regulated in hyperglycemic STZ-treated CDX 

tumors, it is possible that DSC2 can be downregulated by treating with high 

glucose, to mimic the hyperglycemic environment.  To study DSC2 further, we 

treated parental HCT-116 cells with 25mM glucose and analyzed DSC2 

expression. Following HG treatment, DSC2 is significantly downregulated, 

suggesting that DSC2 expression is regulated through a glucose dependent 

mechanism (Fig. 4B,D).  

 

Loss of DSC2 exaggerates high glucose induced migration  

 Because DSC2 plays a role in cell adherence, we hypothesized that HG 

treatment could influence the role of DSC2 in cell migration. By employing a 

lentiviral short-hairpin RNA (shRNA) system, we were able to knock-down DSC2 

mRNA (Fig. 5A) and subsequent protein levels (Fig. 5B). Upon treatment with HG, 

DSC2 protein is down-regulated (Fig. 5B), suggesting that HG could have an effect 

on DSC2 protein function (Fig. 5B). To assess this possibility, we performed an in- 

vitro scratch assay to determine the role of HG in DSC2 regulated-cell migration. 

In our control cell line (scramble_shRNA), HG resulted in increased migration after 
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24hr compared to LG conditions (Fig. 5C,E). Additionally, knock-down of DSC2 

(DSC2_shRNA) led to increased migration comparable to our scramble_shRNA 

HG conditions. Furthermore, knock-down of DSC2 in conjunction with HG 

exaggerated cell migration. To further study the role of DSC2 in cell migration, we 

performed a chemotaxis trans-well migration assay (Fig.5D). Results show that 

both scramble_shRNA and DSC2_shRNA cell lines increased cell migration in HG 

conditions, similar to our scratch assay (Fig.5D,F). Importantly, knock-down of 

DSC2 in conjunction with HG treatment, leads to a significant increase in cell 

migration compared to LG conditions. Taken together, these findings suggest that 

the down regulation of DSC2, in addition to HG, further exacerbates HCT-116 cell 

migration.   

 

4.3 Discussion 

 In this study, we reveal that HCT-116 CDX tumors show no significant 

difference in transcriptome profiles in control vs. STZ-treated mice.  Previous 

studies in our lab have showed that upon treatment with HG in adherent HCT-116 

cells, significant changes are seen in gene expression (data not shown). While 

these studies provided us with potential candidate genes regulated by HG in 

adherent cells, we aimed to delve further into the role of hyperglycemia in 

tumorigenesis in vivo. To our surprise, no differentially expressed genes meeting 

the standard criteria of p < 0.05 and +/- 2-fold change were found when tumors 

were grown in STZ-treated mice. Following treatment with five low doses of STZ, 
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mice develop severe hyperglycemia and insulin deficiency (Wu and Huan, 2007), 

two significant changes to metabolism that would supposedly have an effect on 

gene expression.  

Tumors are known to have vast intra-tumor heterogenicity comprising of cell 

populations with various transcriptional programs caused by differences in 

environmental stressors (González-Silva et al., 2020). We hypothesis, that due to 

the complexity of tumors and differences in expression in various locations in CDX 

tumors, any significant difference between control vs. STZ treatment was unable 

to be identified. Previous unpublished work shows that STZ-treatment leads to an 

increase in tumor density and p53 inhibition in CDX HCT-116 tumors, suggesting 

that treatment does influence tumorigenesis. To gain more insight, single-cell 

RNA-seq (scRNA-seq) might give more information about specific transcriptional 

signatures in various regions of tumors (Hwang et al., 2018; Tang et al., 2009). 

This would allow us to determine specifics in transcriptional programs in similar 

locations of the tumors (i.e. compare profiles of cells expressing HIF1a in response 

to hypoxic conditions with other cells expressing the same gene in STZ-

conditions). 

 Furthermore, the five-low dose STZ treatments is best to mimic T1DM, 

while one high dose of STZ concurrent with a high fat diet, best mimics T2DM 

(Furman, 2015). Because T2DM is better correlated to increased cancer risk, 

compared to T1DM, it is  possible that changes in transcriptional regulation cannot 

be seen in our chosen model (Harding et al., 2015). While hyperglycemia has been 
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speculated to lead to increased cancer risk, it is likely a combination of diabetic 

metabolic consequences seen in T2DM, such as hyperinsulinemia and chronic 

inflammation, are needed to see a change in gene expression (Vigneri et al., 

2009). Additionally, while standard subcutaneous models are advantageous in 

their simplicity, orthotopic tumor models provide a more accurate approach to 

mimic the specific tumor microenvironment (TME) (Inoue et al., 2019). Orthotopic 

models have been shown to be more clinically relevant in processes related to 

cancer progression, metastasis, and sensitivity to therapy (Nakano et al., 2018). 

As there is a potential difference in subcutaneous TMEs vs orthotopic TMEs, an 

orthotopic STZ mouse model might provide a more accurate depiction of gene 

expression in response to hyperglycemia. 

Finally, the immunocompromised Nu/J mice used in our analysis are 

mutated in the forkhead box protein N1 (FOXN1), which results in T-cell 

immunodeficiency (Rota and Dhalla, 2017). It is well known that the immune 

system plays a significant role in the initiation and progression of cancer (Gonzalez 

et al., 2018). Interestingly, aerobic glycolysis (Warburg effect) is induced upon the 

activation of common immune cells that make up the tumor microenvironment 

(TME), such as T-cells, B-cells and natural killer (NK) cells (Doughty et al., 2006; 

Frauwirth et al., 2002). Therefore, it is likely that metabolic reprogramming and 

changes in gene expression caused by hyperglycemia, requires an intact immune 

system to facilitate a response.  
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 A role for glucose metabolism in cancer progression has been well-

documented. While glucose metabolism has been the main focus in cellular 

proliferation of cancer cells, less is known about the contributions that glucose 

plays in metastasis. Metastasis in when cancer cells detach from neighboring cells 

and invade the circulatory system, in order to travel to distant organs, leading to a 

worse prognosis in cancer (Chambers et al., 2002). To do this, cells must undergo 

an epithelial-mesenchymal transition (EMT), which results in the ability for 

increased migration (Dongre and Weinberg, 2019). Markers of epithelial 

differentiation include desmosome proteins, which are required in cell-cell 

adhesion junctions (Ilina and Friedl, 2009). Interestingly, loss of desmosomal 

proteins can contribute to cancer progression through increased EMT (Lee et al., 

2006; Chidgey and Dawson, 2007). Previously, it has been shown that high 

glucose can affect cancer cell invasiveness and migration through promotion of 

EMT, production of ROS species, and vascular destruction (Li, 2012; Li et al., 

2016; Masur et al., 2011).  Interestingly, E-cadherins, which are also involved in 

cell-cell contact, are downregulated with HG treatment and results in a more 

invasive phenotype (Masur et al., 2011; Wu et al., 2018). Additionally, it’s been 

shown that DSC2 expression is reduced in colorectal carcinomas, which suggests 

that it could play a role in progression of colon cancer (Khan et al., 2006). While 

this loss is shown to be influenced by EGFR signaling, AKT/B-catenin signaling, 

and homeodomain transcription factors CDX1 and CDX2, the role high glucose 

plays in DSC2 downregulation remains to be elucidated (Funakoshi et al., 2008; 
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Khan et al., 2006; Kolegraff et al., 2011). Furthermore, nuclear factor- E2-realted 

factor 2 (NRF2), which is shown to be upregulated in high glucose environments, 

indirectly downregulates DSC2. (Kurinna et al., 2014; Long et al., 2016). The 

regulation of DSC2 could be influenced by some of these interactions and high 

glucose, or through an unknown pathway. 

While we have provided evidence that high glucose and DSC2 leads to 

increased cell migration, further investigation into the role this increased migration 

has on metastasis of colon cancer needs to be conducted. By utilizing our 

immunocompromised STZ-diabetic mouse model we can further analyze the role 

hyperglycemia and DSC2 knock-down plays in metastasis. We could examine 

tumor metastasis by modifying our scramble_shRNA and DSC2_shRNA cell lines 

to stably overexpress the firefly luciferase gene (Terracina et al., 2015). Upon 

injection with the substrate, D-luciferin, we could then monitor tumor metastasis 

using a In Vivo Imaging system (IVIS). This approach would allow us to follow real-

time metastatic events due to potential regulation through hyperglycemia and 

DSC2 protein function. Because of the correlation of colon cancer and diabetes, 

the concurrence of both a downregulation of DSC2 in colon cancer, along with 

inhibition though HG, could lead to a more metastatic phenotype in colorectal 

carcinomas when a patient is suffering from T1DM or T2DM. While we are unsure 

of the mechanisms behind downregulation of DSC2 in HG conditions, further 

studies may help provide a link between diabetes and increased colon cancer risk.  
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4.4 Materials and Methods  

Streptozotocin (STZ) Diabetic Mouse Model and Cell-line Derived (CDX) 
Xenograft Tumors  
 
Inbred Nu/J mice were ordered from Jackson Laboratory (#002019) at 7 weeks 

old. Streptozotocin (STZ) (S0130, Sigma) was dissolved in citrate buffer 

according to (Furman, 2015). At 8 weeks old, Nu/J mice were weighed and 

injected intraperitoneally (IP) with 42.5 mg/kg of STZ for 5 days at daily time 

points. Control mice were injected with citrate buffer used to dissolve STZ 

proportional to weight (1.0ml/100g). Following injections, mice were given 10% 

sucrose water to avoid effects of hypoglycemia following destruction of the 

pancreatic beta-cells and release of insulin. Initial and weekly blood glucose 

levels (mg/dL) were taken from the tail vein, after a small incision, using a Bayer 

Contour Blood Glucose Monitor. Mice were first fasted for 6hr prior to ensure 

accurate blood glucose. HCT-116 cells were injected 5 days following the end of 

STZ treatments. To prepare cells, following typsinization, 2x106 were 

resuspended in 200ul 20% matrigel (Coring #354248) and 1X phosphate 

buffered saline (PBS). Cells were injected subcutaneously in the dorsal flank of 

Nu/J mice and grown until ~1000mm3. Nu/J mice were sacrificed by cervical 

dislocation to dissect tumors.  

 

Library Generation and Illumina Sequencing 

 Following dissection, CDX tumors were homogenized in 1ml Trizol per 

100mg of tissue. RNA was purified using Direct-zol RNA kit (Zymo Research) 
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and integrity was checked using the Bioanalyzer (Agilent 2100). For polyA mRNA 

enrichment, only high-quality RNA with a RIN score > 8 was used. Libraries were 

prepped using NEBNext Ultra II RNA Library Prep Kit for Illumina (NEB #E7770). 

Each library was analyzed using the Bioanalyzer to check size, purity, and 

concentration. Single-end sequencing of the libraries was carried out using 

Illumina NEXTseq. Final single-end reads were a length of 75bp and analyzed.  

 

Bioinformatics Analysis 

 For bioinformatic analysis, paired-end sequenced reads were trimmed 

using trimgalore using default parameters. Reads were then aligned to 

GENCODE human (hg19) and mouse (mm10) (separately) using Spliced 

Transcripts Alignment to a Reference (STAR) to allow for splice aware mapping 

to the genome (Dobin et al., 2013). Deconvolution of reads was performed using 

XenofilteR and was used to distinguish mouse (host) vs human (graft) reads 

(Kluin et al., 2018). Read counting was performed using htseq and differentially 

expressed genes were determined using a Linear Models for Microarray and 

RNA-Seq Data (limma) analysis.  

 

RT-PCR and qPCR Analysis  

For CDX tumors, 100mg of control vs STZ tissue was homogenized in 

TRIzol regeant and purified following the manufacturers protocol. For HCT-116 

cells, cells were treated with 25mM glucose for 24hr and total RNA was extracted 
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using TRIzol reagent. RT-PCR reactions were carried out using SuperScript 

One-Step RT-PCR kit. qPCR reactions were carried out using iQ SYBR Green 

SuperMix (Biorad #1708880) and Biorad CFX Connect instrument. Primer pairs 

used for amplification: DSC2 mRNA FOR- 5’ ACACGGCCCAAAACTATACCA 

REV- 5’ TTTCCAGTGTCTCTCTCCACATA. Results for CDX tumors show 

relative expression (±SD) from 6 individual tumors, and HCT-116 cells show 

relative expression (±SD) from 3 technical replicates from 3 independent 

experiments.  

 

Lentiviral short hairpin RNA (shRNA) knock-down 

Lentiviral shRNA constructs were cloned into pLKO.1 – TRC cloning vector, 

which was a gift from David Root (Addgene plasmids #10878). Packaging 

plasmids included pMDLg/pRRE, pRSV-REV, and pMD2.G and was a gift from 

Didier Trono (Addgene plasmid #12251; #12253; #12259). To create lentivirus, 

HEK293 cells were transfected with shRNA containing transfer plasmids 

(scramble_shRNA and DSC2_shRNA #1,#2,#3), and packaging plasmids using 

Lipofectamine 3000. Harvested virus was used to infect HCT-116 cells for 48hrs. 

Following infection, cells were selected for using 2ug/ml puromycin. Knock-down 

of DSC2 was confirmed using RT-PCR as listed above.  
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Western Blot Analysis  

Scramble_shRNA and DSC2_shRNA HCT-116 cells were incubated with 

25mM glucose of mock conditions for 24hr. Cell lysates were harvested and 

subjected to western blot analysis using DSC2/3(7G6) (Santa Cruz; sc-53485) or 

GAPDH (Santa Cruz; sc-365062) antibodies.  

 

In vitro scratch assay 

Scramble_shRNA and DSC2_shRNA HCT-116 cell lines were seeded to 

create monolayer 24hr post seeding. Scratches were made using a p200 tip, and 

cell debris was washed away using 1XPBS. Cells were then placed in LG (5mM) 

DMEM media or HG (25mM) DMEM media supplemented with 5% FBS (to limit 

cell proliferation) and allowed to migrate for 24hr. Results represent percent 

closure (±SD) of images taken of 3 different scratches of 6 biological replicates.  

 

Trans-well Assay  

 Trans-well inserts (Corning) were placed in 24-well plates. 

Scramble_shRNA and DSC2_shRNA cells (2x105/300ul) were seeded into upper 

chamber with 0.1% FBS and 600ul of either LG DMEM media or HG DMEM 

media was placed in the lower chamber. Cells were allowed to migrate for 24hrs. 

Following migration, cells were fixed in 70% ethanol, stained with 0.2% crystal 

violet and imaged using an inverted microscope. Migrated cells were quantified 



  119 

manually using CellCounter macro for ImageJ software, and represent 3 different 

images per 3 individual trans-well inserts (±SD) at 400X magnification.  
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4.5 Figures 
 

 
 
 
 
 
 
 

Figure 4.1 Experimental Design for growth and analysis of CDX tumor 
growth in STZ-treated mice (A) Timeline for CDX tumor growth in STZ-
treated mice (B) Bioinformatic analysis pipeline to compare control vs STZ 
transcriptomes.  
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 Figure 4.2 RNA-seq reveals no significant changes to transcriptome 

in STZ-treated mice. (A) Principal Component analysis of 3000 most 
variable genes of control vs STZ-treated mice (B) Heat map of 3000 most 
variable genes grouped into expression profiles of control vs STZ-treated 
mice. 
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Figure 4.3 RNA-seq reveals no differentially expressed genes in control 
vs STZ-treated mice. (A) Volcano plot from gene expression results. The y-
axis represents statistical significance between Control vs STZ, while the x-
axis represents the fold change. Red circle indicates desmocollin-2 (DSC2). 
B) MA plot from gene expression results. The y-axis represents log 
transformed expression values, and the x-axis the mean average values.   
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Figure 4.4 DSC2 is downregulated in high glucose environments. (A) 
RNA extracted from control vs STZ CDX tumors was analyzed by reverse 
transcriptase PCR (RT-PCR). (B) HCT-116 cells were treated with high 
glucose (HG) and extracted RNA was analyzed by RT-PCR. (C) Expression 
levels of DSC2 in STZ-treated mice (n=6) or (D) HG treated HCT-116 cells.  
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Figure 4.5 Loss of DSC2 exaggerates high glucose induced migration.  
(A) RT-PCR of shRNA lentiviral knock-down constructs of DSC2. (B) 
Scramble_shRNA or DSC2_shRNA cell lines were treated with 25mM high 
glucose (HG) and analyzed through western blot. (C) In-vitro scratch assay. 
Scramble_shRNA and DSC2_shRNA knock-down cell lines were grown into a 
monolayer and scratch using a p200 tip. Following scratch, cells were grown in 
LG (5mM) or HG (25mM) DMEM media and allowed to migrate for 24hrs. (E) 
Quantified results from in-vitro scratch assay. (D) Trans-well Migration Assay. 
Scramble_shRNA and DSC2_shRNA knock-down cell lines were seeded into 
trans-well chambers with 0.01%FBS and allowed to migrate towards LG (5mM) 
or HG (25mM) DMEM media supplemented with 10% FBS (F) Quantified 
results from scratch assay.  
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Chapter 5  
 
Conclusion 
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5.1 Conclusion   
 
  

The growing negative implications of diabetes and its relation 

to increased cancer risk suggests that these two diseases share common 

underlying mechanisms that promote this association. In fact, there have been 

several epidemiological studies that link certain types of cancer, such 

as colorectal, breast, liver, pancreatic, and bladder, to patients 

with T1DM or T2DM (Everhart, 1995; Giovannucci et al., 2010; Larsson et al., 

2006, 2007; Yao et al., 2014). Because diabetes mellitus (DM) is a metabolic 

disease, connections to increased cancer risk consist of metabolic consequences 

such as, hyperinsulinemia, insulin resistance, chronic inflammation, and 

hyperglycemia (Giovannucci et al., 2010). While all of the factors potentially play a 

role in tumorigenesis, this study focuses on the implications hyperglycemia has on 

tumor promotion. Either as a result of reduced production of insulin or insulin 

resistance, hyperglycemia, or excess blood glucose, is a hallmark of T1DM and 

T2DM (Vigneri et al., 2009). Evidence suggests that hyperglycemia could play a 

role in cell proliferation, apoptosis, and metastasis by activating pathways involved 

in proliferation, migration and invasion (Duan et al., 2014; Vigneri et al., 2009). 

Here we provide evidence that hyperglycemia can promote cancer progression 

through Thr55-mediated inhibition of p53 cellular response and increased cell 

migration through down-regulation of DSC2.  

 Given the versatility of CRISPR/Cas9 technology, there are many 

approaches to consider when trying to determine the best method for editing. While 
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several methods help researchers overcome obstacles (i.e. edit without DSBs in 

the case of adenosine base editors (ABEs)), they are not always feasible in a lab 

setting. Our goal in comparing these methods was to help researchers with a 

common goal, filter through approaches we found unsuccessful. Importantly, we 

provide a simple method for creating a single base pair homozygous edit utilizing 

pre-formed Ribonucleoprotein (RNP) Cas9:sgRNA complexes (Kim et al., 2014). 

It is well known that CRISPR knock-in technology is more complex than the 

creation of knock-outs due to the low rate of homology directed repair (HDR). This 

research as a whole helps to narrow down the vast field of CRISPR/Cas9 

knowledge to aid in the creation of single-base pair edits and help contribute to the 

study of mutations in cell signaling.  

 Outside of applied genome editing techniques, the implications of this study 

further support the role Thr55-phosphorylation plays in p53 inhibition and 

tumorigenesis. Previous research in our lab has shown that TATA-binding protein 

(TBP) associated factor 1 (TAF1) phosphorylates Thr55 leading to p53 inactivation 

(Li et al., 2004). Interestingly, this regulation is modulated in a cellular ATP 

dependent manner (Wu et al., 2014). Unpublished data suggests a molecular 

mechanism where high glucose (HG) increases cellular ATP, activating TAF1 

kinase, leading to increased phosphorylation at Thr55 and subsequent 

degradation. In this study, we demonstrate that this mechanism can be translated 

to an in vivo mouse model, further validating the importance of this regulation. 

Interestingly, upon treatment with STZ, tumor density of CDX tumors increases. 
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The importance of these findings suggest that p53 inactivation through TAF1-

mediated Thr55-P leads to increased cellular proliferation, potentially contributing 

to a more aggressive cancer phenotype. Interestingly, TAF1 was originally 

identified as a G1 progression protein, and is an important component of the 

general transcription machinery (Li et al., 2004; O’Brien and Tjian, 1998; Sekiguchi 

et al., 1991).  Perhaps TAF1, as a master transcriptional regulator, is critical for 

instructing cells whether conditions are sufficient to permit cell growth. In a 

hyperglycemic environment, increased ATP concentrations could promote TAF1 

kinase-mediated Thr55-P to inhibit p53 and increase cell growth. Conversely, 

under normal blood glucose levels (and normal ATP levels), TAF1 kinase activity 

is low, thus resulting in little to no phosphorylation at Thr55 and basal levels of p53 

transcription continue. Interestingly, previous reports show that TAF1 kinase has 

a Km of ~1.9mM (Wu et al., 2014), indicating that fluxes in ATP can act as a 

metabolic switch to activate or inactivate TAF1 kinase. Kinases have lower Km 

values far below the range of cellular ATP concentration (1-5mM), where their 

activity is not affected by variations in ATP levels and are instead regulated by 

protein substrate concentration or other modifiable means (Gribble et al., 2000; 

Knight and Shokat, 2005). Therefore, it is possible that TAF1 kinase acts as a 

metabolic switch to control the p53 growth response, which could be perturbed in 

patients with metabolic disorders like diabetes. While previous studies suggest 

TAF1 is responsible for Thr55 phosphorylation and subsequent p53 inactivation, 

the implications of this remain to be elucidated in our in vivo diabetic mouse model. 
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Studies have shown that apigenin, a naturally occurring flavonoid, inhibits TAF1 

kinase activity (Li et al., 2004). To further investigate the role TAF1 plays in Thr55-

P in vivo, additional studies involving apigenin treatment, in addition to STZ, need 

to be performed to prove the role of TAF1 in Thr55-P directly.  

 In addition, we further extended our research on the importance of Thr55-P 

in p53s cellular responses by generating a stable mutant T55A p53 HCT-116 cell 

line.  In particular, we showed that mutation of Thr55 to Ala abolishes HG-induced 

p53 inactivation in both DNA damage conditions, and non-DNA damage 

conditions. Additionally, we show that a T55A mutant cell line results in significantly 

lower cell growth as compared to its WT counterpart and HG-induced increase in 

cell growth, seen in WT, is eliminated. These cellular growth results, along with 

previous matrigel studies, led us to believe that T55A mutant would result in 

increased p53 protein, and overall decrease in tumor growth in vivo. Surprisingly, 

we see a decrease of p53 and no change to p21 protein levels, and no significant 

change to tumor growth. As these are preliminary results were determined with a 

small sample size (n=4), additional studies regarding the role of Thr55-P in 

tumorigenesis must be performed. However, these results potentially reveal the 

importance of Thr55-P in tumorigenesis. If loss of Thr55-P overall leads to an 

increase in tumor growth, due to p53 inactivation, this could suggest that Thr55-P 

is an important point of regulation in the degradation of p53 in tumorigenesis. This 

leads to a possibility that T55A mutant CDX tumors are reprogramming and 

downregulating p53 tumor suppressor in an alternative manner to compensate for 
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the loss of a degradative mechanism and adopt a cell growth advantage. It would 

be interesting to further determine the importance of this regulation and find if other 

p53 degradative pathways are upregulated in response to T55A mutation. This 

would also allow us to understand more about the importance of tumor 

reprogramming in response to somatic mutations, and the importance of post-

translational modifications in the progression of cancer.  

Given that high glucose has been suggested to play a role in the 

progression of cancer through the alteration of gene expression in tumor cells, in 

addition to our previous studies, this prompted us to investigate transcriptome 

changes in tumorigenesis in diabetic mice (Masur et al., 2011). Results show that 

transcriptome profiles of HCT-116 cell line derived xenograft (CDX) tumors show 

no significant changes. However, our transcriptome analysis shows one gene 

significantly downregulated, and reveals a new role for high glucose in cell 

migration. We conclude that DSC2 is downregulated in high glucose environments 

and that this leads to decrease in protein function as a cell adhesion molecule. We 

show that knock-down of DSC2 in adherent HCT-116 cells, leads to increased cell 

migration. Furthermore, we show that HG treatment with DSC2 knock-down leads 

to a more invasive cell migratory phenotype. Our studies suggest a molecular 

mechanism where hyperglycemia can lead to increased colon cancer risk through 

loss of DSC2 function and increased cell migration. This is particularly interesting 

as studies have shown that ingestion of high fructose corn syrup (HFCS) can 

increase fructose absorption in the small intestine, overall leading to a higher 
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concentration of fructose in the colon (Jang et al., 2018). Interestingly, ingestion of 

HFCS, made up of 55% fructose and 45% glucose, can promote tumor growth in 

intestinal cancer, with or without the presence of obesity (Fulgoni, 2008; Goncalves 

et al., 2019). These studies show that fructose can be metabolized and converted 

to glucose, therefore promoting tumor cell metabolism and subsequent cell growth 

through an increase in glucose metabolism (Goncalves et al., 2019). Because 

DSC2 in downregulated in response to high glucose, it is possible that HFCS, can 

promote cancer progression through increased cell migration. This is particularly 

interesting as it highlights the importance of high sugar diets and the relation to 

increased colon cancer risk, a correlation that has been previous seen (Slattery et 

al.). According to our data, it would be tempting to speculate that HFCS, found in 

popular food and drinks, could be contributing to increased metastasis of colon 

cancer through downregulation of DSC2, overall providing a molecular correlation 

between diet and cancer progression.  

 Overall this study provides additional evidence that hyperglycemia can 

influence cancer progression through multiple pathways. Our lab has previously 

described the importance of high glucose mediated Thr55-P in the regulation of 

p53, and here we reveal that this regulation is seen in vivo. Additionally, this study 

determines a new role for high glucose in cancer cell migration that potentially 

results in a more invasive metastatic phenotype. While this complex network of 

regulation has yet to be fully elucidated, it is clear that the metabolic consequence 



  137 

of hyperglycemia in diabetes can contribute to cancer progression, thus providing 

a molecular link between diabetes and cancer.  
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