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Abstract. 

Human colorectal cancer (CRC) is the third most commonly diagnosed cancer as well as the 

second leading cause of cancer mortality in the United States. The hypothesis to be tested in this 

study is that the loss of TGFβ signaling causes overexpression of the uridine phosphorylase (UP) 

gene in human CRC when treated with 5-fluorouracil (5-FU), a common chemotherapeutic 

reagent. As a result, 5-FU may be metabolized via the RNA pathway, causing an increase in 

host-toxicity. Conversely, a mutation in the KRAS gene may drive the reaction towards the anti-

tumor, DNA metabolic pathway. This mechanism would explain the ineffective nature of 5-FU-

based treatments on tumors, some of which are TFGβ signaling-deficient, that are usually 

characterized as microsatellite instability high (MSI-H). If so, situational inhibition of UP may 

increase the intended anti-tumor activity of the 5-FU treatment while decreasing host-toxicity in 

this subcategory of MSI-H tumors, thus allowing only patients whose tumors have a 5-FU-

susceptible genetic profile to be treated successfully with 5-FU based therapy. Cancerous cell 

lines containing different combinations of TGFBR2 and KRASG13D mutations will be cultured 

and photographed. The cell lines Hke3 and Hkh2 contain a TGFBR2 mutation and have a 

morphological pattern that closely resembles the colonic mucosa while the HCT116 cell line 

contains both TGFBR2 and KRASG13D mutations and has less structured morphology. Following 

culturing, UP and TP mRNA expression levels in all cell lines will be determined through 

reverse transcriptase (RT)-PCR and normalized to β-actin. If the hypothesis is supported, and 

then verified in patients, personalized therapy can be used to determine whether 5-FU should be 

administered in colorectal cancer cases in which KRASG13D and TGFBR2 mutations are present 

or absent. 

Introduction. 

Human colorectal cancer (CRC) is the third most commonly diagnosed cancer as well as the 

second leading cause of cancer mortality in the United States. Despite this frequency CRCs 

remain poorly understood. CRCs result from the culmination of genetic and epigenetic 

mutations1. Discovery and administration of treatment for CRCs is hindered by the existence of 

three different pathways in which gene expression can be diversified: chromosomal instability 

(CIN), microsatellite instability (MSI), and CpG island methylator phenotype (CIMP).  



CIN occurs in 65-70% of sporadic colorectal cancers, making it the most commonly observed 

mechanism of genomic instability. Characterized by loss of heterozygosity and abnormal 

chromosome counts (aneuploidy), CIN may be caused by a range of factors spanning from 

defects in chromosome segregation to errors in the DNA damage response of cells2. Existing in 

over 15% of all CRCs, MSI is characterized by the decline of DNA mismatch repair activity and 

typically occurs in mononucleotides that repeat 7-10 times (microsatellites). The two 

subcategories of MSI, MSI-H and MSI-L, vary with respect to the percent mutation of 

designated microsatellite marker panels. Mutation of greater than 30% of the panel is considered 

to be MSI-H. If at least one mutated microsatellite is observed but less than 30% of the markers 

are mutated then the CRC is classified as MSI-L. The gene encoding transformation growth 

factor beta receptor two (TFGβR2), which is crucial to proper cell proliferation, differentiation, 

and survival, is most targeted by MSI as it is represented in 25% of all MSI tumors1. CIMP, 

which is characterized by the methylation of CpG island groups, ultimately results in the 

silencing of the gene. A common example of CIMP is the methylation of the MLH1 gene, a 

well-known DNA mismatch repair gene that in turn influences the development of MSI3. 

Regardless of the mechanism utilized to acquire genomic instability, 5-Fluorouracil (5-FU) is 

considered the standard chemotherapeutic drug used to treat stage II-III CRCs. However, adverse 

effects of 5-FU treatment may occur in patients with MSI-H tumors, often elevating host-toxicity 

rather than eliciting the survival benefits demonstrated in other CRC patients (mainly MSS 

CRCs)4. The adverse effects may result from utilization of different pathways to metabolize the 

drug. 5-FU can be metabolized by uridine phosphorylase (UP), to form 5-fluorouridine, which is 

later converted to 5-fluorouridine-5’-triphosphate (FUTP). In host tissues, FUTP is known to 

compete with uridine to be incorporated into RNA, thus disturbing RNA processing which 

results in host-toxicity. Conversely, in the presence of deoxyribose-1-phosphate and thymidine 

kinase, thymidine phosphorylase (TP) is able to convert 5-FU to 5’-fluoro-2’-deoxyuridine-5’-

monophosphate (FdUMP), an intermediate that has the ability to inhibit the enzyme thymidylate 

synthetase (TS). The inhibition of TS causes depletion of thymidine-5’-monophosphate levels 

which leads to the inhibition of DNA synthesis. It is also possible for FdUMP to be metabolized 

further and incorporated into DNA which later causes DNA damage. As mentioned in Dr. 

Thomas Doetschman’s unpublished proposal, “several studies have proposed inhibition of TS by 

FdUMP as the major mechanism of action of 5-FU anti-tumor activity”. 



Preliminary studies performed on genetically engineered TGFβ1- and SMAD3-deficient (MSI 

CRC) mice and mice with a mutation in the Adenomatous Polyposis Coli gene (MSS CRC) 

demonstrated the disparate effects of 5-FU. The MSI mice displayed overexpression of the gene 

encoding UP, while the intestinal tumors of the MSS mice downregulated UP expression4. 

Additional studies using human intestinal epithelial cells with a KRASV12 mutation have also 

shown that the expression of oncogenic Ras genes promotes apoptosis upon 5-FU treatment5. In 

the same study, targeted deletion of the mutated Ras allele in a colon cancer cell line protected 

the cells from 5-FU-induced cell death. The hypothesis to be tested in this study is that the loss 

of TGFβR2 signaling causes overexpression of the UP gene in human CRC when treated with 5-

FU. As a result, the 5-FU is metabolized via the RNA pathway, causing an increase in host-

toxicity. This mechanism would explain the ineffective nature of 5-FU based treatments on 

TFGβR2 signaling-deficient tumors, which are typically MSI-H. Additionally, it is hypothesized 

that the gain of the KRAS oncogenic mutation causes an overexpression of the TP gene in 

human CRC. As a result, 5-FU is metabolized via the DNA pathway inducing anti-tumor 

activity. If so, situational inhibition of UP may increase the intended anti-tumor activity of the 5-

FU treatment while decreasing host-toxicity in this subcategory of MSI-H tumors, thus allowing 

only patients whose tumors have a 5-FU-susceptible genetic profile to be treated successfully 

with 5-FU based therapy. 

Methods. 

The Cell Lines and Culture 

HCT116 is a cell line obtained from the American Type Culture Collection (ATCC) (Manassas, 

VA), that contains both TGFBR2 and KRASG13D mutations. Cell lines Hkh2 and Hke3, modified 

versions of HCT116 obtained from Sasazuki (Kyushu University, Japan), have a TGFBR2 

mutation but do not have the KRASG13D mutation. All cell lines are cultured in 10% fetal bovine 

serum (Atlas) in high glucose DMEM with added glutamine and pyruvate (HiClone) and 

undergo a minimum of two passages.  

RT-PCR  

(RT)-PCR is conducted on all cell lines to measure the expression of UP and TP mRNA levels 

that are normalized to β-actin. RNeasy® Mini Kit is used to extract and purify RNA from the 



cells. RNAlater® kit is used to store the extracted RNA for later analysis. To dye the RNA 

strands the CYBR® Green PCR Master Mix Kit is utilized.  

Results. 

 

The morphological differences between Hkh2 and HCT116 are comparable to those found 

between cells of a pre-tumor lesion (Figure 1C) and cells located within the tumor (Figure 1A) of 

a mouse possessing a TGFB1 mutation. Immunohistochemical staining for the APC protein on 

paraffin-embedded colon tissue sections reveals the presence of APC in both samples thus 

revealing that the TGFB1 mutation is most likely the cause for the differences in morphology 

(Figure 1A & 1C). DAB (3, 3’-diaminobenzidine), appearing in brown, is the stain that was used.  

With the imunohistochemical staining results as reference, the TGFB2-mutated Hkh2 cells 

(Figure 1D) appear to have mucosal patterns, with the outer cells of each cell cluster resembling 

an epithelial layer while the inner cells appear to be more stromal in character—this is very 

similar to the morphological features found in the pre-tumor lesion of the mouse (Figure 1C). 

Conversely, the TGFBR2- and KRASG13D-mutated HCT116 cells (Figure 1B) have less distinct 

layers and far less differentiation than the Hkh2 cells (Figure 1D) and resemble the cells in the 

mouse tumor tissue (Figure 1A). These results lead us to believe that cells without the oncogenic 

KRASG13D mutation appear to have more morphological similarities to cells found in a healthy 



colon. 

 

 

Initial agarose gels revealed water contamination and yielded poor results as the gel was very 

cloudy, making the bands difficult to see. Traditional Reverse Transcription PCR was performed 

using the Phusion PCR kit and resulted in non-specific binding of the UPP1(2) primer resulting 

in multiple DNA products (Figure 2A). Primers B2M(1), B2M(2), and B2M(3) for the 

housekeeping gene β-2-microglobulin appear to be working and producing pure product, 

however primer B2M appears to have dimerized to form a product around 200 base pairs (Figure 

2B). 

 



 

Using a fresh water source and newly mixed TAE gel solution resulted in a clearer gel. While all 

lanes possess DNA product at the correct band locations, the product is not fluorescing as vividly 

as needed, revealing that primers need to be optimized. Additionally, β-actin primers were not 

included in the experiment (Figure 3). 

 



Various annealing temperatures ranging from 56°C to 64.4°C were investigated in an attempt to 

optimize each primer and increase the amount of post-PCR DNA product. The B2M(3) primer 

was found to be optimized at annealing temperatures between 56.8°C and 64.4°C (Figure 4A), 

TYMP(3) appeared to form dimerized primer products (Figure 4B), while both β-actin and 

UPP(1) primers engaged in non-specific binding which once again resulted in smeared bands 

(Figure 4C).  

Discussion. 

Although the PCR results remain inconclusive, the complexities of the performed PCR reactions 

revealed the strengths and weaknesses of each selected primer pair. For example, the primers 

selected for the B2M “housekeeping” gene had many positive features one being its ability to 

bind specifically to its target cDNA sequence—this enabled the target sequence to be replicated 

with ease, resulting in bright, distinct bands at the intended molecular weight. Conversely, UPP1 

primers probing for the uridine phosphorylase cDNA sequence, lacked the ability to bind 

specifically to its target sequence. This resulted in various sequences being amplified during the 

PCR reaction, appearing as smears on the gels. Better primer design will likely alleviate this 

issue. This includes closely monitoring the GC content of the primer, accurately calculating the 

correct Tm for the reaction that is fitting for both primers, and thoroughly evaluating the target 

cDNA sequence to not only avoid regions with extended mononucleotide sequences but also 

steer clear of cDNA regions that possibly form secondary structures. All the aforementioned 

factors should be considered when redesigning UPP1, TYMP, and β-actin primers. 

Once the primers are redesigned, the process of optimization should be repeated to ensure the 

maximum amount of PCR product is obtained. Following optimization, RT-PCR can finally be 

conducted to quantify the amount of amplified DNA product, revealing the expression of UP and 

TP normalized to B2M or β-actin expression. Since RT-PCR quantifies the amount of mRNA 

transcripts—for a specific gene—present in a cell, RT-PCR experimental results would then 

have to be verified using both western blots and protein quantification for the UP and TP 

proteins. This would provide an accurate representation of the amount of proteins present 

following translation of the mRNA transcripts measured using RT-PCR. Expression profiles 

containing RT-PCR, western blot, and protein quantification results should be constructed for 

cell lines containing all combinations of KRASG13D and TGFBR2 mutations in order to better 



understand the compound effects of the mutations. Once the data for said profiles is obtained, 5-

FU should be administered to all tested cell lines to observe whether the effect of the drug on the 

different mutation combinations correctly aligns with their corresponding protein expression 

profile through the lens of the constructed hypothesis.  
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Legends. 

Figure 1. Cells from a colon tumor in a TGFβ-deficient mouse (A) and cells from a pre-tumor 

lesion in a TGFβ-deficient mouse (C) were photographed during a previous study [5].Cell lines 

HCT116 (B) and Hkh2 (D) were photographed at 200x magnification using phase contrast 

optics.  

Figure 2. Reverse Transcriptase PCR using UPP1, TYMP, B2M, and B-Actin primers was 

conducted for 35 cycles on Hke3 cells. However, no biological sample was included in the 

water+B2M sample. Electrophoresis using a 1% TAE agarose gel was conducted on the resulting 



DNA products (A &B). Bands were then compared to associated primer’s known sequence 

length in base pairs (C).  

Figure 3. PCR using UPP1, TYMP, and B2M primers was conducted for 35 cycles on Hke3 

cells. Electrophoresis of the resulting products was ran using a 1% TAE agarose gel composed of 

newly mixed solution.  

Figure 4. PCR was conducted for 35 cycles using various annealing temperatures for B2M(3) 

(A), TYMP(3) (B), and UPP1(1) (C) primers. Hke3 was used for all primer sets.  
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