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ABSTRACT 

 The treatment of advanced stage colorectal carcinoma (CRC) is rarely achieved 

with today’s standard of care, including 5-fluorouracil (5-FU). Resistance to 5-FU is 

unfortunately frequent in CRC partially due to the dependency 5-FU displays towards 

normal p53 function, a tumor suppressor protein that is commonly mutated in advanced 

CRC.  In addition to the relatively low success rate of 5-FU in aggressive CRC, 5-FU 

treatment also causes systemic toxicity, particularly to the GI-tract. The presented studies 

aimed to demonstrate that our novel oligomeric fluoropyrimidines are able to overcome 

these limitations of 5-FU in vivo. The results indicate that F10 and other 

fluoropyrimidines showed little-to-no p53 dependency in in vivo xenografts. While F10 

displayed the same p53 independency in vitro when assessing cell viability and caspase 

activation, 5-FU showed a dependency on normal p53 function in vitro while further 

studies are needed to conclude in vivo p53-dependency. The results also indicate that 

these fluoropyrimidines are viable treatments for CRC by showing tumor suppression in 

xenograft models and in a more realistic orthotopic model.  Systemic toxicity was not 

seen during novel fluoropyrimidine treatment in terms of GI-tract villi or crypt 

shortening, whereas 5-FU caused major toxicity, both short-term and long-term. These 

findings indicate that the limitations of 5-FU are eliminated by our fluoropyrimidines in a 

mouse model and may possibly transition to the clinical setting. 
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INTRODUCTION 

Colorectal Cancer  

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the 

second most common cause of cancer-related death worldwide. Although considerable 

progress has been made in the treatment of CRC, there is a 10-year relative survival rate 

of 58% in North America, highly depending on the stage of the cancer (Siegel et al, 

2017). Surgery remains the primary avenue for treatment in early cases, but often patients 

are diagnosed in advanced stages with metastasis present. Once the cancer spreads to 

distant sites in the body, it is largely incurable using current systemic treatment options of 

chemotherapy, including the most commonly prescribed drugs oxaliplatin, 5-fluorouracil 

(5-FU), irinotecan, and capecitabine (Kopetz, 2008). The cornerstone of CRC treatment, 

5-FU, remains widely used in combination with other drugs like leucovorin (LV). A 

percentage of cases show a response rate of more than 50% when combined with other 

chemotherapies (Mulcahy et al, 2005). Only 10-15% of advanced CRC tumors, however, 

respond to treatment with 5-FU/LV therapy, highlighting the need for the development of 

novel treatment options (Mulcahy et al, 2005; Douillard et al, 2000; Chen et al, 2010). 

Antimetabolites  

Antimetabolite drugs were amongst the first effective chemotherapies developed 

and have been widely used for cancer treatment for more than 50 years (Woolley, 1959). 

Antimetabolites, like fluoropyrimidines, work by inhibiting biosynthetic processes and/or 

interfering with DNA or RNA production by incorporation into DNA or RNA during cell 

division (Grem & Keith, 2005). Their physical and chemical properties are similar to 
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those needed for normal biosynthesis activity, but differ enough to interfere with normal 

cellular processes when incorporated.    

5-Flourouracil  

Fluoropyrimidine drugs, such as 5-FU, are widely used in the treatment of 

multiple cancers including CRC, breast cancers and cancers of the head and neck 

(Longley et al, 2002).  However, 5-FU has a response rate of about 10-30% for metastatic 

CRC and differs depending on the stage of cancer (Braun et al, 2004). In current clinical 

practices, 5-FU-based chemotherapy shows the greatest impact against CRC especially 

when combined with other therapeutic agents like leucovorin, methotrexate, and 

oxaliplatin (Giacchetti et al, 2000).  

  

Figure 1. Mechanism of 5-FU and F10. 80% of administered 5-FU is broken 
down by DPD in the liver (a). In the cell, 5-FU is converted to FUMP which 
ultimately gets converted to three main active metabolites: FUTP, FdUTP, and 
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FdUMP. FUTP misincorporation into RNA results in RNA damage. FUDP is 
converted to FdUDP by ribonucleotide reductase (b) then dephosphorylated (c) 
or phosphorylated (d) to make FdUMP and FdUTP, respectively. F10 is actively 
transported into the cell and FdUMP is released from F10 via 3’-o-exonuclease 
(e). FdUMP inhibits TS (f) which at low levels causes the incorporation of FdU 
into the DNA and the formation of Top1cc (g). This results in double-stranded 
DNA breaks.  

 

5-FU is an uracil analogue with fluorine at the C-5 position. It is thought that 5-

FU achieves its therapeutic efficacy by the conversion to metabolites upon entering the 

cell, disrupting DNA synthesis through misincorporation, along with inhibiting 

thymidylate synthase activity halting cell division. Unfortunately, 80% of administered 5-

FU is degraded by dihydropyrimidine dehydrogenase (DPD) in the liver (Figure 1) 

(Diasio & Harris, 1989). The 5-FU that does enter the cell is converted to anabolic 

metabolites 5-fluoro-2′-deoxyuridine 5′-triphosphate (FdUTP) and 5-fluoro-2′-

deoxyuridine 5′-monophosphate (FdUMP) by the phosphorylation or dephosphorylation 

of 5-fluoro-2′-deoxyuridine 5′-diphosphate (FdUDP), respectively along with a third 

metabolite 5-fluorouridine-5’-triphosphate (FUTP) (Figure 1) (Longley, Harkin & 

Johnston, 2003). These DNA-directed metabolites are primarily responsible for the 

anticancer activity of fluoropyrimidines.   



4	
	

 

Figure 2. Thymidylate Synthase Mechanism of Catalysis. TS attacks C6 of 
dUMP (A) The co-factor CH2H4Folate (MTHF) interacts with the C5 of dUMP 
(B) and the H5 of dUMP is abstracted (C). Abstraction of a proton from O4 (D) 
results in an exocyclic methylene. The methylene is reduced by the co-factor and 
results in the release from the active site of TS (E) leaving free dTMP and 
H2folate.  

FdUMP inhibits thymidylate synthase (TS), a key enzyme of de novo pyrimidine 

synthesis (Figure 2), by binding to the nucleotide-binding site; forming a stable complex 

(A)		 	 	 	 						(B)		

	

	

	

	

	

(D)	 	 	 	 																															(C)	

	

	

	

	

	

(E)	 	 	 	 	 	 	 (F)	
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and blocking the binding of deoxyuridine monophosphate (dUMP, Figure 2A) thus 

inhibiting the synthesis of deoxythymidine monophosphate (dTMP) in the cell (Figure 1) 

(Santi, 1974). A depletion of dTMP causes a depletion of the deoxynucleotide 

deoxythymidine triphosphate (dTTP) used for DNA replication leading to an imbalanced 

pool of other deoxynucleotides. These imbalances, primarily the deoxyadenosine 

triphosphate (dATP):dTTP ratio, lead to massive double stranded DNA breaks and 

eventually death in which thymidine levels are too low for the cell to continue to grow 

known as thymineless death (Yoshioka et al, 1987). Additionally, TS inhibition and 

dTMP pool depletion lead to the misincorporation of deoxyuridine triphosphate (dUTP) 

and FdUTP into the DNA during replication causing more DNA damage, double stranded 

breaks and inevitably cell death (Rahman et al, 2004). 5-FU can be combined with other 

therapeutic agents like LV. LV increases the intracellular pool of 5,10-methylene 

tetrahydrofolate (MTHF), a key co-substrate of TS, which enhances TS inhibition by 

increasing FdUMP binding (Longley et al, 2003).  

5-FU is often incorporated into the RNA rather than DNA and has been 

confirmed as the primary mechanism of action by rescuing from cell death with uridine 

and not thymidine (Codacci-Pisanelli, 2008; Pritchard et al, 1997). RNA 

misincorporation of a 5-FU metabolite FUTP disrupts normal RNA processing and 

function by inhibiting the processing of pre-rRNA into rRNA and also disrupts post-

translational modification of tRNAs (Longley, Harkin & Johnston, 2003). 5-FU 

misincorporation can disrupt many aspects of RNA processing, leading to detrimental 

effects on cellular metabolism and viability. Unfortunately, this misincorporation into 
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RNA is linked to the severe gastrointestinal tract and hematologic toxicity of 5-FU 

(Pritchard et al, 1997).  

It has been shown that double-stranded breaks can also be contributed to the 

excision of the misincorporated FdUTP or dUTP from DNA by base excision repair 

(BER) and mismatch repair (MMR) if multiple, close lesions are fixed simultaneously 

(Adamsen et al, 2011). In an MMR-deficient cell line, HCT15 and HCT116, 5-FU 

induces less cell death when compared to cell lines with functional MMR suggesting that 

DNA repair capacity is not overwhelmed and does not cause addition breaks in the DNA 

(Adamsen et al, 2011). This indicates that 5-FU cytotoxicity needs functional MMR to 

produce high levels of double stranded breaks.  

Cell growth inhibition and apoptosis caused by 5-FU are due to the ability of 5-

FU to modulate the levels of tumor protein p53 (TP53) (Bunz et al, 1999). The tumor 

suppressor p53 plays a central role in a network that controls cell cycle progression, 

differentiation, DNA repair and apoptosis (Levine, 1997). The p53 signaling network is 

activated when the cell undergoes a variety of stresses allowing p53 to orchestrate 

transcriptional activity that contribute to tumor suppression (Vousden & Prives, 2009).   

TP53 function can be lost through either mutation in p53 itself or in the pathway 

signaling to p53 causing a loss-of-function characteristic common in human cancers 

(Muller & Vousden, 2013). Approximately 40%-50% of sporadic CRC obtains a p53 

mutation in some way (Zhao et al, 2005). The status of the p53 mutation can also be 

correlated to the progression and outcome of the CRC (Conlin et al, 2005). In a p53 

colorectal cancer international collaborative study, patients with mutant p53 had worse 
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outcome for proximal colon cancer and loss-of-function p53 occurred more frequently in 

advanced stage tumors and negatively associated with survival (Iacopetta et al, 2006; Li 

et al 2017).  

Unfortunately, mutations or deletions of p53 result in the resistance of cells to 5-

FU (Longley et al, 2002).  It has been shown that inactivation of p53 or BAX in colon 

cancer cell lines dramatically increased drug resistance to apoptosis when treated with 5-

FU (Bunz et al, 1999). As stated before, another major concern in the clinic today is 5-

FU related GI-tract toxicity due to RNA-direct mechanisms of 5-FU (Pritchard et al, 

1997). The combination of these resistance and toxicity findings in relationship to 5-FU 

highlights the need for a new drug in the battle against CRC that can overcome these 

complications.  

F10  

A novel fluoropyrimidine alternative, FdUMP[10] (F10), was designed to 

overcome the limitations of current antimetabolite drugs in the treatment of multiple 

cancers including CRC. F10 is a 10-base single-stranded DNA oligomer of FdUMP 

nucleotides designed to bypass the resistance of 5-FU (Gmeiner et al, 2004). This design 

also eliminates the required metabolic activation needed to produce FdUMP as seen with 

5-FU. FdUMP is released from F10 via 3'-o-exonucleases which are the predominant 

DNAse in cancerous cells, eradicating this need for any metabolic activation (Figure 1) 

(Shaw et al, 1991).  

F10 was tested in cancer cell lines in the NCI 60 cell-line screen (Gmeiner et al, 

2010).  The sensitivity of cells included in the screen to F10 was much greater than for 5-
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FU, 5-fluoro-2′-deoxyuridine (FdU), and topotecan. The overall sensitivity and resistance 

profile for F10 resembles profiles for topoisomerase I (Top1) poisons, topotecan and 

irinotecan, nearly as closely as it resembles FdU. The sensitivity profile for F10 also has 

features that distinguish it from other fluoropyrimidine drugs, for example 5-FU, and 

other cytotoxic compounds screened in the study (Gmeiner et al, 2010). Cytotoxicity data 

of F10 with acute lymphoid leukemia (ALL) cells have shown efficient temperature- and 

concentration-dependent internalization of the drug indicating an active transport uptake 

into malignant cells while normal hematopoietic stem cells display minimal uptake 

(Pardee et al, 2014).  

The enhanced potency of F10 when compared to conventional fluoropyrimidines 

can be attributed to the ability of F10 to contribute to other DNA-based toxicities, such as 

Top1 poisoning (Liao et al, 2005). Similar to other fluoropyrimidines, F10's primary 

mechanism of cytotoxicity derives from its ability to inhibit TS and induce thymineless 

death. (Gmeiner, 2005); however, F10 nearly completely inhibits TS at much lower drug 

concentrations due to a more efficient conversion to FdUMP, the TS inhibitory 

metabolite (Gmeiner, 2004). This inhibition of TS activity remains low for a longer 

period of time compared to that of 5-FU-induced TS inhibition (Gmeiner et al, 2014).  By 

contrast, 5-FU moderately inhibits TS for a short amount of time before TS activity 

actually rebounds slightly due to newly synthesized TS production (Curtin, Harris & 

Aherne, 1991). As mentioned before, efficient TS inhibition results in an accumulation of 

dUMP substrate and in turn increased levels of dUTP which subsequently get 

incorporated into the DNA due to low levels of readily available de novo thymidine pools 
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(Curtin, Harris & Aherne, 1991). After F10 treatment; however, there is also an 

incorporation of FdUMP into the DNA (Dusenbury et al, 1991).   

Past studies on AML cells have established that the incorporation of FdUMP via 

FdU misincorporation into the DNA results in the formation of a Topoisomerase I 

cleavage-complex (Top1cc) where topoisomerase I is linked to the DNA (Pardee et al, 

2012). These studies revealed that Top1 cleaves misincorporated FdU located in the 

DNA but FdU interferes with Top1 religation resulting in the formation of a Top1cc 

(Liao et al, 2005). This Top1 poisoning by F10 is similar to that of CPT; however, CPT 

results in a ternary Top1cc that reverse following drug removal whereas F10 is expected 

to induce a complex that can persist until acted upon by DNA repair enzymes that 

recognize Top1cc (Pommier et al, 2006).  Similar to that of CPT-induced Top1cc, F10-

induced Top1cc cause DNA double stranded breaks that may arise due to collision with 

transcriptional and replication complexes (Desai et al, 2003; Lin et al, 2009).  

Studies with AML cells have established that F10-induced Top1cc and cell death 

is rescuable with exogenous thymidine only within the first replicative cycle before it 

commits to mitosis (Jennings-Gee, Pardee & Gmeiner, 2013). This data is consistent with 

Top1cc formation requiring the misincorporation of FdU resulting in Top1cc generation 

upon reentry of the cell into S-phase. Inability to rescue the cell from death with 

exogenous thymidine after this first round of replication indicates that post replicative 

repair is not effective in preventing F10-induced cytotoxicity (Jennings-Gee, Pardee & 

Gmeiner, 2013). Findings from the same study demonstrated that DNA damage response 

following treatment with F10 is mediated via the ATR/Chk1 pathway, a serine/threonine-

specific protein kinase that coordinates the DNA damage response and cell cycle 
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checkpoint response, as seen in CPT-induced Top1cc (Cliby et al, 2002; Flatten, Dai & 

Vroman, 2005; Xiao et al, 1987). 

Studies with 5-FU/LV in CRC indicated that thymineless death occurred by 

activating the apoptotic pathway, primarily the extrinsic apoptotic pathway (Houghton, 

Harwood & Tillman, 1997; Tillman, Petak & Houghton, 1999).  Studies with F10 in 

AML cells also indicate the activation of the extrinsic apoptotic pathway (Gmeiner et al, 

2015). A difference between how the two drugs activate the extrinsic apoptotic pathway 

in AML cells is that F10 treatment does not increase expression of either Fas or Fas 

ligand but rather regulates their activity by inducing localization in lipid rafts (Gmeiner et 

al, 2015).   

  F10 has been tested in multiple cancers in vivo over the past few years to 

determine if the therapeutic advantages of F10 over conventional drugs seen in 

continuous cell lines remain relevant when incorporating the complexities of rodent 

models. So far, F10 has been tested in acute leukemia (Pardee, 2012; Pardee, 2014), 

GBM (Gmeiner et al, 2014), and prostate cancer (Gmeiner et al, 2014) based on data 

from the NCI 60 cell line screen with F10 and the need for novel therapeutics for those 

malignancies. F10 has proven to be highly effective in vivo with strong anticancer 

activity along with low systemic toxicities relative to 5-FU and other conventional 

chemotherapies. These findings indicate that F10 has a different mechanism then 5-FU 

and the appropriate pharmacological properties for further studies into different cancers, 

like CRC.  
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In addition to F10, the Gmeiner Lab has developed another unpublished drug 

similar to F10, capped F10 (CF10), which will be tested in parallel with F10 in further 

studies. CF10 is also a 10-base single stranded oligomer of FdUMP; however, there is a 

cytarabine linked on the 3’ end to prevent 3’ exonuclease degradation when circulating in 

the body and a 5’ spacer to promote cell uptake. Together, these studies mentioned of 

improved anticancer activity with F10 have confirmed that F10 and possibly CF10 are 

true candidates as human cancer therapeutics in comparison to other drugs currently used 

today in the clinic.    
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STATEMENT OF PURPOSE 

Colorectal carcinoma is the third most commonly diagnosed cancer and the 

second most common cause of cancer-related death worldwide (Coleman et al, 2008). 

Only 10-15% of advanced CRC tumors respond to current therapies including 5-FU, 

highlighting the need for the development of novel treatment options (Mulcahy et al, 

2005; Douillard et al, 2000; Chen et al, 2010.) Our novel polymeric fluoropyrimidine, 

F10, has already shown to exhibit anticancer activity in acute leukemia (Pardee, 2012; 

Pardee, 2014), GBM (Gmeiner et al, 2014), and prostate cancer (Gmeiner et al, 2014) 

and now has been tested in pre-clinical experiments with CRC. Along with F10, CF10 

will be tested in parallel and is hypothesized to show increased cytotoxicity in CRC 

particularly in vivo.  

5-FU resistance and 5-FU related toxicity of the GI-tract are common concerns in 

the clinic today. We hypothesized that F10 and possibly CF10 will prove to be far better 

candidates for the treatment of CRC in comparison to 5-FU both in vitro and in vivo in 

terms of tumor suppression, drug toxicity, and overall cell growth inhibition.    
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MATERIALS AND METHODS 

Cell Culture 

HCT116 p53 +/+, HCT116 p53 -/-, HCT116 R248W/+ and HCT116 R248W/-

human colon colorectal carcinoma cell lines were supplied by GRCF Biorepository & 

Cell Center. HCT15 cells were received from ATCC. All human CRC cell lines were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM, Lonza) supplemented with 

10% fetal bovine serum (FBS, Sigma). HCT116 cells were infected with a UBC-

GFPLuc-LV supernatant by the Cell and Viral Vector Laboratory at Wake Forest School 

of Medicine.  CT26 (ATCC) mouse colorectal carcinoma cell line was maintained in 

Roswell Park Memorial Institute (RPMI-1640, Lonza) media supplemented with 10% 

FBS. Cell lines were cultured in conditions of 37°C and 5% CO2. 

Drug Treatment 

F10 and CF10, obtained from ST Pharm Co., and 5-fluorouracil (Sigma) were 

used in drug treatment. F10 and CF10 are prepared in PBS while 5-FU is prepared at 50 

mg/mL in DMSO and diluted with PBS. Cells were seeded in 96-well plates at the 

appropriate density in 200 µL medium and incubated for 37°C overnight to attach.  Drug 

concentration was determined with a UV-Vis using their molar extinction coefficient 

values of 0.020 µg/mL-1cm-1 for CF10 and F10 and 7.07 mM-1cm-1 for 5-FU. Compounds 

were serially diluted in either water or DMSO (final percentage < 1%) to a stock 

concentration and an equal amount of drug was added to the exponentially growing cells 

for each tested concentration. In vivo CF10 and F10 were prepared in sterile PBS and a 

maximum of 200 µL was injected i.p.. 5-FU was initially dissolved in 1 M NH4OH, 
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diluted with sterile PBS, and balanced with 1 M HCl to neutral pH. All drugs were 

filtered in 0.22 µm filter before injection.  

Cell Viability and Apoptosis Assay 

CellTiter-Glo (Promega) was used to determine cell viability. Measurements were 

made according to the manufacturer’s instructions.  Briefly, 96-well white flat bottom 

plates were removed from the incubator and allowed to equilibrate at room temperature 

for 30 minutes, the media was evacuated, and media plus equal volume of the CellTiter-

Glo reagent (25 µL) was added directly to the cells in each well.  Plates were shaken for 2 

minutes and incubated at room temperature for 30 minutes in the dark before reading the 

luminescence on a Tecan Genios plate reader. Cell viability was normalized and 

calculated as a relative percentage of the averaged vehicle control. Caspase 8 and 

Caspase 3/7 Glo were also obtained from Promega and were used according to the 

manufacturer’s protocol.  

Rescue Experiments 

 HCT116 p53+/+ or HCT116 p53 -/- cells were plated on 96-well, white flat bottom 

plates and allowed 48 h for the cells to adhere to the plate and begin to grow 

exponentially until reached about 25% confluency. Caspase 8 inhibitor IEDT (R&D 

Systems) was used at 250 nM and cells were pre-treated 30 min prior to addition of other 

drugs in all caspase inhibition experiments (Gmeiner et al, 2013). The two concentrations 

of the indicated drugs were added to their respective wells to give the final desired tested 

concentrations. Exogenous uridine (Sigma), thymidine (Sigma) or PBS was then added to 

their respective wells. The plates were then shaken for 2 minutes by hand to allow proper 
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mixing without disrupting cell growth prior to placing them back in the incubator at 37°C 

and 5% CO2. After 48 h in the incubator the media was evacuated and cell viability, 

caspase 8, and caspase 3/7 activity was determined using Promega kits as described in 

previous section with the replacement of CellTiter-Glo reagent with Caspase-8 Glo and 

Caspase-3/7 Glo, respectively (Promega). The rescue experiments were done in triplicate 

with four data points in each experiment per tested condition. Graphs were generated 

using Microsoft Excel.  

Thymidylate Synthase Activity 

HCT116 parental cells were plated at a density of 1.0 x 106 to 1.5 x 106 cells in 

100 mm2 tissue culture treated plates.  Cells were grown overnight in the proper growth 

media with 10% FBS to allow the cells to adhere and begin to grow.  Drug was then 

added to the medium and the cells were incubated for the indicated time (24 h or 48 h).  

The cells were then harvested in 25 mM Tris-HCl, pH 7.4 with Complete Protease 

Inhibitor Cocktail present (as per instructed, Roche), put through two freeze/thaw cycles 

and vigorously vortexed.  The lysates were then centrifuged at 10,000 x g for 10 mins. at 

4°C.  The supernatants were then assayed for protein concentration and TS catalytic 

activity.  TS catalytic assays were performed in a final volume of 200 µl containing 

freshly prepared 75 µM 5,10 methylene tetrahydrofolate in 0.5 M NaOH (Schircks 

Laboratories, Switzerland), 10 µM dUMP, 200,000 dpm of 3H-dUMP (Moravek 

Biochemicals), 100 µM 2-mercaptoethanol, and 25 mM KH2PO4, pH 7.4.  Cell lysate 

aliquots (400 µg of protein) were added to the reaction buffer and lysis buffer was used to 

bring to final volume. The reactions occurred when incubated at 37°C for 30 mins, and 

then stopped by addition of 100 µl of ice-cold 20% TCA.  Stopped reactions were 
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incubated for 5 mins on ice.  200 µL of activated charcoal solution (10 g activated 

charcoal, 0.25 g BSA, 0.25 g Dextran sulfate, in 100 mL of water) was then added 

vortexed briefly and maintained at RT for 10 mins.  Reactions were then centrifuged at 

10,000 x g for 30 mins.  200 µL aliquots of the supernatant were read by scintillation 

counting. Protocol taken and modified from previously published work (Gmeiner, 

Trump, Wei, 2004) 

Mice 

BALB/c athymic nude mice and Balb/c immunocompetent mice (Charles River) 

were housed and subjected to experiments in accordance with the protocols approved by 

the Institutional Animal Care and Use Committee (IACUC) at Wake Forest School of 

Medicine. All of the animal experiments were performed on six-to-eight-week-old female 

BALB/c mice. 

Xenograft Model 

HCT116 cells (3x106cells) mixed with ice cold PBS and matrigel were 

subcutaneously injected into mice. Tumor growth and mice health was monitored daily 

until the tumor reached a volume of 100 mm3 - 200 mm3 (about two weeks). Tumor 

measurements were taken using electronic digital calipers twice a week along with mouse 

weight. Tumor volume (V) was calculated as V = π/6 (L×W2). Mice were euthanized 

using CO2 and cervical dislocation at week 5 following tumor inoculations prior to organ 

and tumor harvesting and fixation. Reason for euthanasia included tumor size (2000 

mm3) and weight loss (>2 g). 5-FU (70 mg/kg or 35mg/kg), CF10 (300 mg/kg or 360 
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mg/kg), and F10 (300 mg/kg) were dosed by intraperitoneal (i.p.) injection using a 28-

gauge needle. 

Colorectal Orthotopic Model  

 Protocol was followed per Tseng et al’s previously published paper (Tseng et al, 

2007). A xenograft tumor was formed as described above using a luciferase and GFP 

tagged HCT116 cell line. Once the tumor reached a size large enough for transplantation, 

the mouse was euthanized and tumor tissue was removed. The tumor was divided into 2-

3 mm pieces and placed in PBS on ice. BALB/c mice were put under anesthesia and the 

abdomen was prepped with a betadine solution. A laparotomy was performed in the 

abdomen and the cecum was exposed. The cecal wall was slightly damaged to allow cell 

invasion. A piece of tumor tissue was then attached to the outside of the cecum by a 

figure-8 stitch using a 9-0-nylon suture. The cecum is returned to the cavity and the 

abdomen wall is closed up using 6-0 coated vycryl sutures. A rectal thermometer 

monitored the internal temperature of the mice during surgery. Mouse recovery was 

monitored closely and was given meloxicam every day for 3 days to alleviate pain along 

with normal saline to keep the mice hydrated. Tumor volume and cell progression was 

monitored using an IVIS live imaging system for evaluated total proton flux. 5-FU (70 

mg/kg), CF10 (360 mg/kg), and F10 (300 mg/kg) was dosed by intraperitoneal (i.p.) 

injection using a 28-gauge needle. 5-FU was dosed twice every other week while F10 and 

CF10 was dosed twice a week every week. Dr. Tom Smith from Orthopedic Surgery at 

Wake Forest School of Medicine performed all surgeries.  
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IVIS 

 Pierce D-Luciferin (Thermo Scientific) was injected subcutaneous (Ashraf et al, 

2013) using a 28-gauge needle 15 minutes before imaging. Mice were placed in an 

anesthesia chamber with 1.5% isoflurane and then transferred to the IVIS stage under 2% 

isoflurane using a nose cone placing the mice on their back. IVIS Lumina LT Series III 

machine was used for all mouse images. Using the Living Image program, luminescence 

was imaged at a consistent 1 minute exposure while varying the binning and f/stop to 

prevent saturation. All images were analyzed at week 9 using the same Living Image 

software. A region of interest was placed on the mouse’ midsection and determined the 

total flux in that region. The region of interest remained identical for each mouse. Graphs 

were plotted as total flux per mouse for each week.  

GI Tract Toxicity 

 BALB/c immunocompetent mice were put into two cohorts with three groups 

within each cohort (n=2). 5-FU (70 mg/kg), CF10 (200mg/kg) and PBS were injected i.p. 

once every three days for a total of four injections for one cohort and a single injection 

for the other cohort. Tissue collection was performed 24 h after the last injection. Mice 

were euthanized using CO2 and cervical dislocation and the small intestine was removed 

quickly. The intestine was washed in PBS and coiled onto a cassette before fixing with 

4% paraformaldehyde at 4°C for 24 h then in 70% ethanol at 4°C until it was paraffin 

embedded and cut into 4 µm slices before staining with H&E. Embedding and staining 

was all done by the Comparative Pathology Laboratory at Wake Forest School of 
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Medicine led by Dr. David Caudell. Slides were read and analyzed with the help of Dr. 

Caudell.   
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RESULTS 

F10, CF10, and 5-FU were first tested in CRC cell lines, HCT116 and HCT15, to 

determine if F10 and CF10 are cytotoxic in CRC in vitro (Table 1). To understand the 

role of p53 mutations in the tested drugs, we included HCT116 cells with a knockout p53 

(p53-/-) gene that exhibits p53 inactivation and promoted oncogenesis (Brachova et al, 

2013). Drugs we also tested on two gain-of-function HCT116 cell lines (HCT116 

p53R248W/- and HCT116 p53R248W/+) that replaces a WT p53 with a mutant (R248W) allele 

(Brachova et al, 2013). HCT116 p53R248W/+ obtains one WT p53 allele and one R248W 

mutant allele whereas HCT116 p53R248W/- cells have no functioning WT p53 allele and 

one mutant (R248W) allele, which promotes oncogenesis at different degrees (Sur et al, 

2009). R248W is a single point mutation at the DNA binding domain of p53, R248, 

where arginine is mutated into tryptophan. Growth inhibition after 72 h of drug treatment 

was calculated in terms of IC50 values using GraphPad Prism software. IC50 data from 

table 1 showed HCT116 p53-/- cells showing some resistance to each drug; however, F10 

remained cytotoxic at a relatively low concentration with an IC50 of 80±14 nM for wild-

type cells and 133±45 nM for p53 null cells along with a resistance factor of 1.66 

compared to wildtype (Figure 3). CF10 also remained cytotoxic at low levels but showed 

some p53 dependency in cytotoxicity with an IC50 of 100±18 nM for wild-type cells and 

1±0.44 µM for p53 null cells with a resistance factor of 10.02 compared to wildtype cells 

(Figure 4). 5-FU exhibited p53 dependency with an IC50 of 8±0.97 µM for parental cells 

and 30±3.9 µM for p53 null cells with a statistical significant resistance factor of 3.75 

compared to wildtype cells (Figure 5). HCT116 cells with the mutant R248 allele, in 

particular the HCT116 p53 R248W/- cell line, exhibited resistance to all the drugs, however 
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lesser resistance to F10 compared to CF10 and 5-FU with resistance factors of 8.38, 

35.65, and 8.63, respectively, compared to the wildtype HCT116 cell line (Table 1). 

HCT15, a CRC cell line that showed high resistance to 5-FU according to the 

NCI-60 screen and deficient in p53, was treated with F10 and CF10 (Bracht et al, 2017; 

Leropy et al, 2014; Adamsen et al, 2011). HCT15 cells were included in these studies to 

show if CF10 and F10 remained cytotoxic at low concentrations. As seen in table 1, F10 

(38±8 nM) and CF10 (714±375 nM) remained cytotoxic at low concentrations in HCT15 

cells while 5-FU (32.4±9.4 µM) showed cytotoxicity at higher concentrations.  

Thymidylate synthase activity, inhibited by FdUMP, was measured in 

logarithmically growing cells treated with CF10 (10 nM), F10 (10 nM) and 5-FU (100 

nM) for either 24 h or 48 h in the parental HCT116 cell line (Figure 6). Major inhibition 

of TS was seen with all three drugs with 24 h of drug exposure. However, TS inhibition 

trends 48 h after initial drug exposure differed slightly between the two groups of drugs. 

5-FU treated cells rebounded in TS activity most likely due to newly synthesized TS 

whereas F10 remained relatively inhibitory to TS activity (Gmeiner et al, 2016). CF10 

actually exhibited an increase in inhibition after 48 h of treatment. TS activity percentage 

was calculated by dividing the drugged measurement by the vehicle control 

measurement. The standard error of mean was calculated via Graph pad prism.  

Determining if the effects of the drug are RNA- or DNA- directed could give 

more insight and could possibly confirm the cytotoxic mechanism of each drug in CRC. 

To determine whether the drugs are RNA or DNA directed, we set up a simple rescue 

experiment where we provided exogenous nucleosides to cells under drugged conditions 
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and analyzed how that affected cell viability and caspase activation. F10 treated cells 

were rescued from cell death when given exogenous thymidine and only slightly rescued 

when given uridine indicating that F10 is primarily DNA directed (Figure 7 & 8). Both 

caspase 8 and caspase 3/7 activation were also rescued to normal activity when given 

exogenous thymidine showing a loss of apoptosis activation. These phenomena were seen 

in both HCT116 p53 +/+ (Figure 7) and in HCT116 p53 -/- (Figure 8) signifying little p53 

dependency with F10 treatment; however, caspase 3/7 and caspase 8 activation is much 

greater in parental cells with F10 treatment.  

CF10 rescue data were interestingly different from F10 (Figure 9). The first 

considerable difference was the p53 dependent trends seen in the p53 null cells (Figure 

10) were similar to the IC50 trends (Table 1). Looking at the rescue data from the wild-

type cells, there was only slight rescue with exogenous thymidine of both cell viability 

and caspase activation; however, there was less cell viability rescue with uridine 

compared to thymidine but more caspase 8 and caspase 3/7 activation rescue with 

thymidine than uridine. Perhaps cells treated with CF10 need more exogenous thymidine 

to rescue them from cell death compared to F10.  

Rescue data with 5-FU were also interesting in that there was not much cell 

viability rescue in HCT116 cells with uridine or thymidine with published uridine levels 

(Codacci-Pisanelli et al, 2008) that used HT29 CRC cells or with our 10-fold increased 

uridine levels (Figure 11). There was caspase 8 and caspase 3/7 activity rescue with 

uridine in parental cells; however, no rescue of any kind in HCT116 p53-/- cells when 

treated with 5-FU (Figure 12). These data confirm major p53 dependency with 5-FU 

treatment both in cell viability and in apoptosis activation in CRC in vitro.    
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Apoptosis activation was analyzed further with inhibiting caspase 8 in vitro. After 

inhibiting caspase-8 using a caspase-8 inhibitor, we saw that cell viability for CF10 

(p=0.006) and 5-FU increased while F10 viability was not changed (Figure 13). Caspase 

3/7 activation, when caspase 8 was inhibited, decreased marginally in all treatment 

groups. Caspase 8 inhibition was verified by testing for caspase 8 activation in the treated 

cells with the inhibitor (Figure 13). These data argue that activation of apoptosis, 

previously shown to be extrinsic for 5-FU and F10, does not require the activation of the 

initiator caspase 8 in CRC.  

After determining that our fluoropyrimidines are potential candidates for the 

treatment of CRC in vitro, we decided to move into a murine model, first using 

xenografts in a small pilot study (Figure 15). Subcutaneous xenografts with both HCT116 

p53+/+ and HCT116 p53-/- cell lines formed in BALB/c nude mice were given time to 

form before dosage initiated. Intraperitoneal injections three times a week of 5FU (70 

mg/kg), CF10 (300 mg/kg), or PBS were given to the mice and tumor volume was 

measured for each tumor twice a week using an electronic caliper. Mice treated with 5-

FU were euthanized at day 16 due to major weight loss. CF10 successfully proved to 

inhibit xenograft growth both in wildtype (Figure 15A) and knockout (Figure 15B) p53 

HCT116 tumors compared to control through day 32. CF10 halted the growth of the 

xenografts after day 20 in both tumor variants. HCT116 p53 -/- tumors grew faster in vivo 

consistent with known tumor suppression function of p53 along with the oncogenesis 

seen when knocking out p53 (Katiyar et al, 2009). Relative tumor volume was 

determined based off the initial tumor volume before the first injection. The study ended 
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due to control tumors reaching a volume that inhibited the mice from normal movement 

and activity.  

A similar xenograft study was performed to test how CF10 compared to F10 in a 

murine model with a modification in drug dosage in accordance to molecular weight 

(Figure 16). Twice a week i.p. injections of CF10 (360 mg/kg) was compared to F10 (300 

mg/kg) and PBS on p53 wildtype (Figure 16A) and knockout (Figure 16B) HCT116 

cells. The p53 knockout tumors had a faster growth rate as expected. CF10 and F10 

showed greater tumor growth inhibition compared to tumors treated with control. Again, 

mice were euthanized due to control tumors becoming too large.  

 To test whether the immune system would interfere with F10 and CF10’s 

mechanism of tumor growth inhibition, we formed CT26 murine tumors in BALB/c 

immunocompetent mice that have a fully functioning immune system (Figure 17). We 

dosed the mice with i.p. injections of CF10 (360 mg/kg), F10 (300 mg/kg), 5-FU (35 

mg/kg) or PBS three times a week. On day 24 control mice were euthanized due to tumor 

size and the dosage schedule was changed to twice a week changing 5-FU to 70 mg/kg 

every other week to test a published dosage schedule (Guo et al, 2006). On day 31 all the 

5-FU mice were euthanized due to high tumor volume. It is clear that F10 and CF10 

remained capable of suppressing tumor volume in the presence of an intact immune 

system.   

Now that F10 and CF10 have proven to be capable therapeutics for CRC in 

xenograft models, we tested the drugs in a more representative model of CRC in mice. 

An orthotopic tumor with HCT116 cells transfected with an UBC-GFP Luc-LV attached 
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to the cecum of BALB/c nude mice was used to further test F10 and CF10 against the 

standard 5-FU. After the mice regained proper health from the orthotopic surgery 

described previously and their tumors excited luminescent via IVIS, treatments started 

with twice a week i.p. injections of CF10 (360 mg/kg), F10 (300 mg/kg), 5-FU (70 

mg/kg), or PBS with the 5-FU only administered every other week. An entire cage of 5-

FU treated mice died unexpectedly two weeks into injections unrelated to drug. At week 

4, an analysis of the average photon flux per mouse in one cage of CF10, 5-FU and 

control groups were graphed along with their images retrieved from IVIS (Figure 18). 

One mouse in each CF10 and 5-FU was euthanized due to poor health. Mindful of the 

large error, CF10 exhibited a better tumor growth inhibition than 5-FU with an average 

flux at 3.00E+09 and 1.00E+10, respectively.  

 Final photon flux averages were imaged, calculated and graphed once a week 

through week 6 (Figure 19). Despite the unfortunate loss of 5-FU treated mice, CF10 and 

F10 showed promising results both in tumor size (Figure 19A) and in survivability 

(Figure 19B). Final IVIS images at week 6 showed control tumors being visually larger 

than treated groups (Figure 20). All mice shown have been imaged and analyzed based 

off identical parameters to properly compare luciferase intensity. Through week 6 all of 

the control and 5-FU mice either died or were euthanized by order of the veterinary staff 

due to poor health from either the drug or tumor size. Tissue collection from control and 

some CF10 treated mice that were euthanized due to poor health revealed the tumors 

infiltrating the GI tract. The veterinary staff speculated that the mice became severely 

dehydrated most likely due to a lack of water absorption in the colon and/or loss of 

appetite caused by the tumor invasion. Our lab will be repeating this orthotopic 
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experiment with different 5-FU parameters including using clinical grade 5-FU in order 

to further compare our fluoropyrimidines, particularly CF10, to 5-FU.  

It has already been established that 5-FU-induced gastrointestinal damage due to 

RNA-mediated effects is an issue with 5-FU toxicity in the clinic (Pritchard et al, 1997). 

Since CF10 is thought to be primarily DNA directed, we hypothesized that it would show 

little to no GI tract damage in comparison to 5-FU. To test this, we injected BALB/c 

immunocompetent mice with 5-FU (70 mg/kg), CF10 (200mg/kg) and PBS i.p. once 

every three days for a total of four injections. These drug dosages were calculated to 

deliver the same amount of fluoropyrimidine to the mice per drug injection. Twenty-four 

hours after the final injection we euthanized the mice and immediately fixed the GI tract. 

The tissues were embedded, H&E stained and analyzed under a light microscope at 200x 

focusing on the small intestine (Figure 21). As expected, 5-FU shows severe villus 

toxicity (Figure 21B) while CF10 shows no villus toxicity in the small intestine (Figure 

21C) compared to the control (Figure 21A) after 4 total dosages of drug, one injection 

every three days for two weeks.   

 To test immediate GI tract toxicity, we ran an experiment in parallel with the 

previous experiment with the exception of only dosing the mice one time with the 

indicated drug dosages and collecting tissues 24 h after the single injection. We looked at 

crypt length at 1600x from the jejunum of the GI tract (Figure 22). There was 

considerable crypt destruction and influx of inflammation in the 5-FU group compared to 

the CF10 and control, similar to what was seen previously in leukemia models (Pardee et 

al, 2012). We then looked at crypt and villi length throughout the jejunum of the GI Tract 

(Figure 23). Crypt and villi measurements were determined using a Zeiss confocal 
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microscope and Zen computer software. 5-FU induced villi shortening just 24 hours after 

drug injection while CF10 did not appear to cause any shortening in crypt of villus. This 

further provides evidence that CF10 already hurdles a major challenge of GI-tract toxicity 

that 5-FU faces in the clinic.  
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Table 1. IC50 Values. IC50 values (µM) 72 h after drug treatment of each 
indicated drug. n= 4. Experiment done in triplicate. ± SEM. Resistance factor 
indicates the fold increase of resistance compared to the wildtype HCT116 cell 
line. (* p value = 0.01-0.05; ** p value = 0.001-0.01) 
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Figure 3. F10 IC50 Values. IC50 curve (µM) 72 h after drug treatment. n= 4. 
Experiment was done in triplicate.  
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Figure 4. CF10 IC50 Values. IC50 curve (µM) 72 h after drug treatment. n= 4. 
Experiment was done in triplicate. 
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Figure 5. 5-FU IC50 Values. IC50 curve (µM) 72 h after drug treatment. n= 4. 
Experiment was done in triplicate. 
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Figure 6. F10 RESCUE HCT116 P53+/+. HCT116 p53+/+ cells co-treated with indicated 
concentrations of F10 along with indicated nucleoside (Uridine = 1 mM, Thymidine = 80 µM) for 
48 h. Cell viability, caspase 8 activity, and caspase 3/7 activity was determined using their 
respective Promega kit after 48 h. +/- SEM n=4 Experiments done in triplicate. (*** p value = 
0.0001-0.001; **** p value = < 0.001) 
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Figure 7. F10 RESCUE HCT116 P53-/-. HCT116 p53-/- cells co-treated with indicated 
concentrations of F10 along with indicated nucleoside (Uridine = 1 mM, Thymidine = 80 µM) for 
48 h. Cell viability, caspase 8 activity, and caspase 3/7 activity was determined using their 
respective Promega kit after 48 h. +/- SEM n=4 Experiments done in triplicate. (*** p value = 
0.0001-0.001; **** p value = < 0.001) 
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Figure 8. CF10 RESCUE HCT116 P53+/+. HCT116 p53+/+ cells co-treated with indicated 
concentrations of CF10 along with indicated nucleoside (Uridine = 1 mM, Thymidine = 80 µM) 
for 48 h. Cell viability, caspase 8 activity, and caspase 3/7 activity was determined using their 
respective Promega kit after 48 h. +/- SEM n=4 Experiments done in triplicate. (*** p value = 
0.0001-0.001) 
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Figure 9. CF10 RESCUE HCT116 P53-/-. HCT116 p53-/- cells co-treated with indicated 
concentrations of CF10 along with indicated nucleoside (Uridine = 1 mM, Thymidine = 80 µM) 
for 48 h. Cell viability, caspase 8 activity, and caspase 3/7 activity was determined using their 
respective Promega kit after 48 h. +/- SEM n=4 Experiments done in triplicate. 
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Figure 10. 5-FU RESCUE HCT116 P53+/+. HCT116 p53+/+ cells co-treated with indicated 
concentrations of 5-FU along with indicated nucleoside (Uridine = 1 mM, Thymidine = 80 µM) 
for 48 h. Cell viability, caspase 8 activity, and caspase 3/7 activity was determined using their 
respective Promega kit after 48 h. +/- SEM n=4 Experiments done in triplicate. (** p value = 
0.001-0.01) 
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Figure 11. 5-FU RESCUE HCT116 P53-/-. HCT116 p53-/- cells co-treated with indicated 
concentrations of 5-FU along with indicated nucleoside (Uridine = 1 mM, Thymidine = 80 µM) 
for 48 h. Cell viability, caspase 8 activity, and caspase 3/7 activity was determined using their 
respective Promega kit after 48 h. +/- SEM n=4 Experiments done in triplicate. 
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Figure 12. CASPASE 8 INHIBITION RESCUE HCT116 P53+/+. HCT116 p53+/+ cells co-
treated with indicated concentrations of drug along with indicated nucleoside (Uridine = 1 mM 
for 5-FU, Thymidine = 80 µM for F10 and CF10) for 48 h. Caspase 8 inhibitor IEDT was used at 
250 nM and cells were pre-treated 30 min prior to addition of other drugs. Cell viability, caspase 
8 activity, and caspase 3/7 activity was determined using their respective Promega kit after 48 h. 
+/- SEM n=4 Experiments done in duplicate. 
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Figure 13. CASPASE 8 INHIBITION RESCUE HCT116 P53-/-. HCT116 p53-/- cells co-
treated with indicated concentrations of drug along with indicated nucleoside (Uridine = 1 mM 
for 5-FU, Thymidine = 80 µM for F10 and CF10) for 48 h. Caspase 8 inhibitor IEDT was used at 
250 nM and cells were pre-treated 30 min prior to addition of other drugs. Cell viability, caspase 
8 activity, and caspase 3/7 activity was determined using their respective Promega kit after 48 h. 
+/- SEM n=4 Experiments done in duplicate. 
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Figure 14. Thymidylate Synthase Activity. Measured at 24 h and 48 h after 
drug dosage of indicated drugs in cell culture dishes. Data expressed as averages 
+/- SEM n=4 Experiments done in duplicate 
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Figure 15A. 

 

Figure 15B. 

Figure 15. HCT116 Xenografts. A) HCT116 p53 +/+ and B) HCT116 p53 -/- 
xenografts in BALB/c nude mice. i.p. injected with: CF10 (300 mg/kg 3x a week 
n=3), 5-FU (70mg/kg 3x a week n=2), or PBS (3x a week n=3). Sacrificed all 5-
FU mice on day 16 due to greater than 10% weight loss. +/- SEM (*** p<0.001) 
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Figure 16A.  

 

Figure 16B.  

Figure 16. HCT116 Xenografts F10 & CF10. A) HCT116 p53 +/+ and B) 
HCT116 p53 -/- xenografts in BALB/c nude mice injected i.p. with CF10 (360 
mg/kg), F10 (300 mg/kg) or PBS twice a week. Volume was determined using 
electronic calipers. +/- SEM (* p value = 0.01-0.05; ** p value = 0.001-0.01) 
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Figure 17. CT26. Immunocompetent mice with CT26 murine tumors treated 
with an i.p. injection of CF10 (360 mg/kg 3x a week n=3), F10 (300 mg/kg 3x a 
week n=3), 5-FU (35mg/kg 3x a week n=3), or PBS (3x a week n=3). Treatment 
schedule adjustment on day 24 to CF10 (360 mg/kg 2x a week n=2), F10 (300 
mg/kg 2x a week) or 5-FU (70mg/kg 2x a week every other week n=3). On Day 
24 CTRL mice we euthanized due to high tumor volume and on Day 31 5-FU 
mice were euthanized due to high tumor volume. +/- SEM (* p value = 0.01-
0.05) 
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Figure 18. Orthotopic Week 4. Orthotopic results at week 4. A) Luminescent 
flux in each mouse treated with CF10 (top) 5-FU (middle) and CTRL (bottom) 
using IVIS with the scale for each image on the left. B) Corresponding averages 
of total flux per mouse for mice treated with CF10, 5-FU, and CTRL. +/- SEM 
Dosed i.p. with CF10 (360 mg/kg), F10 (300 mg/kg) at 2x a week every week 
and 5-FU (70 mg/kg) at 2x a week every other week. 
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Figure 19A. 

Survival of Orthotopic CRC Model
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Figure 19B. 

Figure 19. Orthotopic Average Flux. Dosage i.p. with CF10 (360 mg/kg), F10 
(300 mg/kg) at 2x a week and 5-FU (70 mg/kg) at 2x a week every other week. 
Luminescent flux using IVIS shown as average flux per mouse (A) along with 
survival per cohort (B). +/- SEM 
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Figure 20. Orthotopic Week 6. Dosage i.p. with CF10 (360 mg/kg), F10 (300 
mg/kg) at 2x a week and 5-FU (70 mg/kg) at 2x a week every other week. 
Luminescent flux in each mouse using IVIS shown in the middle with the scale 
for each image on the left. No survival in 5-FU cohort by week 6. Some mice 
have a flux signal but is not within the range indicated. +/- SEM 
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Figure 21. Gastrointestinal Tract Toxicity Multiple Dosage. H&E-stained 4 
µm sections of BALB/c mouse small intestine 24 h after last i.p. injections of 
PBS (A) 70 mg/kg of 5-FU (B) or 200 mg/kg of CF10 (C). Mice were injected 4 
total times, one injection every three days for 2 weeks. 200 x magnification. 
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Figure 22. Gastrointestinal Tract Crypt Toxicity. 1600x image of the crypt 
from the jejunum of a BALB/c mouse 24 h after one i.p. injection of with PBS 
(A), 70 mg/kg of 5-FU (B), or 200 mg.kg of CF10 (C). H&E stained 4 µm 
section.   
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Figure 23. Gastrointestinal Tract Villus Toxicity. Left, H&E-stained 4 µm 
sections of BALB/c mouse small intestine 24 h after a single i.p. injection of PBS 
(A)  70 mg/kg of 5-FU (B) or 200 mg/kg of CF10 (C). 200 x magnification. 
Right, quantitative crypt and villus measurements. n= 25 measurements per 
group. **** = p<0.0001 +/- SEM 
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DISCUSSION 

Both F10 and CF10 display strong anticancer activity in multiple models from 

previously studied malignancies to the presently studied CRC models in comparison to 

the current 5-FU standard therapy. The lack of chemotherapy options for advanced CRC 

highlights the importance of these findings and point to a plausible alternative to current 

regimens with lower systemic toxicities. From previous studies, F10’s improved 

anticancer activity results from the endocytotic active transport of F10 into malignant 

cells and not into nonmalignant cells, efficient conversion to monomeric FdUMP 

sustaining TS inhibition, and the incorporation of dUTP and FdUTP into DNA resulting 

in Top1cc (Gmeiner et al, 2016).  

The current standard therapy for CRC, 5-FU, has several limitations that can 

potentially be overcome with F10 or CF10 in vivo: drug resistance, p53 dependency and 

severe systemic toxicity especially in the GI-tract. We hypothesized that F10 would 

perform superior as an antitumor agent in CRC when compared to the standard 5-FU not 

only in cancer cell lines but in murine models in the same manner as previously studied 

cancers with these drugs. We also hypothesized the CF10 would perform just as well if 

not better than F10 in these models. From other cancer models studied, we postulated that 

F10 and CF10 would prove to be cytotoxic at a much lower dose than 5-FU and remain 

cytotoxic independent of p53 in CRC. We also expected CF10 to show little GI tract 

toxicity similar to that of F10 already studied in comparison to the toxic 5-FU. 

In vitro data had established that F10 and CF10 remained cytotoxic agents at low 

concentrations in CRC cell lines. Cell growth inhibition was determined for each drug in 
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all cell lines by producing an IC50 graph using multiple drug concentrations for a 72-hour 

exposure time. The IC50 values in table 1 indicate at what concentration of drug inhibit 

cell growth by half at 72 h. F10 particularly showed little dependency on p53 either with 

a knockout p53 cell line or a gain-of-function cell line with a mutant R248 allele. CF10 

showed some dependency on p53 but remained low in concentration while 5-FU 

exhibited a dependency on p53 normal expression at high concentrations. Differences in 

doubling time along with different inherent time dependences for drug activity among the 

agents tested could have contributed to apparent resistance factors. The addition of a 

cytarabine on the CF10 could be causing the drug to be more p53 dependent in 

comparison to F10. Cytarabine is an antimetabolic agent often used to treat leukemia 

(Reese et al, 2010). In AML cells, cytarabine treatment results in apoptosis and induction 

of p53 in which functional p53 is necessary (Kobayashi et al, 1998; Pardee et al, 2012). 

This need for functional p53 could be the reason that CF10 is showed resistance factors 

in mutated or null p53 (Table 1). 

Thymidylate synthase activity in CRC cell lines treated with F10, CF10, and 5-FU 

showed similar TS inhibition seen in other cancers at 24 h and 48 h (Figure 14). A 

rebound in TS activity seen after 48 h of 5-FU further demonstrated the inability of 5-FU 

to sustain TS activity at low levels long enough to cause thymineless death as seen in F10 

treated cells. 

Caspase 3/7 and caspase 8 was both measured using a caspase glo kit from 

Promega. Caspases are protease enzymes that play essential roles in cell death and 

inflammation. Activation of apoptotic caspases results in the generation of a cascade of 

events resulting in a programmed cell death (McLiwain et al, 2013). Caspase 8 is an 
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initiator caspase that is activated via binding of a ligand to a death receptor in the 

extrinsic pathway of apoptosis. Caspases 3 and 7 are executioner caspases that are 

activated by initiator caspases. Activation of caspases 3 and 7 can be achieved via the 

extrinsic or intrinsic/mitochondrial pathway of apoptosis where caspase 8 activation is 

extrinsic specific and caspase 9 activation is intrinsic specific.       

 Previous work with AML cells have revealed that F10 cytotoxicity can be rescued 

with exogenous thymidine within 16 h of drug treatment (Jennings-Gee et al, 2013). Our 

studies with CRC cells support this data and since cell death of cells treated with F10 was 

nearly completely rescuable with exogenous thymidine (Figure 16), we hypothesize that 

F10 is primarily DNA-directed. 5-FU did not show much rescue in cell death with the 

addition of either nucleoside. This data is contrary to published work that reveals 5-FU 

treated CRC cells can be rescued from cell death with 400 µM of uridine but not with 400 

µM of thymidine (Bunz et al, 1999; Brody et al, 2009). Bunz et al demonstrated this 

recue in primary CRC cell lines while Brody et al used HCT116 cells. Literature shows 

that this rescue with only uridine points towards an RNA mediated cytotoxicity driven by 

5-FU. CF10 exhibited some rescue in viability but could have needed more exogenous 

thymidine to be fully rescued (Figure 18 & 19). If rescue of apoptosis or cell viability is 

still not achieved with higher dosage of thymidine then CF10 could be causing cell death 

by a mechanism different from F10. Caspase 3/7 activation did not require the initiation 

of caspase 8 seen in the presented data for any drug; however, further experiments are 

needed to confirm this observation.  

 IC50 data revealed that a mutation in p53 contributes to a slight resistance to each 

drug tested; however, to a lesser amount with F10. HCT116 cells with a p53 knockout 
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showed substantial resistance to both CF10 and 5-FU in vitro compared to wildtype 

HCT116. The importance of p53 status in cancer cells remains important considering it is 

the most common gene mutated in cancer. These data conclude that 5-FU is p53-

dependent in vitro in HCT116 cells. CF10 does not overcome this limitation in vitro; 

however, our data reveals it can overcome p53-depencency in vivo upon further 

comparison studies with 5-FU (Figure 15). F10 can certainly overcome p53 dependency 

both in vitro and in vivo but needs further studies to compare these effects with 5-FU. 

Differences in doubling time among different time dependences for drug activity between 

the drugs tested could have also contributed to apparent resistance factors. 

 HCT15, a MMR-deficient cell line, also exhibited resistance to CF10 and 5-FU 

when compared to HCT116 wildtype cells, whereas no resistant is seen with F10.  This 

data point towards the need for functional MMR for enhanced cytotoxicity when exposed 

to CF10 and 5-FU as seen previously with 5-FU (McLiwain, et al, 2013). Based off this 

data, it is suggesting that F10 might not need functional MMR to contribute to double 

strand breaks during drug treatment.  

F10 showed little dependency on p53 function whereas CF10 and 5-FU did show 

dependency on normal p53 function under the conditions used in vitro. However, when 

testing these drugs in a mouse model, another phenomenon occurred. Both F10 and CF10 

showed very similar tumor suppressing characteristics independent of p53 function in 

vivo; however, only F10 displayed a p53 independence in vitro (Table 1). This F10 tumor 

suppression was seen in both nude xenograft and immunocompetent tumor models where 

tumor size remained small throughout the 1 month treatment period (Figure 14-16). CF10 

exhibited similar tumor growth inhibition parallel to F10 in both HCT116 p53+/+ and 
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HCT116 p53-/- xenografts (Figure 15), whereas CF10 did not inhibit tumor growth as 

much as F10 in the immunocompetent mice (Figure 16).  

 These fluoropyrimidines were tested with the orthotopic CRC model in which 

luciferase-transfected cells grew directly on the cecum of a nude mouse. Photon flux data 

from the IVIS through week 4 of drug injections indicated CF10 and F10 dramatically 

halted tumor growth when compared to the control and 5-FU groups. Since we lost half 

our 5-FU mice due to an unknown reason most likely unrelated to drug and continued to 

lose 5-FU mice throughout the experiment, we could not obtain viable data after week 4 

for 5-FU. Our lab is in the process of repeating this experiment with new clinical grade 5-

FU stock to enable us to statistically compare 5-FU with CF10 and F10. CF10 and F10 

showed considerable survival benefit compared to control as well as being able to sustain 

tumor inhibition through week 6.  

 Since CF10 cytotoxicity was not rescued with thymidine, our hypothesis of DNA 

directed cytotoxicity needed to be further tested with a toxicity assay. In support of our 

initial hypotheses, CF10 showed little to no toxicity to the GI-tract in either villi or crypt 

length/health when compared to 5-FU. After multiple injections of 5-FU, severe villi 

shortening, crypt inflammation, and autolysis was seen in the small intestine. Villus 

shortening was also seen after one injection of 5-FU whereas CF10 remained nontoxic.  

 Our lab is already in the process of repeating the orthotopic and xenograft model 

experiments to obtain enough evidence that CF10 and F10 outperforms 5-FU 

dramatically in the mouse model. Several other future experiments can be done to 

continue and enhance the data that has been presented on CRC. The rescue data could be 
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improved by determining how to successfully rescue CF10 and even 5-FU in CRC either 

by increasing or possibly decreasing nucleoside concentrations and/or timing of 

administration to the cells. Since LV is now a common drug that is combined with 5-FU 

treatment, additional in vitro experiments with LV drug combination with all three drugs 

should increase the anticancer activity by improving TS inhibition capability even 

further. Our lab is currently adapting cells to low folate conditions to be used in such 

combination experiments. We are also looking into whether there is ribosomal stress 

when treated with 5-FU and F10/CF10 through confocal microscopy as seen previously 

with 5-FU.  

 These data should provide enough insight to continue the consideration that 

F10/CF10 are potential competitors to the current 5-FU therapy in CRC with the ability 

to overcome the major limitations to 5-FU: systemic toxicity and resistance. We expect 

our novel polymeric fluoropyrimidines to eventually treat an array of human 

malignancies in the near future with little limitations.   
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