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ABSTRACT 

My research explores the mechanisms underlying chemoresistance to 5-

fluorouracil (5-FU)-based therapies in metastatic colorectal cancer (mCRC) and 

introduces CF10, a promising second-generation fluoropyrimidine (FP) polymer, 

as a potential treatment option. Our first paper examines the key factors 

contributing to 5-FU resistance, including altered anabolic metabolism, elevated 

thymidylate synthase (TS) expression/activity, and dysregulated programmed cell 

death. These resistance mechanisms can be potentially overcome with the next-

generation FP polymers like CF10, which exhibit reduced dependence on anabolic 

metabolism and more potent TS inhibitory activity. The in-vitro and in-vivo studies 

demonstrate that CF10 is significantly more potent than 5-FU, causing increased 

apoptosis and replication stress in colorectal cancer cell lines.  

Importantly, CF10 dosed to deliver equivalent FP content as 5-FU did not cause 

weight loss, even when combined with an inhibitor of dihydropyrimidine 

dehydrogenase. Additionally, CF10 was more effective than 5-FU at inhibiting 

tumor progression in a colorectal liver metastasis (CRLM) model. Our work delves 

deeper into the mechanisms of acquired resistance to 5-FU/leucovorin (5-FU/LV) 

in mCRC cells under physiological folate conditions. It showed that 5-FU/LV 

resistance was associated with elevated TS levels, increased c-Myc expression, 

and upregulation of the Myc-target gene ABCB5, which is linked to drug resistance. 

Crucially, our findings revealed that the polymeric FP compound, CF10, remained 

highly potent against the 5-FU/LV-resistant CRC cells, effectively inducing TS 

ternary complex formation and inhibiting TS catalytic activity. In a clinically relevant 



xx 
 

mouse model of therapy-resistant CRC liver metastasis, CF10 and CF10/LV were 

highly effective, completely eradicating liver metastases and providing a significant 

survival advantage compared to 5-FU and 5-FU/LV.  

In summary, these studies provide a comprehensive understanding of the 

mechanisms contributing to 5-FU resistance in mCRC and present compelling 

preclinical evidence supporting the development of the next-generation FP 

polymer, CF10, as a potential treatment for 5-FU-resistant, liver-metastatic 

colorectal cancer. 
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CHAPTER 1 

INTRODUCTION 

Chemoresistance Challenges 

Chemoresistance in metastatic colorectal cancer (mCRC) presents a significant 

challenge during treatment with 5-Fluorouracil (5-FU)-based therapies, 

contributing to high mortality rates associated with this disease. While 5-FU is a 

widely used chemotherapeutic agent, its efficacy is compromised in many patients 

due to multifactorial resistance mechanisms. One well-documented cause of this 

resistance is DNA mismatch repair deficiency (MMR-D), which is a critical 

determinant in the responsiveness to 5-FU; however, beyond this, there is no 

universally accepted framework to predict which patients will fail 5-FU-based 

treatment[1]. 

Mechanisms of 5-FU Resistance 

Understanding the mechanistic underpinnings of 5-FU resistance is imperative for 

developing more effective therapeutic strategies. Research has identified many 

important pathways and processes contributing to resistance: (1) modified 

anabolic metabolism, which limits the effective formation of the active metabolite 

Fluorodeoxyuridylate (FdUMP); (2) increased levels of thymidylate synthase (TS), 

the primary enzymatic target of 5-FU; and (3) disruptions in the regulation of 

programmed cell death, as cancer cells adaptively override normal apoptotic 

signals to survive chemotherapeutic challenges[2]. 
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5-FU functions through its conversion into active metabolites that disrupt thymidine 

biosynthesis, preferentially affecting rapidly proliferating cancer cells that depend 

more heavily on de novo pathways for nucleotide synthesis than their normal 

counterparts. De novo pathways refer to the synthesis of molecules from simple 

precursors, rather than from pre-existing molecules. When introduced into the 

body, only a small fraction of 5-FU is converted into FdUMP, which quantitatively 

limits its potential to effectively inhibit TS and subsequently leads to DNA damage 

through misincorporation of metabolites into both RNA and DNA. Given that 

roughly 80% of administered 5-FU is lost, either by liver degradation or urinary 

excretion, significant strides are needed in optimizing its therapeutic efficiency[3].  

Thymidylate Synthase Regulation 

The two main areas of resistance in mCRC are directly related to how 5-FU targets 

TS. Elevated TS expression is associated with reduced therapeutic efficacy, as 

higher levels of the enzyme necessitate greater concentrations of FdUMP for 

effective inhibition. This enzymatic target's expression is regulated at multiple 

transcriptional and post-transcriptional levels, making it a complex contributor to 

resistance. The major transcription factors like Myc, and FOXM1 have been shown 

to upregulate TS expression in response to genetic aberrations or metabolic 

stress, establishing a direct and urgent link between cellular signaling pathways 

and chemoresistance that demands our attention[4]. 
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Genetic Factors in Resistance 

The TYMS gene amplification, which encodes TS, has been shown in resistant 

CRC cells and correlates with poor patient outcomes due to overpowering the 

inhibitory effects of 5-FU. Other mechanisms include polymorphisms in TS 

enhancer regions and alterations in TS protein translation and degradation 

dynamics[5]. Meanwhile, studies have revealed that tumor cells may display 

intrinsic resistance by TS levels prior to therapeutic exposure, potentially leading 

to excessive toxicity without clinical benefit[5]. 

Influence of Metabolism on Toxicity 

Dihydropyrimidine dehydrogenase (DPD) modulates 5-FU in its degradation is the 

crucial first step of 5-FU metabolism. The genetic polymorphisms of the DPYD 

gene significantly affect both patient's responses and toxicity profile from standard 

5-FU dosing. Further than DPD, enzymes involved in the anabolic transformation 

of 5-FU to FdUMP also present opportunities for resistance, particularly when their 

activities are diminished or dysregulated. 

Programmed Cell Death and Resistance 

The programmed cell death pathway events to 5-FU treatment have unfolded and 

obscure resistance circumstances[6]. Notably, p53, a tumor suppressor gene, has 

been shown to mediate 5-FU-induced apoptosis, and its mutation causes 

apoptosis attenuation, which favors cancer cells to endure the cytotoxic effects of 

chemotherapy[6]. However, variability mutation levels lead to differences in 

therapeutic efficacy that affect treatment strategies.  
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A hopeful research approach is the development of the next-generation 

fluoropyrimidine (FP) polymers CF10, designed to bypass the metabolic limitations 

associated with 5-FU. CF10 has shown strong potential in both in-vitro and 

preclinical settings and mechanisms of action that reduce reliance on the long 

pathways required for 5-FU's activation. Furthermore, CF10 has potentially 

overcome elevated TS levels, offering hope to patients with chemoresistant tumors 

and fostering a sense of empathy in our pursuit of better cancer therapies.  

 

Comparative Efficacy of CF10 Against CRC Cells  

This study delves into the comparative efficacy of CF10, a second generation 

fluoropyrimidine polymer, against colorectal cancer (CRC) cells when compared to 

commonly used chemotherapeutic agents such as 5-FU and TFT (The 

fluoropyrimidine component of TAS-102 works by disrupting DNA synthesis in 

cancer cells). Our research shows that CF10 displays significantly higher potency 

towards CRC cells compared to 5-FU and TFT, as evidenced by lower Area Under 

the Curve (AUC) values across many CRC cell lines assayed in the research from 

the Broad Institute PRISM screen. This heightened potency of CF10 is observed 

consistently even under conditions of folate restriction, indicating robust 

effectiveness. 

Mechanisms of CF10's Superior Cytotoxic Effects 

Furthermore, CF10's superior cytotoxic effects on CRC cells are connected to 

stronger thymidylate synthase (TS) inhibition and the development of increased 
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Topoisomerase 1 cleavage complexes (Top1cc), which align with the mechanisms 

of action of Topoisomerase 1 inhibitors. Our study also is consistent with when 

CF10 is combined with leucovorin (LV), a modulator of 5-FU, it enhances the 

cytotoxicity of CF10 against CRC cells[7]. 

Clinical Promise of CF10 in CRC Treatment 

In a CRC liver metastasis model, CF10 infusion showed a complete tumor 

elimination, compared to 5-FU/LV infusion which only displayed  tumor regression.  

Furthermore, although TFT showed efficacy in this model, treatment-related 

scarring, and weight loss were seen, indicating potential limitations of TFT in 

comparison to CF10.  

References 

1. Gmeiner, W.H. and C.C. Okechukwu, Review of 5-FU resistance 

mechanisms in colorectal cancer: clinical significance of attenuated on-

target effects. Cancer Drug Resist, 2023. 6(2): p. 257-272. 

2. Peters, G.J., et al., Thymidylate synthase inhibition after administration of 

fluorouracil with or without leucovorin in colon cancer patients: implications 

for treatment with fluorouracil. J Clin Oncol, 1994. 12(10): p. 2035-42. 

3. Diasio, R.B. and B.E. Harris, Clinical pharmacology of 5-fluorouracil. Clin 

Pharmacokinet, 1989. 16(4): p. 215-37. 

4. Varghese, V., et al., FOXM1 modulates 5-FU resistance in colorectal cancer 

through regulating TYMS expression. Sci Rep, 2019. 9(1): p. 1505. 



6 
 

5. Wang, Y.C., et al., An integrated analysis of the association between Ts 

gene polymorphisms and clinical outcome in gastric and colorectal cancer 

patients treated with 5-FU-based regimens. Mol Biol Rep, 2013. 40(7): p. 

4637-44. 

6. Hientz, K., et al., The role of p53 in cancer drug resistance and targeted 

chemotherapy. Oncotarget, 2017. 8(5): p. 8921-8946. 

7. Gmeiner, W.H., et al., Improved Antitumor Activity of the Fluoropyrimidine 

Polymer CF10 in Preclinical Colorectal Cancer Models through Distinct 

Mechanistic and Pharmacologic Properties. Mol Cancer Ther, 2021. 20(3): 

p. 553-563. 

 

 

 

 

 

 

 

 

 

 



7 
 

CHAPTER 2 

Review of 5-FU resistance mechanisms in colorectal cancer: clinical 

significance of attenuated on-target effects 

 William H. Gmeiner1,2, Charles Chidi Okechukwu1  

1Department of Cancer Biology and Comprehensive Cancer Center, Wake Forest 

University School of Medicine, Winston-Salem, NC 27157, USA.  

2Integrative Physiology and Pharmacology Graduate Program, Institution, Wake 

Forest University School of Medicine, Winston Salem, NC 27157, USA. 

Correspondence to: Prof. William H. Gmeiner, Department of Cancer Biology and 

Comprehensive Cancer Center, Wake Forest University School of Medicine, 

Medical Center Boulevard, 475 Vine Street, Winston-Salem, NC 27157, USA. E-

mail: bgmeiner@wakehealth.edu  

How to cite this article: Gmeiner WH, Okechukwu CC. Review of 5-FU resistance 

mechanisms in colorectal cancer: clinical significance of attenuated on-target 

effects. Cancer Drug Resist 2023;6:257-72. 

https://dx.doi.org/10.20517/cdr.2022.136  

Received: 30 Nov 2022 First Decision: 20 Mar 2023 Revised: 1 Apr 2023 

Accepted: 17 Apr 2023 Available online: 29 Apr 2023  

Academic Editor: Godefridus J. Peters Copy Editor: Dong-Li Li Production Editor: 

Dong-Li Li 

 

mailto:bgmeiner@wakehealth.edu
https://dx.doi.org/10.20517/cdr.2022.136


8 
 

Abstract 

The emergence of chemoresistant disease during chemotherapy with 5-

Fluorouracil-based (5-FU-based) regimens is an important factor in the mortality 

of metastatic CRC (mCRC). The causes of 5-FU resistance are multi factorial, and 

besides DNA mismatch repair deficiency (MMR-D), there are no widely accepted 

criteria for determining which CRC patients are not likely to be responsive to 5-FU-

based therapy. Thus, there is a need to systematically understand the mechanistic 

basis for 5-FU treatment failure and an urgent need to develop new approaches 

for circumventing the major causes of 5-FU resistance. In this manuscript, we 

review mechanisms of 5 FU resistance with an emphasis on: (1) altered anabolic 

metabolism limiting the formation of the primary active metabolite 

Fluorodeoxyuridylate (5-Fluoro-2'-deoxyuridine-5'-O-monophosphate; FdUMP); 

(2) elevated expression or activity of the primary enzymatic target thymidylate 

synthase (TS); and (3) dysregulated programmed cell death as important causes 

of 5-FU resistance. Importantly, these causes of 5-FU resistance can potentially 

be overcome through the use of next-generation fluoropyrimidine (FP) polymers 

(e.g., CF10) that display reduced dependence on anabolic metabolism and more 

potent TS inhibitory activity.  
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Introduction  

It is estimated that 1.93 million colorectal cancer (CRC) cases will be newly 

diagnosed in 2022 worldwide, with 0.94 million CRC-caused deaths. According to 

the American Cancer Society (ACS), CRC is the 2nd most common cause of 

cancer-related mortality in the United States, accounting for ~51,000 deaths 

annually[1,2]. Surgical approaches are the primary treatment modality for limited-

stage CRC when there is no evidence of distant metastasis. However, in elderly 

patients that constitute most new CRC diagnoses, there is an increased risk of 

post-operative complications[3]. Adjuvant chemotherapy with 5-Fluorouracil-based 

(5-FU-based) combinations reduces the risk of disease recurrence in stage III and 

high-risk stage II CRC. Chemotherapy with 5-FU-based combinations together 

with biologics (e.g., bevacizumab or cetuximab) and immunotherapy in some 

instances are also used to treat metastatic CRC (mCRC)[4,5], which often occurs 

in liver and is frequently not amenable to surgical resection. 

The chemotherapeutic molecule most widely used for CRC treatment is 5-

fluorouracil (5-FU), a synthetic fluorinated pyrimidine (FP) analog of uracil that is 

used to treat > 2 million cancer patients each year worldwide[6,7]. In addition to its 

widespread use for CRC treatment, 5-FU is also widely used to treat pancreatic, 

stomach, esophageal, breast, and head-and-neck cancer. 5-FU belongs to the 

antimetabolite class of anti-cancer drugs[8,9],and its activity results from 

intracellular conversion into active metabolites that interfere in thymidine 

biosynthesis and affect DNA- and RNA-mediated processes[10,11]{Chen, 2019 

#42}{Chen, 2019 #43}. The primary molecular target of 5-FU’s anti-cancer activity 
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is thymidylate synthase (TS), which is required for de novo thymidylate (thymidine 

5’-O-monophosphate) biosynthesis[12]. TS is a well-validated target for cancer 

chemotherapy[13] and aggressive malignant cells are relatively more reliant on de 

novo thymidylate biosynthesis than non-malignant cells that utilize the alternative 

salvage pathway[14]. The importance of targeting TS for 5-FU’s anti-cancer activity 

is underscored by its invariant clinical use in combination with folinic acid 

(Leucovorin; LV), a reduced folate co-factor that binds TS in a ternary complex with 

5-Fluoro-2’-deoxyuridine-5’-O monophosphate (FdUMP), the 5-FU metabolite that 

irreversibly inhibits TS enzymatic activity. TS inhibition depletes cellular stores of 

thymidylate, resulting in increased misincorporation of 2′ deoxyuridine-5′-

triphosphate (dUTP) in DNA. In cells treated with FP drugs, 5-fluoro-2′-

deoxyuridine-5′ triphosphate (FdUTP) is also misincorporated into DNA, and this 

causes Topoisomerase 1 (Top1) mediated DNA damage[15]. The Gmeiner lab has 

developed FP polymers (e.g., CF10) that directly release FdUMP without a 

requirement for anabolic metabolism. CF10 inhibits TS at 100-1,000-fold lower 

concentrations than 5-FU in CRC cells[16-18] and causes extensive Top1-

mediated DNA damage to generate increased replication stress, a point of 

therapeutic vulnerability in CRC cells. While the anti-cancer activities of 5-FU and 

other FP drugs are considered to primarily result from TS inhibition and DNA 

damage, only a relatively small percentage of 5-FU administered to humans is 

converted to FdUMP and DNA-directed metabolites (< 5%[19]. Most 5-FU (~80%) 

is either degraded in the liver or excreted intact in the urine[20]. Among anabolic 

metabolites, ribonucleotides are produced at approximately 10-fold greater levels 
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than deoxyribonucleotides[20,21]. The importance of RNA-directed metabolites for 

5-FU’s anti-cancer activity remains an active area of investigation[22]; however, 

the systemic toxicities associated with RNA-directed metabolites are established 

and include gastrointestinal tract toxicity[23,24] and immunosuppression[23,25], 

both of which are alleviated by uridine administration[26] to dilute 5-FU’s effects on 

RNA-mediated processes. Patients that are deficient in 5-FU catabolism are highly 

vulnerable to serious systemic toxicities if treated with 5-FU[27]. Approximately 5% 

of the human population display polymorphisms in the gene encoding 

dihydropyrimidine dehydrogenase (DPYD) that catalyzes the initial step in 5-FU 

degradation and 5-FU use at standard levels is contraindicated in these 

patients[28].  

5-FU remains a central component of CRC treatment both in the adjuvant setting 

and in the treatment of mCRC[4,5], which is the cause of cancer-related lethality. 

While 5-FU is just one component in combination therapy regimens such as 

FOLFOX and FOLFIRI that combine folinic acid, 5-FU, and either oxaliplatin 

(FOLFOX) or irinotecan (FOLFIRI), understanding the mechanistic basis for 5-FU 

resistance can help guide the development of new and more effective therapeutic 

approaches. FOLFOX or FOLFIRI are frequently used in frontline treatment of 

mCRC, often in combination with a biologic, such as bevacizumab[29]. While 

current 5-FU-based chemotherapy regimens have contributed to significantly 

improved survival for mCRC patients (~20 months;[30]), 5-year survival remains 

rare, < 14%, indicating a critical need to understand the mechanistic basis of 

resistance and develop new strategies to more completely eradicate metastatic 
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disease[31]. Innate or acquired resistance remains a prominent cause of treatment 

failure for patients with metastatic cancer. 5-FU resistance can result from multiple 

causes; however, a critical review of the literature indicates cancer cells adapt to 

5-FU’s cytotoxic effects through: (1) decreasing intracellular FdUMP levels [Figure 

1]; (2) elevating activity of the target enzyme, TS; and (3) dysregulating the balance 

between autophagy and apoptosis to favor cell survival. These endpoints are 

achieved via multiple mechanisms making overcoming resistance a challenging 

endeavor. This review focuses on addressing the causes of clinical resistance to 

5-FU, considering both clinical data and cellular models of CRC. We review 

mechanisms by which 5-FU-based therapy fails, intending to provide insight into 

novel strategies to overcome resistance and improve outcomes beyond the 

incremental gains achieved in recent years[32]. 

Clinical Determinants of  5-FU Response in CRC Treatment 

 The applicability of 5-FU-based chemotherapy for CRC treatment depends upon 

several factors. For patients with stage III CRC or diagnosed with stage II CRC 

with risk factors consistent with an elevated likelihood for relapse, 5-FU-based 

adjuvant chemotherapy is recommended unless tumor biopsy demonstrates high 

microsatellite instability (MSI-H) or deficiency in DNA mismatch repair (MMR-D). 

For patients with MSI-High or MMR-D primary CRC tumors, which include familial 

syndromes such as Lynch syndrome, 5-FU-based regimens are ineffective and 

testing for MMR-D status prior to treatment is standard care. Testing for MMR-D 

status is also required for establishing responsiveness to immune checkpoint 

blockade immunotherapy, which is relatively more effective in CRC patients with 
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high tumor mutational burden associated with MMR-D[33]. MSI testing by 

polymerase chain reaction (PCR) and immunohistochemistry (IHC) is used to 

establish MMR-D[34]. Two antibody IHC testing for MSH6 and PMS2 is used to 

identify MMR-proficient CRC patients, and if deficiency is suspected, IHC for mutS 

homolog 2 (MSH2) and mutL homolog 1 (MLH1) are undertaken to establish MMR-

D[35]. MLH1 promoter methylation testing is done for cases with MLH1-IHC loss. 

Relevance of MMR-D for CRC chemotherapy is that, in general, MSI-High and 

MMR-D in early-stage primary colon cancer confer a good prognosis and NCCN 

does not recommend adjuvant 5-FU for stage II CRC that is MSI-high. However, 

the FOLFOX regimen is beneficial in MSI-high stage III[36], and patients with 

Transforming growth factor-βRII ( TGF-βRII ) mutations in particular may be 

responsive to 5-FU-based therapy[37]. The TGF-β pathway also is implicated in 

drug resistance in pre-clinical studies and specific inhibition of TGF-βI restored the 

sensitivity of resistant CRC cells to 5-FU[38]. Similarly, for patients with mCRC that 

is MSI-H or MMR-D, alternative frontline therapy to 5-FU-based therapy is 

implemented,  
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Figure 1. 5-FU Resistance can develop through either increased intratumor 

degradation, decreased anabolic metabolism to FdUMP and/or increased efflux of 

FdUMP - all of which decrease TS inhibition in tumor cells. 5-FU may be degraded 

via intratumor DPD, while its anabolic metabolism to FdUMP occurs primarily via 

UMPS/RRM1/2. Decreased FdUMP levels may result from less efficient 

conversion through decreased RRM1/2 expression or from increased FdUMP 

breakdown through elevated expression of NT5E and TP. FdUMP also undergoes 

efflux from tumor cells by ABC transporters, ABCC10 and ABCC5, that are 

upregulated upon increased FOXM1 expression in 5-FU-resistant cancer cells. 

Processes contributing to decreased intra-tumor FdUMP and 5-FU resistance are 

indicated by red arrows. 5-FU: 5-Fluorouracil; FdUMP: 5-Fluoro-2’-deoxyuridine-

5’-O-monophosphate; UMPS: UMP synthase; FBAL: α-fluoro-β alanine; DPD: 
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dihydropyrimidine Dehydrogenase Deficiency; FUMP: 5-fluorouridine-5'-

monophosphate; FUDP: 5-fluorouridine diphospho; FdU: 5-fluoro-2’-deoxyuridine; 

TK: thymidine kinase; TS: thymidylate synthase; TMP: Trimethylolpropane; RRM: 

RNA recognition motif; NT5E: ecto-5′-nucleotidase; FOXM1: forkhead box M1; 

dUMP: 2’-deoxyuridine-5’-O-monophosphate. 

frequently immune checkpoint blockade[39]. The mechanism by which deficient 

MMR renders 5-FU-based regimens ineffective is not definitively known. In 

principle, MMR may remove 5-FU from DNA and genomic silencing or mutation of 

MMR genes may increase 5-FU in DNA[40], which could accentuate DNA 

damaging processes, which include DNA topoisomerase 1 poisoning[41]. 

Alternatively, MMR proficiency may contribute to cancer cell death through the 

activation of a futile cycling mechanism[42]. Our studies indicate MMR status does 

not significantly affect the response of CRC cells to either 5-FU or CF10[43], 

indicating the observed clinical cause of MMR dependence may not be directly 

related to DNA repair. Base excision repair (BER) actively removes 5-FU from DNA 

in CRC cells[44,45], but BER is not a determinant in 5-FU clinical response. 

However, CpG island methylator phenotype, and chromosome instability[46], two 

processes that differentiate the etiology of CRC development, are implicated in 5-

FU response[47,48].  

Mechanisms Increasing TS To Cause 5-FU Resistance  

TS is considered the primary molecular target for the anti-cancer activities of FP 

drugs (5-FU, capecitabine, and floxuridine). TS also is targeted by anti-folates such 

as tomudex and raltitrexed[49]. The clinical success of these drugs, as well as 
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more recent FP-based combination approaches that target TS such as S1 (tegafur, 

gimeracil, potassium oxanate)[50] and Lonsurf or TAS-102 (trifluridine, 

Tiperacil)[51], establishes TS as a central and well-established chemotherapy 

target[13]. The structural basis for TS inhibition by FPs was shown to result from 

nucleophilic attack by Cys195 at C6 of FdUMP, resulting in irreversible enzyme 

inhibition via a ternary complex that also includes a reduced folate co-factor[49].  

The relationship between TS levels and response to 5-FU, other FPs, or TS 

inhibitors is complex, in part because while elevated TS levels contribute to 

resistance (since more FdUMP is required for TS inhibition), but very low TS levels 

slow cell proliferation, which is necessary for replication-dependent DNA damage. 

Further, establishing elevated TS as a cause of resistance to 5-FU or other TS-

targeted therapeutics is challenging because TS is regulated at multiple levels 

including through gene amplification, polymorphisms in the promoter, and 

upregulation of transcription factors that regulate its intratumor expression [Figure 

2]. TS levels and activity[52] significantly correlate with response to 5-FU-based 

treatment and LV enhanced TS inhibition. However, incorporation of 5-FU into 

either DNA or RNA does not correlate with response to 5-FU[53]. 

Transcriptional regulation of TYMS  

Transcriptionally, TYMS (encoding TS) is regulated by E2F family transcription 

factors[54] in an S-phase dependent manner[55]. TYMS expression is also 

sensitive to Myc levels and silencing TYMS decreases the oncogenic properties of 

elevated MYC in some cell contexts[56]. Recently, an analysis from the Cancer 

Genome Atlas (TCGA) database revealed lower TYMS was associated with better 
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response to FOLFOX/ FOLFIRI therapy in mCRC patients and MYC was identified 

as an upstream controller of genes that regulate response to 5-FU+folate 

therapy[57]. The forkhead transcription factor forkhead box M1 (FOXM1) is 

regulated by E2F1 and directly upregulates TYMS and is responsive to DNA 

damage. Elevated FOXM1 is a cause of 5-FU resistance through the upregulation 

of TYMS[58], and recent studies indicate targeting FOXM1 can overcome 5-FU 

resistance[59]. Other signaling pathways may upregulate TYMS and cause 5-FU 

resistance, including HSP90/Src[60]. Further, TYMS is regulated by the MALAT1-

miRNA network[61] and other miRNAs that regulate drug resistance[62] and can 

be used as biomarkers[63]. 

Gene amplification of TYMS  

The importance of TS gene and protein expression for 5-FU resistance was 

established in CRC tumors. Responsive patients had significantly lower mean TS 

protein and gene levels relative to non-responsive patients[64]. Further, CRC cells 

selected for acquired 5-FU resistance displayed elevated TS, which occurred 

through gene amplification[65]. Elevated TS is associated with clinical resistance 

to 5-FU[66], consistent with TS being the primary molecular target of FPs. Several 

studies[67,68], including a meta-analysis of 13 studies[69], demonstrated that 

elevated TS was associated with poor outcomes. However, multiple studies 

indicate the relationship between TS expression and 5-FU response is complex 

and may depend on the extent of TS nuclear localization or the expression of other 

genes, particularly those regulating 5-FU metabolism including dihydropyrimidine 

dehydrogenase deficiency (DPD) and TP[66]. TS undergoes reversible 



18 
 

SUMOylation[70] and localizes to the nucleus (nTS) as part of a multi-protein 

complex that enables efficient de novo ddP biosynthesis during S-phase[71]. 

Clinical studies indicate that increased intratumor nuclear localization of TS may 

be a better indicator of disease aggressiveness than overall TS levels[72]. TYMS 

gene amplification is detected in mCRC from patients pre-treated with 5-FU-based 

chemotherapy and was associated with shorter median survival for patients treated 

with chemotherapy following surgical resection[73]. A summary of studies in which 

TS gene amplification was implicated with 5-FU resistance is included in Table 1. 

TSER and alternative causes of elevated TS In addition to TYMS gene 

amplification and increased transcription, at least three other processes are 

potential factors that could increase TS levels and contribute to 5-FU resistance 

[Figure 2]: i) TS enhancer  
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Figure 2. 5-FU Resistance develops from processes that increase thymidylate 

synthase (TS) activity in cancer cells. Increased TS activity can result from multiple 

processes including gene amplification, increased transcription, TSER*3R 

polymorphism, increased TS nuclear localization, and decreased TS protein 

degradation, which are indicated by red arrows. Increased TS activity renders cells 

5-FU resistant because FdUMP levels are insufficient to inhibit all the TS available. 

5-FU: 5-Fluorouracil; FdUMP: 5-Fluoro-2’-deoxyuridine-5’ O-monophosphate; 

FOXM1: forkhead box M1.  

region (TSER) polymorphisms; ii) TS translational autoregulation; iii) TS 

proteasomal degradation. Polymorphisms in the 5′-UTR of TYMS contribute to 

elevated TYMS expression in some contexts[77,78]. A triple tandem repeat 

(TSER*3)[79] in the 5′-UTR of the TS gene[80] resulted in elevated TYMS 

expression and 5-FU resistance[81]. The clinical significance of TSER genotypes 

remains largely unproven in CRC; however, prospective selection of patients with 
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gastric cancer have at least one TSER*2 allele favoring lower TYMS expression 

therapy resulted in an encouraging disease control rate for treatment with 

FOLFOX[82]. Further, TYMS polymorphisms, together with KRAS and BRAF 

mutation status, retrospectively, were associated with reduced relapse in CRC[83]. 

TS also poses a negative autoregulatory function at the translational level by 

binding to its own mRNA; thus, it prevents the synthesis of functional TS 

enzyme[73]. Autoinhibition of TS protein expression is countered by FdUMP 

binding and ternary complex formation. At present, there is no evidence that 

autoregulation of TS by this mechanism contributes to 5-FU resistance. However, 

another aspect of translation is affected by 5-FU, which is the efficiency and 

selection of proteins translated by the ribosome[84]. TS also undergoes 

proteasomal degradation and TS levels reflect a dynamic balance of new protein 

synthesis, dependent upon gene expression and translational efficiency, that is 

countered by the rate of degradation for expressed protein. A recent study showed 

that decreased O-GlcNAc transferase (OGT), an enzyme responsible for post-

translational modification of multiple proteins including TS, affected TS 

proteasomal degradation in 5-FU-resistant cells[85].  

Increased TS and intrinsic 5-FU resistance  

The elevated expression of TS is commonly accepted as a primary molecular 

mechanism for acquired 5-FU resistance[86], but it also is important for intrinsic 

resistance. The stability of the ternary complex is highly dependent on 5,10-

methylenetetrahydrofolate (CH2 THF) levels[78], and lack of CH2 THF creates an 

unstable TS: FdUMP binary complex resulting in poor inhibition[81,86,87]. 
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Increased TS level prior to 5-FU-based treatments is associated with perturbed 

folate pools, which cause intrinsic resistance compared to acquired resistance 

associated with upregulated TYMS expression and gene amplification[73,86]. 

These findings suggest that patients with tumors showing TS amplification prior to 

treatment should not be treated with 5-FU to avoid systemic toxicity without the 

likelihood of clinical benefit[73,74]. 

Genes Modulating 5-FU Metabolism  

Acquired drug resistance is a principal cause of treatment failure and significantly 

contributes to cancer related mortality. In the case of 5-FU, elevated TS is clinically 

established as a significant cause of drug resistance[69]. Still, other reasons have 

been identified, and prominent among them are alterations in genes that modulate 

5-FU metabolism, affecting both its degradation and its conversion to FdUMP, the 

TS inhibitory metabolite[88] [Figure 1]. A key aspect of 5-FU activity, toxicity, and 

resistance is mediated by DPYD, the gene encoding DPD, the first and rate-limiting 

step in 5-FU degradation. Atypical 5-FU degradation in liver is associated with 

serious systemic toxicities[89]. In many countries, genetic screening is used to 

identify CRC patients with DPYD polymorphisms associated with decreased DPD 

activity that result in serious 5-FU toxicities unless the administered dose is 

reduced from standard dosing[90]. Since DPD is not the only potential cause of 

altered 5-FU toxicity or sub-optimal therapeutic response, alternative procedures 

such as therapeutic drug monitoring[91] are used to quantify patient response on 

an individualized basis and to customize 5-FU treatment to account for individual 

variations in drug metabolism. 
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Intratumor 5-FU catabolism  

In addition to the role of DPYD polymorphisms in modulating 5-FU toxicity and 

therapeutic response by affecting systemic drug degradation, intra-tumoral DPYD 

expression is an important factor in modulating therapeutic response. For example, 

elevated intra-tumoral DPYD expression, together with elevated TYMS, is 

associated with poor outcomes in CRC patients treated with 5-FU-based 

chemotherapy[66]. A third gene, thymidine phosphorylase (TP; encoded by 

TYMP), was implicated together with DPYD and TYMS in this study. TP catalyzes 

a reversible reaction that may produce thymidine or 2’-deoxyuridine, or analogs 

such as 5-fluoro-2’-deoxyuridine (FdU), from their respective nucleobases (e.g., 5-

FU), together with 2’-deoxyribose 1-phosphate. Alternatively, TP degrades 

thymidine analogs such as FdU to the nucleobase after dephosphorylation by ecto-

5′-nucleotidase (NT5E)[92]. The directionality of TP catalysis depends on intra 

tumor substrate/product ratios; however, levels of 2’-deoxyribose 1-phosphate in 

plasma were also found to be predictive of chemotherapy sensitivity in gastric 

cancer that included a fluoropyrimidine[93]. Findings from this study[66] that 

elevated TYMP levels together with TYMS and DPYD are associated with 

decreased response to 5-FU are consistent with TP primarily catalyzing FdU 

degradation in CRC tumors and resistance to 5-FU is associated with elevated 

TYMP expression. Further, TP-mediated degradation of trifluorothymidine (TFT), 

the FP component of TAS-102, limits activity resulting in the inclusion of a TP 

inhibitor, Tipiracil[94]. TP is also known as platelet-derived endothelial cell growth 

factor (PDECGF), a growth factor promoting angiogenesis, and increased 
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PDECGF/TP is a prognostic factor for poor survival in CRC[95] that acts through 

the production of 2’-deoxyribose 1-phosphate from thymidine to promote 

chemotaxis of vascular endothelial cells[96]. 

Anabolic 5-FU metabolism and resistance  

The anabolic biosynthesis of FdUMP from 5-FU can occur via either of two major 

pathways: (1) TP/ thymidine kinase (TK) in which FdUMP is produced by 5-FU in 

two steps; or (2) via a multi-step biosynthetic pathway (UMPS/RNR) that involves 

UMP synthase (UMPS), uridine kinase (UK), and UMP kinase (UMPK) to produce 

FUDP. FUDP is a substrate for ribonucleotide reductase (RNR) to produce FdUDP, 

which can be converted to 5-fluoro-2’-deoxyuridine-5’-diphosphate (FdUDP) 

through conversion to FdUTP followed by dUTPase cleavage. Enzymes important 

for the de novo biosynthesis of pyrimidines are upregulated in CRC relative to non-

malignant tissue[97], and reduced activities of these enzymes which may occur via 

altered splicing[88,98] are associated with 5-FU resistance[99]. The importance of 

FdUMP biosynthesis via the UMPS/RNR pathway is demonstrated by studies that 

identify reduced expression and activity of enzymes in this pathway in 5-FU-

resistant cells. Studies in KM12C xenograft tumors showed resistance to 5-FU was 

associated with decreased RNR activity[100], while analysis of clinical samples 

indicated 5-FU resistance was associated with high TS mRNA and low RNR 

activity[101]. 

Collectively, the preponderance of evidence indicates that altered de novo 

thymidine biosynthesis, either by affecting TS expression [Figure 2] or modulating 

genes important for 5-FU anabolic metabolism to FdUMP [Figure 1], is central to 
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5-FU resistance. In a few instances, 5-FU resistance is mediated by changes 

affecting RNA-directed processes including tRNA modifications[102,103] and 

rRNA[22]. However, the clinical significance of RNA-directed activities for 5-FU 

anti-tumor activity is not yet proven. Further evidence for anabolic metabolism of 

5-FU to FdUMP being important for 5-FU resistance comes from studies 

demonstrating elevated expression of ABCC10[104] and ABCC5[105], two ATP 

binding cassette proteins[106] that mediate FdUMP efflux from 5-FU-treated cells, 

cause of 5-FU resistance as does elevated FOXM1, a major transcriptional 

regulator of ABCC10[104] [Figure 1].  

Cell Death Signaling in 5-FU Resistance  

The cytotoxicity of multiple anti-cancer drugs, including 5-FU, depends on the 

activation of programmed cell death that irreversibly commits drug-treated cells to 

destruction[107,108]. p53 is considered to be the most highly mutated gene in 

cancer and it plays a central role in determining if drug-treated cells undergo cell 

cycle arrest mediated by p53’s downstream effector p21, or initiate apoptosis 

mediated by Bax and other p53-dependent pro-apoptotic genes[109] [Figure 3]. In 

the case of established DNA-damaging drugs such as Adriamycin, either p53 or 

p21 deficiency leads to loss of the G1/S checkpoint and efficient apoptosis[110]. 

However, 5-FU deletion of p53 in HCT-116 cells resulted in resistance to apoptosis 

and 5-FU was less effective towards p53-/- HCT-116 xenografts relative to isogenic 

tumors that were p53+/+. Furthermore, 5-FU induced apoptosis both required p53 

and was inhibited by exogenous uridine, but not thymidine, consistent with 

apoptosis induction in response to an RNA-directed process under these treatment 
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conditions[110]. Studies from our laboratory confirm that p53 deletion causes 5-

FU resistance in HCT-116 cells with expression of the R248W gain of function p53 

mutation causing greater resistance, while the DNA-directed FP polymer CF10 

showed reduced resistance indices relative to 5-FU[1]. 

However, even in cell models of CRC, there is variability in the extent that p53 is 

required for 5-FU-induced apoptosis. Studies report that 5-FU-induced apoptosis 

occurs in both wild-type and mutant p53 CRC cells with increased expression of 

the pro-apoptotic Bcl-2 family proteins Bax and Bak identified as being particularly 

important for 5-FU-induced apoptosis[111] [Figure 3]. The importance of p53 for 

regulating 5 FU-induced apoptosis has also been shown to occur via altered 

chromatin accessibility upon 5-FU treatment that affects the transcription of genes 

important for apoptosis[112]. The clinical significance of p53 mutations for 5-FU 

resistance is not established, although some clinical data indicate TP53 mutations 

confer a worse prognosis[113], while p53 together with Rb and the anti-apoptotic 

bcl-family member Mcl-1  
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Figure 3. 5-FU Resistance develops from an altered balance between autophagy, 

which favors cell survival and apoptosis in 5-FU treated cells. p53 is a key regulator 

of autophagy/apoptosis balance in 5-FU-treated cells and is modulated by SHMT2. 

Increased signaling through the PI3K/Akt/mTOR pathway stimulates LC3II and 

upregulates autophagy to promote cell survival and 5-FU resistance. Induction of 

apoptosis involves upregulation of the death receptor pathway or mitochondrial 

pathway for programmed cell death, and downregulation of Fas/FasL or Bax/Bak 

decreases 5-FU-induced apoptosis and promotes cell survival and 5-FU 

resistance. 5-FU: 5-Fluorouracil; TS: thymidylate synthase; FdUMP: 5-Fluoro-2’-

deoxyuridine-5’-O-monophosphate; FdUTP: 5-fluoro-2′ deoxyuridine-5′-

triphosphate; SHMT2: serine hydroxymethyl transferase. 

correlated with clinical outcomes in patients with colorectal liver metastases[114]. 

Factors other than p53 that are important for activating apoptosis in response to 5-

FU treatment include Fas, which was shown to be induced in response to 5-FU 
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treatment in a p53-dependent manner and to regulate apoptosis[115] [Figure 3]. 

Houghton and co-workers showed that different CRC cell lines varied in the 

efficiency of Fas upregulation in response to 5-FU/LV treatment and this correlated 

with the efficiency of thymidine reversal, indicating 5 FU’s DNA-directed effects 

were cell line dependent and correlated with Fas upregulation and activation of 

extrinsic apoptosis[116]. Resistance to 5-FU-induced Fas upregulation and 

apoptosis can occur via methylation of the Fas promoter, silencing its expression, 

which can be reversed by 5-Aza deoxycytidine[117]. Clinical significance for Fas 

upregulation in 5-FU response was shown by increased Fas expression in biopsy 

specimens following 5-FU treatment[118]. 

Autophagy in 5-FU Resistance  

Autophagy plays an important role in tumorigenesis and modulating drug response 

and can either be complementary to apoptosis by promoting drug lethality or 

protective of the cytotoxic effects of drug treatment[119]. Activation of the 

PI3K/Akt/mTOR signaling pathway upregulates autophagosome formation and 

inhibitors of this pathway modulate drug response, in part, through downregulating 

autophagy. Treatment of CRC cells with 5-FU was shown to increase LC3-II levels 

consistent with autophagy activation and co-treatment with 3-methyl adenine (3-

MA), a PI3K inhibitor, blocked autophagosome formation and promoted 5-FU-

induced apoptosis implicating a protective role for autophagy in 5-FU 

treatment[120] [Figure 3]. However, reduced autophagy has also been reported in 

5-FU-resistant CRC cells[121]. Overactivation of the Akt pathway is also 

associated with 5-FU resistance and Akt inhibition may overcome resistance in 
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some CRC cells[122], in part by modulating autophagy, while miRNA regulation of 

Akt deactivation by the PP2A phosphatase complex also regulates 5-FU 

resistance[123]. The autophagy inhibitor chloroquine also enhanced the lethality 

of 5-FU to CRC cells, and in these studies, a serine hydroxymethyl transferase 

(SHMT2) was shown to regulate 5-FU resistance by binding p53 and inhibiting its 

degradation [Figure 3]. Overall, SHMT2 was upregulated in CRC tissue compared 

to non-malignant tissue; however, patients with low SHMT2 had worse outcomes 

and this correlated with elevated LC3-II and p62 consistent with autophagy 

activation in SHMT2-low, 5-FU-resistant CRC[124]. Interestingly, trifluorothymidine 

(TFT), the FP used in TAS-102, differed from 5-FU in the extent of activating 

autophagic survival[125]. Activation of the p38MAPK pathway is also a 

determinant in autophagy activation and modulates cellular responses to 5 FU. 

Inhibition of the p38MAPK pathway correlated with attenuation in 5-FU-mediated 

apoptosis and promoted CRC cell resistance[126]. Thus, the p38MAPK signaling 

pathway modulates 5-FU resistance by regulating the pivot between autophagy 

and apoptosis[126]. The autophagy-regulated gene HSPB8 was found to be key 

in regulating interactions with the tumor microenvironment that regulate 5-FU 

resistance[127]. Autophagosome formation is also regulated by Rho kinases[128], 

which are implicated in 5-FU resistance[129]. Curcumin has been studied to inhibit 

AMPK/ULK1-dependent autophagy with the potential to overcome 5-FU resistance 

through autophagy activation[130], and studies from our laboratory indicate 

curcumin enhances the cytotoxicity of DNA-directed polymeric 

fluoropyrimidines[131,132]. 
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Conclusion  

5-FU remains central to the management of colorectal cancer and it is widely used 

both in the adjuvant setting to treat CRC patients with limited-stage disease and in 

combination with chemotherapy regimens to treat mCRC[4]. The evasion of 5-FU 

cytotoxicity through intrinsic or acquired resistance in patient tumors contributes to 

poor outcomes manifest either as a high rate of relapse despite adjuvant 

chemotherapy or limited survival in the metastatic setting despite multiple lines of 

chemotherapy that include 5-FU or other FP drugs[5]. Lack of response to 5-FU 

chemotherapy is predictable in patients with deficiencies in DNA MMR, or high 

microsatellite instability, and therapy with 5-FU is contra-indicated in these 

patients. 5-FU therapy is also predictably toxic in patients with polymorphisms in 

DPYD that limit 5-FU degradation in the liver[89], and these patients require 

special management[90]. Beyond these limited exclusions, there are currently no 

defined criteria for determining which CRC patients are not likely to be responsive 

to 5-FU based therapy. Thus, there is a need to systematically understand the 

mechanistic basis for 5-FU treatment failure, and an urgent need to develop new 

approaches for circumventing major causes of 5-FU resistance. 

In this review, we have summarized major mechanisms that contribute to 5-FU 

resistance with an emphasis on those for which available data support clinical 

significance and that affect the on-target activity of 5-FU (TS inhibition). The 

causes of colorectal cancer are multi-factorial and involve both lifestyle choice and 

personalized genetic susceptibility[133]. Further, response to treatment also 

depends on multiple factors[134]. Collectively, the reviewed literature consistently 
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implicates resistance as developing from processes that limit the anabolic 

metabolism of 5-FU to FdUMP, the TS inhibitory metabolite [Figure 1], and from 

mechanisms that result in elevated TS activity that results from gene amplification, 

polymorphisms in the TS promoter, elevated levels of transcription factors that 

regulate TYMS expression, and/or altered nuclear localization of TS [Figure 2]. 

Dysregulation in the balance between cell survival and programmed cell death is 

also important in the development of 5-FU resistance [Figure 3]. We have not 

attempted to review miRNA regulation of TYMS [61] or other epigenetic causes of 

5-FU resistance[135], and these have recently been reviewed[136-138]. We also 

have not directed the reader to literature focused on cellular changes that promote 

quiescence and stemness to escape the cytotoxic effects of 5-FU[139,140], 

although these are likely to be of clinical significance. Further, it is clear that the 

tumor microenvironment modulates therapy response by processes independent 

of on-target effects on cancer cells and these processes are not reviewed in this 

manuscript. 

The focus of this review is on acquired resistance to 5-FU with decreased anabolic 

metabolism and elevated TS activity[49] as clinically relevant causes. In principle, 

these causes of 5-FU can be addressed through the translation of next-generation 

FP drugs that retain the anti-tumor activity associated with targeting TS in CRC, 

but that do not require multiple steps of anabolic metabolism required by 5-FU. 

TAS-102, a combination of the FP trifluorothymidine and a TP inhibitor Tiperacil, 

shows efficacy in 5-FU-resistant models and activity in refractory metastatic 

CRC[141]. TAS-102 activation requires thymidine kinase and it is not a substrate 
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for DPD[94]. Our laboratory has pioneered the development of DNA-based FP 

polymers to deliver Fluorodeoxyuridylate, the TS-inhibitory metabolite of 5-FU, 

without a requirement for metabolic activation. We showed that the prototype FP 

polymer F10 was, on average, 338-fold more potent than 5-FU across the NCI60 

cell line screen[15,135], but it was still very well tolerated in vivo[142], indicating 5-

FU toxicities do not necessarily arise predominantly from on-target effects. The 

2nd generation FP polymer CF10 is even more potent and shows promising activity 

in pre-clinical models of CRC and pancreatic cancer[16,17]. Further, the cytotoxic 

mechanism of CF10 results from both inhibiting TS and poisoning of DNA 

topoisomerase 1 (Top1)[41,143], which results from a distinct mechanism distinct 

from current Top1 poisons in clinical use[144]. In summary, the next generation of 

FPs has the potential to overcome the established mechanism of resistance for 5-

FU reviewed herein that has limited clinical response to FPs to date. 
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Simple Summary 

Liver metastases are a major cause of colorectal cancer mortality. To combat this, 

chemotherapy is widely used but generally does not result in long-term survival 

and causes serious side effects in many patients. We tested if a new polymeric 

chemotherapy, CF10, was more effective than the current drug, 5-FU, in a rat 

model of liver metastatic disease. Our studies proved that CF10 was better 

tolerated in rats than 5-FU, was more potent at decreasing the viability of rat colon 

cancer cells, and was significantly more effective than 5-FU at inhibiting cancer 

progression in a rat model of liver metastasis when administered at an equivalent 

dose. Based on these studies, we propose advancing CF10 into clinical trials and 

testing it for improved activity in human patients with colorectal liver metastases.  
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Abstract 

Combination chemotherapy regimens that include fluoropyrimidine (FP) drugs, 

e.g., 5-fluorouracil (5-FU), are central to the treatment of colorectal cancer liver 

metastases (CRLMs), a major cause of cancer mortality. We tested a second-

generation FP polymer, CF10, in a CC531/WAG/Rij syngeneic orthotopic rat model 

of liver metastasis to determine if CF10 improved response relative to 5-FU. CF10 

displayed increased potency relative to 5-FU in CC531 rat colorectal cancer cells 

based on clonogenic assay results and caused increased apoptosis, as shown 

using a live/dead assay. The increased potency of CF10 to CC531 cells was 

associated with increased replication stress, as assessed by Western blot for 

biomarkers of ATR/Chk1 and ATM/Chk2 pathway activation. CF10 dosed to deliver 

equivalent FP content as an established dose of 5-FU in rats (50 mg/kg) did not 

cause weight loss in WAGRij rats even when combined with ethynyl uracil (EU), 

an inhibitor of dihydropyrimidine dehydrogenase, the enzyme primarily responsible 

for 5-FU degradation in the liver. In contrast, 5-FU caused significant weight loss 

that was exacerbated in combination with EU. Importantly, CF10 was significantly 

more effective than 5-FU at inhibiting tumor progression (~90% reduction) in the 

CC531/WAG/Rij CRLM model. Our results reveal strong potential for CF10 to be 

used for CRLM treatment.  

Keywords: colorectal cancer; liver metastasis; fluoropyrimidine; replication 

stress. 
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Introduction  

Colorectal cancer (CRC) is the second leading cause of cancer-related mortality 

in men and women combined [1] (>940,000 deaths worldwide in 2020) and 

metastatic progression is almost exclusively responsible for all CRC mortality. 

Primary CRC most frequently metastasizes to the liver (colorectal liver metastasis 

(CRLM)) [2], with synchronous metastases in the liver occurring in 13.8–17.1% of 

cases and metachronous liver metastases in 7.6–15.1% of CRC [3]. Liver 

resection is a treatment that offers the best possibility for long-term survival in CRC 

patients with liver metastatic disease (40% 5-year survival) [4], but it is not 

achievable in >70% of cases [5]. Chemotherapy is crucial for disease management 

in most instances. A significant survival advantage for CRLM treatment was 

realized with the introduction of 5-FU chemotherapy and its modulation with 

leucovorin (LV), which resulted in survival benefits lasting 3–6 months [6]. The 

introduction of FP-based doublet chemotherapy regimens, in which 5-FU/LV is 

combined with oxaliplatin (FOLFOX) or irinotecan (FOLFIRI), further improved 

objective response rates and overall survival rates, which represent the current 

standard of care to improve survival [7]. While triplet therapy with FOLFOXFIRI is 

associated with further increased conversion to resectable disease and increased 

overall survival rates [8,9], this is achieved in only a limited percentage of CRLM 

patients because serious toxicities limit the use of this regimen to patients with a 

high-performance status. Thus, the development of new chemotherapies is 

important to further improve survival rates for CRLM patients. To overcome the 

limitations of 5-FU due to inefficient TS inhibition, we developed polymeric 
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fluoropyrimidines (FPs) that are more directly converted to fluorodeoxyuridylate 

(FdUMP), the TS-inhibitory metabolite of FPs. Thymidylate synthase (TS) is 

considered the primary molecular target for FP drugs because the more rapid 

proliferation of tumor cells increases cell reliance upon the de novo thymidylate 

biosynthesis pathway [10]. The importance of TS expression for developing 

resistance to 5-FU-based therapies [11] was shown in multiple studies, including a 

meta-analysis of 13 studies that demonstrated that elevated TS was associated 

with poor outcomes [12]. TYMS gene amplification in CRLMs was associated with 

shorter median survival time for patients treated with 5-FUbased chemotherapy 

[13]. Pre-clinical studies showed that the prototype FP polymer F10 improved 

antitumor activity relative to 5-FU in multiple tumor models [14,15] through a 

mechanism involving highly potent TS inhibition and the formation of DNA–protein 

crosslinks with DNA topoisomerase 1 (Top1), referred to as Top1 cleavage 

complexes (Top1ccs) [16,17]. We developed a second-generation FP polymer, 

CF10 (Figure 1), which was chemically modified to reduce exonucleolytic 

degradation and demonstrated that CF10 was highly effective in a mouse 

orthotopic model of primary colon cancer [18]. In this study, our primary objective 

was to test if CF10 displayed improved efficacy in a rat model of CRC liver 

metastatic disease. We used a modified clonogenic assay to demonstrate whether 

CF10 displayed improved potency relative to 5-FU in a rat colon carcinoma cell 

line, CC531, and we showed whether it was a potent inducer of apoptotic cell death 

using a live/dead assay. The CC531 cell line is of interest for evaluating potential 

new agents for improved CRLM treatment because it has been established as a 
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rodent CRLM model for sub-capsular injection into the livers of syngeneic WAG/Rij 

rats [5,19]. Mechanistically, CF10 is more effective than 5-FU at activating 

biomarkers of replication stress (e.g., pRPA and pChk1), as assessed by Western 

blots, and causing DNA doublestrand breaks (DSBs), consistent with the 

established TS/Top1 dual-targeting mechanism. CF10 was very well tolerated in 

vivo and intra-venous doses that delivered equivalent fluoropyrimidine content as 

an established dose of 5-FU in rats (50 mg/kg [20]) did not cause weight loss or 

systemic toxicities. CF10 demonstrated improved antitumor activity relative to an 

equivalent dosing of 5-FU; moreover, when combined with a favorable toxicity 

profile based on a lack of weight loss, further therapeutic advantages could be 

achieved with more aggressive dosing. Our findings are consistent with CF10 and 

CF10- based combination therapies having the potential to improve outcomes for 

CRLM patients relative to 5-FU-based therapies through distinct mechanistic and 

pharmacologic properties. 
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Figure 1. (A) Chemical structure of CF10; (B) scheme depicting the conversion 

of CF10 to 10× equivalents of fluorodeoxyuridylate, while only ~5% (0.05×) of 5-

FU is converted to FdUMP. TS inhibition results in the depletion of TTP that 

causes replication fork stalling and collapse. The misincorporation of FdUTP into 

DNA causes the formation of DNA topoisomerase 1 cleavage complexes 

(Top1ccs) that stall replication forks.  
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Materials and Methods  

Cell Culture and Reagents  

The rat colon carcinoma cell line CC531 was derived from WAG/Rij rats exposed 

to 1,2-dimethyl hydrazine. CC531 cells obtained from Dr. Sarah White (University 

of Wisconsin—Milwaukee) were cultured in Dulbecco’s modified Eagle medium 

(DMEM) (Life Technologies, Carlsbad, CA, USA) and supplemented with 10% fetal 

bovine serum in culture flasks at 37 ◦C in a humidified atmosphere containing 5% 

CO2. CF10 was obtained from ST Pharma and was validated by high-resolution 

mass spectrometry and was dissolved in 0.9% sterile saline. Clinical-grade 5-FU 

(50 mg/mL) was purchased from the Baptist Hospital clinical pharmacy. 5-FU 

concentrations were calculated based on the dilution of the established stock 

concentration. CF10 concentrations were matched to deliver equivalent 

nucleoside content based on UV absorbance at 260 nm. A modified clonogenic 

assay was used to assess the potency of CF10 and 5-FU in CC531 cells. CC531 

cells were plated in 24-well plates, and, after 24 h, they were treated with the 

indicated concentration of CF10 or 5-FU for 72 h. Following drug treatment, the 

media were replaced, and cells were allowed to grow for 7 days. Cell proliferation 

was evaluated using the Aqueous One (Promega) reagent, in line with the 

manufacturer’s instructions, after the cell solution was transferred to 96-well plates.  
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Western Blotting  

Proteins were isolated and their differential expressions were analyzed by Western 

blot, as described previously [21,22]. Briefly, the cells were lysed using RIPA buffer 

(50 mM Tris HCl at pH 7.4, 150 mM NaCl, 1% Triton X-100 or NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, 1 mM EDTA, and 10 mM NaF freshly supplemented with 

protease and phosphatase inhibitors). Protein concentrations were quantified 

using a Bradford assay (Bio-Rad), and the samples were normalized for equal 

loading. The samples were then heated to 100 ◦C for 10 min in the presence of 6× 

Laemmli buffer (Boston BioProducts; Milford, MA, USA). The proteins were 

resolved by SDS-PAGE and their expression was analyzed following 

immunoblotting using specific antibodies. The following antibodies were used in 

this study: FANCD2 (R&D MAB93691), pCHK2-T68 (Invitrogen PA5-104715), 

pRPA 32-S33 (Cell Signaling 10148s), pCHK1-S296 (Cell Signaling 90178s), 

pH2AX-S139 (Millipore 05- 636), GAPDH (Santa Cruz 32233), and Vinculin (Cell 

Signaling 13901S).  

Apoptosis Analysis with Flow Cytometry  

CC531 cells underwent 48 h and 72 h treatments with a dose of CF10 that was 1 

log less than the 5FU dose. After the treatment, the samples were analyzed for 

apoptosis using the Invitrogen™ eBioscience™ Annexin V-FITC Apoptosis 

Detection Kit (catalog number 509299), as described previously [23]. Following 

drug treatment, the cells were trypsinized and then stained with 5 µL of Annexin-V 

for 10 min at room temperature. After this, the samples were washed with binding 

buffer (following the manufacturer’s instructions) and incubated with 10 µL of 
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propidium iodide (PI, 20 µg/mL) for 30 min at 37 ◦C. Finally, the samples were 

analyzed with flow cytometry for the apoptotic cells using a BD Accuri (BD 

Biosciences, Franklin Lakes, NJ, USA). A total of three independent experiments 

were performed for each time point. 

Liver Tumor Cell Inoculation to Simulate CRLM Formation  

All animal studies were undertaken in accordance with the protocols approved by 

the Institutional Animal Care and Use Committee at Wake Forest University School 

of Medicine (Winston-Salem, NC, USA). Immunocompetent WAG/Rij rats weighing 

250–300 g were used because this strain is syngeneic with the CC531 colon 

carcinoma cell line. WAG/Rij rats are not commercially available in the U.S. and 

were obtained from Dr. Sarah White (UW-M) and bred at WFUSM for these 

studies. The rats had a controlled climate and light cycles, and all had free access 

to a standard laboratory diet and water. For the inoculation procedure, anesthesia 

was obtained using 2–3% isoflurane and then maintained at 1.5% for surgery. A 2 

cm midline incision was made, and both the left and right hepatic lobes were 

mobilized. The CC531 cells were suspended at a density of 2 × 106 cells in 200 uL 

and 25 uL of cell suspension, mixed 1:1 with Matrigel, and injected via a 29-gauge 

needle into the subcapsular portion of one of the previously specified hepatic 

lobes. When the needle was withdrawn, a cotton swab was used to press on the 

puncture site to achieve hemostasis. Once hemostasis was achieved, the wound 

was washed with saline, the muscle layer was closed using a 6-0 Vicryl suture, 

and the skin was closed using staples. An abdominal bandage was applied and 

the rats were allowed to recover from anesthesia before returning to the animal 
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facility. The tumors were allowed to grow for 7 days and fluorescence imaging was 

performed using an RGD peptide Cy5.5 conjugate to establish tumor formation 

prior to initiating treatments.  

Treatment and Fluorescence Imaging of Tumor Progression  

Tumor formation in the liver was established using fluorescence imaging following 

the tail vein injection of a Cy5.5-labeled cyclic “RGD” peptide (c[fK(Cy5.5)RGD]; 

UNC peptide synthesis facility, Chapel Hill, NC, USA) targeting integrin avb3. 

(Figure S1) 10 nmol of peptide in 100 µL of 0.9% sterile saline were injected 4–24 

h prior to imaging [24]. Attempts to label CC531 cells with luciferase using viral 

transduction were successful (Figure S2); however, we were not able to follow 

tumor progression in vivo afterwards by conducting bioluminescence imaging 

because imaging was negative for luciferase signal, even though the autopsy of 

rats revealed tumor formation and progression in the liver. It is likely that the 

luciferase-labeled CC531 cells were selected against during tumor progression in 

the immunocompetent host. We experienced similar issues detecting luciferase-

transduced MC38 mouse CRC cells in a C57BL6/MC38 syngeneic orthotopic 

mouse model, and, in that model, the immunohistochemistry of liver tumor 

correlated with RGD peptide fluorescent signals. The fluorescence imaging of 

tumors was undertaken using an IVIS Lumina LT Series III system and the rats 

were imaged under isoflurane anesthesia. All images were analyzed using Living 

Image software (v4.7.4.) with an identical size region of interest for each rat. To 

assess the therapeutic efficacy of CF10 and 5-FU, groups of n = 5 rats with similar 

initial tumor levels based on fluorescence imaging (Figure S3) were treated with 
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either 5-FU (50 mg/kg) or CF10 doses to deliver equivalent nucleoside content 

based on UV absorbance at 260 nm. The 5-FU dose is based on similar studies in 

the related Sprague–Dawley rat strain [20]. Rats in each group were treated 

1×/week for 4 weeks. One week after the fourth treatment, all rats underwent a 

final imaging procedure and were then euthanized, and their livers were extracted 

and imaged ex vivo. 

Statistical Analysis  

All statistical analyses were conducted using GraphPad Prism 10.2.0. Experiments 

were conducted in triplicate ± SEM. For all in vitro experiments, five biological 

replicates were used for analysis, and appropriate one-way ANOVA tests with 

recommended Tukey corrections were conducted, with p < 0.05 indicating 

significance. 

Results  

CF10 inhibits CC531 clonogenic survival and induces apoptosis. We previously 

demonstrated improved potency for CF10 relative to 5-FU in the NCI60 cell line 

screen [18,25] and a more potent decrease in clonogenic survival for human CRC 

[18] and pancreatic ductal adenocarcinoma (PDA) cell lines [26] relative to 5-FU, 

which correlated with improved antitumor activity in xenograft models. We 

performed a modified clonogenic survival assay to test if the CC531 rat CRC cell 

line was responsive to CF10 and observed improved potency relative to 5-FU 

(Figure 2A). We then investigated if CF10 efficiently induced apoptotic cell death 

based on flow cytometry analysis for Annexin V cell surface expression and 



67 
 

permeability to propidium iodide (PI). The percentage of early apoptotic (Annexin 

V +/PI−) and late apoptotic (Annexin V+/PI+) cells were increased upon CF10 

treatment relative to a 10-fold higher concentration of 5-FU at 48 h (Figure 2B) 

and 72 h (Figure 2C). Thus, we found that CC531 cells are relatively more 

responsive to CF10 than 5-FU and that CF10 is a potent inducer of apoptotic cell 

death in this cell line. 

 

Figure 2. CF10 is potent in CC531 cells and induces apoptosis more efficiently 

than 5-FU. (A) Dose–response graphs for 5-FU (black) and CF10 (blue) in CC531 

cells determined using a modified clonogenic assay with 48 h treatment (N = 4). 

(B–D) Graphs of % apoptotic CC531 cells based on Annexin V staining and flow 

cytometry analysis following the indicated treatment for (B) 48 h and (C) 72 h cells. 

(D) Representative images from flow cytometry analysis (72 h treatment) with 
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quantification showing increased late apoptotic (Q2; AnnexinV+/PI+) cells for CF10 

with a 10-fold lower concentration than 5-FU. ** p < 0.01, *** p < 0.0001. 

CF10 Causes Replication Stress and DNA DSBs in CC531 Cells We previously 

established that the improved potency of CF10 relative to 5-FU in human CRC 

cells resulted from more efficient TS inhibition and the poisoning of DNA 

topoisomerase 1 (Top1) [16,17], resulting in stalled replication forks and increased 

replication stress [18]. Replication fork collapse may result in DNA double-strand 

breaks (DSBs), genomic instability, and cell death [27], which is consistent with the 

observed increased potency of CF10 relative to 5-FU in CC531 cells (Figure 2). 

The adverse consequences of replication fork collapse may be countered by 

ATR/Chk1 pathway activation which decreases the initiation of new replication 

forks and may stimulate the activation of the homologous recombination (HR)-

mediated repair of DNA DSBs generated at collapsed forks [28]. CF10 significantly 

stimulated increased pChk1 Serine-317 (S317) levels, consistent with ATR/Chk1 

pathway activation (Figure 3A). FANCD2 mono-ubiquitination and pRPA32 Serine-

S33 were also increased in CF10-treated CC531 cells to a greater extent than in 

CC531 cells treated with 5-FU at equivalent fluoropyrimidine concentrations 

(Figure 3B, C), consistent with the stabilization of stalled forks and the attempted 

repair of collapsed forks [29,30]. Further, pH2AX-S139 and pChk2 Threonine-T68 

(T68) increased with CF10 treatment, consistent with the generation of DNA DSBs 

during the attempted repair of collapsed forks resulting in ATM/Chk2 pathway 

activation (Figure 3B, C). Our results are consistent with the increased potency of 

CF10 relative to 5-FU in CC531 cells resulting from DNA damage associated with 
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replication fork collapse, with the extent of damage mitigated through the activation 

of the ATR/Chk1 and ATM/Chk2 pathways.  

 

Figure 3. CF10 activates the ATR/Chk1 pathway, consistent with replication stress, 

and causes DNA DSBs in CC531 cells. Western blots from CC531 cell lysates: (A) 

CF10 dose–response graphs demonstrate that a 250 nM dose is sufficient for 

ATR/Chk1 pathway activation and DNA DSBs; (B) equimolar 5-FU is not effective 

in ATR/Chk1 activation and DNA DSBs; and (C) a 10-fold greater 5-FU dose is 

relatively less effective than 250 nM CF10. * indicates mono-ubiquitnated 

FANCD2.  

CF10 is well tolerated and efficacious in the WAG/Rij Rat CRLM model.  

CRC mortality is almost exclusively from metastatic progression, with the liver 

being the most frequent metastatic site involved in ~50% of all CRC cases [2]. 

Chemotherapy with 5-FU-based combination therapy regimens is central to CRLM 

treatment with established survival advantages for both FOLFOX and FOLFIRI 

regimens [31]. However, these regimens are rarely curative and are associated 

with serious toxicities in many cancer patients [9] and the development of drug 



70 
 

resistance [11], necessitating new and more effective therapies. To test if the 

improved potency of CF10 relative to 5-FU in CC531 rat CRC cells could translate 

into improved activity in a rat model of CRC liver metastasis, we evaluated both 

FPs using the CC531/WAGRij rat syngeneic orthotopic model. In this model, the 

sub-capsular injection of CC531 cells into one lobe of WAG/Rij rat liver resulted in 

a liver tumor mass that demonstrated the pharmacological challenges associated 

with chemotherapy administration for CRLM treatment [5]. 5-FU was dosed at 50 

mg/kg, a dose previously used in rats [20], and i.v. tail vein injection 1×/week for 4 

weeks resulted in significant weight loss (Figure 4A). However, the identical 

dosing of CF10 to deliver equivalent fluoropyrimidine based on UV A260 

absorbance was not associated with weight loss, while initial weights were similar 

for all groups (Figure S4). To further investigate potential toxicity differences 

between CF10 and 5-FU related to altered metabolism, we tested the effects of 

the co-administration of ethynyl uracil (EU), an agent that inhibits the hepatic 

degradation of 5-FU with the dihydropyrimidine dehydrogenase (DPD) enzyme 

[32]. A single dose of 5-FU at 50 mg/kg resulted in significant weight loss upon co-

administration with EU (2 mg/kg); however, the co-administration of CF10 dosed 

to deliver equivalent fluoropyrimidine content did not cause significant weight loss 

upon co-administration with EU. The results demonstrate that CF10 is relatively 

well tolerated in WAG/Rij rats and, consistent with this, is not undergoing hepatic 

degradation to the same extent as 5-FU.  
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Figure 4. 5-FU (but not CF10) induced significant weight loss in WAG/Rij rats. 

(A) The final weights of WAG/Rij rats following treatment with 5-FU (50 mg/kg), 

CF10 (141 mg/kg), or vehicle (0.9% sterile saline). The rats were dosed 1×/week 

for 4 weeks via tail vein injection. (B) The rats were administered a single dose of 

ethynyl uracil (EU; 2 mg/kg), alone or in combination with a single dose of 5-FU 

or CF10, as shown in (A). 5-FU+EU (but not CF10+EU) caused significant weight 

loss (* p < 0.05, ** p < 0.041, ns - not significant), Initial average weights for all 

groups were not significantly different in both (A, B) (Figure S4).  

We then evaluated the potential of CF10 to reduce the progression of liver tumor 

mass in the CC531 WAG/Rij rat syngeneic orthotopic CRLM model (Figure 5). As 

described previously [5,19], the subcapsular injection of CC531 rat CRC tumor 

cells into a hepatic lobe results in a liver-specific tumor mass that models CRLM 

for evaluating novel therapies. Tumor masses were identified using a fluorescent 

RGD peptide that binds to integrin αvβ3 [24], as luciferase expression (Figure S2) 
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was not maintained in CC531 cells in vivo following tumor formation. The 

establishment of a tumor was validated in all rats based on the detection of 

fluorescent signals in the liver (Figure S3). Parallel studies in a mouse CRLM 

model demonstrated that fluorescent imaging with the RGD peptide accurately 

reflected the extent of tumor progression, as assessed by histopathology. The rats 

were treated with either vehicle (0.9% sterile saline), 5-FU (50 mg/kg), or CF10. 

The CF10 dose was matched to deliver fluoropyrimidine content equivalent to the 

5-FU dose based on UV A260 absorbance. The rats were dosed 1× per week for 

4 weeks via tail vein injection. One week following the final treatment, all rats 

underwent a final in vivo imaging procedure (Figure 4A, B), after which the rats 

were humanely euthanized and their livers were extracted and imaged ex vivo 

(Figure 5C, D). Ex vivo liver imaging confirmed strong fluorescent signals 

throughout the liver for all rats in the control group, while for rats treated with 5-FU, 

fluorescent signals were primarily associated with a single lobe and were of 

significantly lower intensity relative to vehicle, consistent with the idea that 5-FU 

activity is used for inhibiting the progression of liver metastatic disease. Rats 

treated with CF10 did not have a detectable fluorescent signal in the liver in the 

final in vivo imaging and ex vivo imaging procedures, which did not indicate that 

any lobe displayed increased fluorescence intensity relative to background, a 

result consistent with the regression of liver tumor mass with CF10 treatment. The 

data are consistent with the notion that CF10 is more effective than 5-FU for the 

treatment of liver metastatic CRC in a rat model that replicates pharmacological 

challenges associated with CRLM treatment.  
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Figure 5. Imaging CRLM progression in WAG/Rij rats after 4 weeks of the 

indicated treatment, showing that CF10 was found to be effective in a rat CRLM 

model. Liver metastases were formed by injecting CC531 rat CRLM cells into the 

left hepatic lobe. Liver tumor masses were detected using a fluorescent (Cy5.5-

labeled) RGD peptide and were similar in all rats at baseline (2 weeks after 

receiving an injection). Rats (n = 5 per group) were then treated for 4 weeks 

(1×/week via i.v. dose) with vehicle, 5-FU (50 mg/kg), or CF10 (identical to 50 

mg/kg 5-FU dose based on UV A260). (A) The fluorescence imaging of rats 4 

weeks after receiving treatment. Green arrows point to liver tumor signal, which is 

quantified in (B). Yellow arrows point to spleen autofluorescence. (C) Rats were 

then euthanized, and their livers were extracted and imaged ex vivo with Cy5.5 
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signal quantified in (D). Rats treated with CF10 displayed significantly reduced 

signals from CRLMs relative to both 5-FU and vehicle. * p < 0.01; ** p < 0.011; *** 

p < 0.015; **** p < 0.002.  

Discussion  

The principal cause of CRC mortality is the progression of metastatic disease, with 

the liver being the most frequent site for CRC metastasis [2,3]. Chemotherapy is 

central to the management of CRC liver metastatic disease (CRLM) and 5-FU-

based combination chemotherapy regimens (including FOLFOX and FOLFIRI) 

have contributed to improved overall survival rates for mCRC patients in the last 

decade. While an increasing number of CRLM patients are surviving to receive 

second- and even third-line treatments with regimens that include FP drugs [31], 

the 5-year survival rate for mCRC remains dismal at <14% [33]. Further, FP-based 

chemotherapy is associated with serious systemic toxicities that limit patients’ 

quality of life. Thus, developing the next generation of FP therapies that preserve 

and enhance the strong anti-tumor activity of this class of drugs, particularly in 

gastrointestinal malignancies, even while reducing systemic toxicities, is an 

important research objective. In this study, we highlighted the improved activity of 

CF10 (Figure 1), a second-generation fluoropyrimidine polymer that is advancing 

towards clinical development based on the promising anti-cancer activity of FP 

polymers in multiple preclinical models [14,15,26], including in an orthotopic mouse 

model of primary colon cancer [18]. Importantly for CF10 clinical translation, we 

demonstrated significantly improved antitumor activity relative to equivalent 5-FU 

dosing in a syngeneic orthotopic rat model that replicates pharmacological 
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challenges associated with the treatment of liver metastatic disease. Our results 

demonstrate that CF10 displays pharmacological properties suited for the effective 

treatment of liver metastatic disease. Further, strong activity was achieved without 

significant weight loss or other indications of systemic toxicities, while 5-FU 

administration was associated with significant weight loss in this rat model. 

Mechanistically, CF10’s substantial potency advantage relative to 5-FU in CRC 

cells [16,25] is associated with increased replication stress and the activation of 

apoptosis. We demonstrated that CF10 was more potent than 5-FU to the rat CRC 

cell line CC531 in a clonogenic assay (Figure 2A), and a 10-fold lower 

concentration of CF10 resulted in a significantly greater percentage of late 

apoptotic cells at a 72 h timepoint (Figure 2B–D). In previous studies, we 

demonstrated that CF10 inhibited thymidylate synthase (TS) more effectively than 

equivalent 5-FU concentrations, consistent with the direct release of 

fluorodeoxyuridylate (FdUMP), a TS-inhibiting metabolite. TS inhibition depletes 

CRC cells of thymidylate and consequently thymidine triphosphate, causing the 

slowing and stalling of replication forks. Consistent with increased replication 

stress, we demonstrated that CF10 stimulated the mono-ubiquitination of 

FANCD2, a marker of stalled replication forks (Figure 3). CF10 treatment also 

more effectively activated pChk1 (S296) and pRPA (S33), consistent with 

ATR/Chk1 pathway activation following replication fork collapse. In previous 

studies, we demonstrated that ATR/Chk1 inhibitors selectively enhanced F10 but 

not 5-FU cytotoxicity in human CRC cell lines [34], while inhibitors of the 

ATR/Chk1/Wee1 pathway enhanced CF10 but not 5-FU cytotoxicity in pancreatic 



76 
 

ductal adenocarcinoma [35]. The repair of stalled replication forks may proceed 

via the formation of Mus81-induced DNA DSBs [36] and our studies demonstrated 

that CF10 more efficiently induced pH2AX-S139 and activated the ATM/Chk2 

pathway relative to 10-fold greater 5-FU concentrations (Figure 3). Our results are 

consistent with increased potency for CF10 relative to 5-FU through increased 

replication stress. 

The efficacy of FP-based chemotherapy for the treatment of mCRC and CRLM is 

countered by the serious systemic toxicities that occur in many patients treated 

with these drugs [9]. In this study, we dosed rats with 5-FU at 50 mg/kg 1×/week 

for 4 weeks and, consistent with previous studies, observed significant weight loss 

with this dose [20]. In contrast, equivalent dosing with CF10 did not cause any 

weight loss (Figure 4A). The causes of 5-FU-induced GI-toxicity are not definitively 

known; however, previous studies demonstrated that 5-FU-induced intestinal 

damage and cell death in mice were reversed by uridine co-treatment, consistent 

with GI toxicity originating (at least in part) from RNA-mediated effects [37]. Thus, 

the improved toxicity profile for CF10 is consistent with its more direct conversion 

to fluorodeoxyuridylate and consequently reduced levels of RNA-directed 

metabolites that are primarily responsible for GI toxicity. The systemic toxicities of 

5-FU are particularly severe in individuals with deficiencies in DPD activity that are 

associated with SNPs that occur in up to 5% of humans [9]. In these individuals, 

5-FU is not degraded efficiently in the liver, resulting in relatively higher levels in 

tissues, including in the GI tract. To model these effects, we performed studies 

using the DPD inhibitor 5-ethynyluracil (EU) [32]. A single dose of 5-FU (50 mg/kg) 
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caused significant weight loss in WAG/Rij rats when combined with EU (2 mg/kg). 

In contrast, the combination of CF10+EU delivering equivalent FP and equivalent 

EU did not cause significant weight loss in rats (Figure 4B). Our results highlight 

the potential for CF10 to be administered at relatively higher doses than is possible 

with 5-FU, potentially further increasing its anticancer activity and its therapeutic 

advantages relative to 5-FU. Further, patients with DPD deficiency may not be as 

high-risk for developing serious toxicities with CF10 treatment as for 5-FU, 

reducing the expense associated with the increased length of hospitalization for 

many DPD-deficient patients. 

Conclusions 

In this study, we demonstrated improved anticancer activity for CF10 relative to 

equivalent 5-FU concentrations in a rat-based syngeneic orthotopic model of 

colorectal cancer liver metastatic disease (Figure 5). CRC is a leading cause of 

cancer-related mortality and liver metastasis is a principal cause of CRC mortality. 

Our results are consistent with the finding that there is strong potential for CF10 to 

treat patients with CRLMs more effectively than current 5-FU-based therapy. Our 

results support the further development of CF10 for improved CRLM treatment that 

may contribute to improved outcomes for this highly lethal malignancy.  
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Figure S1: Structure and analytical data for cyclic RGD peptides; Figure S2: 
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Validation of luciferase expression in CC531-luc cells; Figure S3: Fluorescent 

imaging of rats prior to treatment; Figure S4: Initial weights of rats prior to 

treatment.  
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Figure S1. Structure and analytical data for cyclic RGD peptide. Peptide was 

labeled with Cy5.5 for tumor imaging in the CC531/WAGRij rat model. Shown 

are mass spectrometry identification (middle) and HPLC validation of peptide 

purity (bottom). 

Figure S2. Validation of luciferase 

expression in CC531-luc cells. The 

cells robustly express luciferase in 

vitro.; however, expression was lost 

in vivo. 
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 Figure S3. Fluorescent imaging of rats prior to treatment. 
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Figure S4. Initial weights for rats prior to treatment. 
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Abstract 

At least 25% of colorectal cancer (CRC) patients develop liver metastases (CRLM) 

and chemotherapeutic regimens based on the fluoropyrimidine (FP) drug 5-

fluorouracil (5-FU) provide a survival advantage, but long-term survival is 

uncommon. The primary molecular target of FP drugs is thymidylate synthase 

(TS). We demonstrated that a nanoscale FP polymer, CF10, displayed greater 

potency than expected based on FP content in part through more direct conversion 

to the TS-inhibitory metabolite, FdUMP. In this study, we tested CF10 for potency 

advantages relative to 5-FU and trifluorothymidine (TFT, the FP component of TAS-

102), and confirm a general potency advantage for CF10 in CRC cell lines in the 

Broad Institute PRISM screen.  We demonstrate that this potency advantage is 

retained in CRC cells cultured with human-like folate levels and is enhanced by LV 

co-treatment to a similar extent as 5-FU. Our results confirm CF10 development 

proceeding as a CF10/LV combination. Mechanistically, CF10 cytotoxicity closely 

correlates with poisons of DNA topoisomerase 1 (Top1) in the PRISM screen 

relative to 5-FU and TFT. A TS/Top1 dual targeting cytotoxic mechanism for 

CF10/LV was confirmed by TS ternary complex detection by Western blot and by 

immunofluorescence detection of Top1cleavage complexes. CF10/LV activated 

the ATR/Chk1 pathway consistent with enhanced replication stress and induced 

apoptosis. In vivo studies showed CF10 and CF10/LV eradicated liver metastasis 

in a CRLM model without scarring or weight loss displaying therapeutic 

advantages relative to legacy FPs. Our pre-clinical data support an early-phase 

clinical trial for CF10 for treating liver-metastatic CRC.  
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Introduction 

The introduction of the fluoropyrimidine (FP) drug 5-fluorouracil (5-FU) into clinical 

use for the treatment of colorectal cancer (CRC) >60 years ago was an inflection 

point, with 5-FU-based adjuvant chemotherapy improving outcomes in patients 

with localized disease and 5-FU-based regimens improving survival for patients 

with metastatic CRC (mCRC) (1). The optimization of 5-FU-based chemotherapy 

through improved scheduling and the development of more effective combination 

therapy regimens has, in recent decades, substantially further improved outcomes, 

with mCRC patients now surviving an average of 32 months during which many 

receive three or more lines of chemotherapy, each of which usually includes an FP 

drug (5-FU or trifluorothymidine (TFT), the FP component of TAS-102) (2). 

Unfortunately, long-term survival remains uncommon for mCRC patients (<14% 5-

year survival), and new therapeutic options are needed. 

     The proven activity of 5-FU-based chemotherapy regimens in mCRC has 

stimulated continued exploration of the mechanism responsible for antitumor 

activity and the development of next-generation FPs that further extend survival 

(3). We previously reported that a 2nd generation FP polymer, CF10, displayed 

significantly greater cytotoxicity to CRC cells relative to 5-FU. Despite having only, 

a 10-fold greater FP content CF10 was >300-fold more potent than 5-FU, on 

average, based on GI50 values across all cell lines included in the NCI60 cell line 

screen (4). Consistent with its strong clinical potential, we demonstrated that CF10 

displayed improved antitumor activity relative to 5-FU in a mouse orthotopic model 

of primary colon cancer (4) and in a rat syngeneic orthotopic model of CRC liver 
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metastasis (CRLM) (5). CF10 also displayed reduced toxicity relative to 5-FU in 

both mouse and rat models, which is consistent with reduced conversion to 

ribonucleotide metabolites that contribute to GI-tract and hematological toxicities 

(6) (7). 

     The advancement of CF10 into clinical development requires establishing 

therapeutic advantages relative to legacy FPs (5-FU, TFT) in experimental models 

of CRC relevant to translation. In clinical regimens for mCRC, 5-FU is co-

administered with leucovorin (LV). LV is converted to N5,N10-tetrahydrofolate, a 

reduced folate co-factor for TS which promotes the formation of a stable ternary 

complex consisting of FdUMP, the reduced folate co-factor, and the enzyme that 

irreversibly inhibits TS (Fig. 1). In contrast, TFT which is used primarily in 3rd line 

treatment of mCRC inhibits TS without a requirement for a reduced folate co-factor 

(8) and TFT is used without LV in clinical regimens for mCRC. Whether CF10 

development should proceed with LV co-treatment requires clarification prior to 

initiating clinical studies. Since CF10 inhibits TS through release of FdUMP, the 

same FP metabolite responsible for TS inhibition by 5-FU, CF10 would be 

anticipated to benefit from LV co-treatment. However, CF10 is cytotoxic at much 

lower concentrations than 5-FU and endogenous levels of reduced folates in 

cancer cells could be sufficient to promote ternary complex formation without LV 

co-treatment. Resolution of whether CF10 benefits from LV co-treatment is 

complicated by the fact that most media used to culture cancer cells contains 

supra-physiological folate levels (9). One approach, which is adopted in these 
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studies, is to perform assays in folate-controlled media to simulate human 

physiological levels (10). 

     While TS is recognized as a primary target for FPs (4) (Fig. 1) the potency 

advantage of CF10 (Fig. 1; Supplementary Fig. S1) relative to legacy FPs results 

from factors other than TS inhibition.  

 

Figure 1. The activity of FPs converges on TS inhibition and DNA damage. A, 

Structure of CF10 (PEG=polyethylene glycol, F = Fluorodeoxyuridine, AraC = 

arabinosyl cytidine). B, Scheme summarizing pathways for the three FPs included 

in the present study (CF10, 5-FU, TFT) that result in TS inhibition and cause DNA 

damage. C, D, Plots of AUC for C, 5-FU vs CF10 and D, TFT vs 5-FU. AUC values 

were from testing in the Broad Institute PRISM screen (data included in 

Supplementary Fig. S2A-C). E, Summary of AUC values from the Broad Institute 
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PRISM screen for 5-FU, CF10, and TFT in n=16 CRC cell lines in which all drugs 

were tested (data shown in Suppl Tables S1-S3 and Suppl Fig. 2). 

Insight into the mechanistic basis for CF10’s increased potency advantage relative 

to 5-FU came from a COMPARE analysis of data from the NCI60 cell line screen 

that revealed the most closely related compounds were not TS inhibitors but DNA 

Topoisomerase 1 (Top1) poisons (e.g. camptothecin) (11). The mechanism by 

which CF10 poisons Top1 is distinct from CPTs and involves the misincorporation 

of FdUTP into genomic DNA under conditions of Thy depletion resulting from 

strong TS inhibition. In collaboration with Pommier we showed that FdU inhibits 

the re-ligation step of Top1 catalysis leading to accumulation of trapped Top1 

cleavage complexes (Top1cc) proximal to FdU-substitution in DNA. Thus, CF10 is 

cytotoxic to CRC cells through dual targeting of TS and Top1 (11-14) resulting in 

Top1-mediated DNA double-strand breaks (DSBs) and enhanced replication stress 

(4,15). In contrast, COMPARE analysis did not demonstrate a strong correlation of 

5-FU with Top1 poisons (11) and significantly lower levels of Top1cc were detected 

in 5-FU-treated cancer cells and these were reversed with Urd (15) consistent with 

an RNA-mediated process in their formation. While TFT is known to cause DNA 

damage it has not been shown to cause Top1cc formation and the increased 

potency of CF10 relative to TFT could result from CF10 causing increased DNA 

damage through a Top1-mediated process that is not relevant to the cytotoxic 

activity of TFT or 5-FU. Thus, the TS/Top1 dual targeting mechanism of CF10 could 

differentiate CF10 from legacy FPs and result in more effective treatment of mCRC 
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and other malignancies including effective treatment of disease that has 

progressed with prior FP treatment. 

     In this study, we tested CF10 and legacy FPs in additional CRC cell lines and 

under folate-restricted conditions to determine if CF10 is likely to provide an 

improved therapeutic response in clinical studies. Results from the Broad Institute 

PRISM screen confirm a potency advantage for CF10 relative to 5-FU and TFT 

that is general across multiple CRC cell lines and consistent with broad spectrum 

clinical activity. We also demonstrated that CF10 is more potent than 5-FU and 

TFT in CRC cells cultured with human-like folate levels and established the 

improved potency of CF10 is enhanced with LV co-treatment to a similar extent as 

5-FU, a result consistent with CF10 clinical development proceeding with LV co-

treatment. Mechanistically, endpoints of TS inhibition, Top1cc formation, DNA 

damage, increased replication stress and induction of apoptosis are established 

for CF10 and CF10+LV under conditions of folate restriction providing a rationale 

for pharmacodynamic endpoint selection for clinical development. To test if the 

potency advantage for CF10 demonstrated in CRC cells results in improved 

antitumor activity we simulated challenges associated with clinical CRLM 

treatment with FPs by (i) adapting mice to an FR diet to simulate human plasma 

folate levels (9); (ii) testing antitumor activity in a syngeneic, orthotopic liver 

metastasis mouse model (5,16); (iii) evaluated three FPs (CF10, 5-FU, TFT) under 

conditions that delivered equivalent  FP amounts on a molar basis and via the 

same route to assess intrinsic anti-tumor activity; and (iv) included LV co-treatment 

(17). We found that CF10 and CF10+LV are highly potent in eradicating liver-
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metastatic CRC and that efficacy was achieved without weight-loss or other signs 

of toxicity under conditions where equivalent levels of 5-FU and TFT offered less 

therapeutic benefit. Our studies indicate that CF10 and CF10/LV show promising 

activity for CRLM treatment under conditions that simulate human folate 

physiology and support CF10 clinical development.  

Materials and Methods 

Cell lines, Reagents and Clonogenic assay 

HCT116 (RRID:CVCL_0291), HCT15 (RRID:CVCL_0292), LS174T 

(RRID:CVCL_1384), and MC38 (RRID:CVCL_B288) colorectal cancer (CRC) cells 

were from ATCC and were cultured using recommended media or folate-restricted 

media (FR)(10), validated by short tandem repeat analysis, and regularly 

confirmed negative for Mycoplasma. CF10 was obtained from ST Pharma, 

validated by high-resolution mass spectrometry, and dissolved in 0.9% sterile 

saline. Clinical-grade 5-FU (50 mg/mL) was purchased from the Baptist Hospital 

clinical pharmacy, while Trifluridine (TFT) was purchased from MedChemExpress. 

5-FU concentrations were calculated based on the dilution of the established stock 

concentration. CF10 concentrations were matched to deliver equivalent 

nucleoside content based on UV absorbance at 260 nm. A modified clonogenic 

assay assessed the potency of CF10, TFT, and 5-FU in CRC cells. CRC cells were 

plated in 24-well plates in both standard and folate-restricted media, and after 24 

hours, they were treated with the indicated concentration of CF10, TFT, or 5-FU 

for 72 hours. The media were replaced after drug treatment, while the cells were 

allowed to grow for 168 hours. Cell proliferation was evaluated using the Aqueous 
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One (Promega) reagent, following the manufacturer’s instructions, after the cell 

solution was transferred to 96-well plates. Apoptosis was evaluated using Caspase 

3/7-Glo reagent (Promega) following the manufacturer’s instructions.  

Western Blotting 

Proteins were isolated, and their differential expressions were analyzed by 

Western blot, as described previously(5). Briefly, the cells were lysed using RIPA 

buffer (50 mM Tris HCl at pH 7.4, 150 mM NaCl, 1% Triton X-100 or NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 10 mM NaF freshly 

supplemented with protease and phosphatase inhibitors). The protein 

concentrations were quantified using a Bradford assay (Bio-Rad), and the samples 

were normalized for equal loading. All samples were then heated to 100°C for 10 

minutes in the presence of 6x Laemmli buffer (Boston Bio-Products; Milford, MA, 

USA). SDS-PAGE resolved the proteins, and their expression was analyzed 

following immunoblotting using specific antibodies. The following antibodies were 

used in this study: Rad51 (Cell Signaling Technology Cat# 8875, 

RRID:AB_2721109), Chk2 (Thermo Fisher Scientific Cat# MA5-35294, 

RRID:AB_2849196), pCHK2-T68 (Thermo Fisher Scientific Cat# PA5-104715, 

RRID:AB_2816188), RPA32/RPA2 (Cell Signaling Technology Cat# 52448, 

RRID:AB_2750889), pRPA32-S33 (Cell Signaling Technology Cat# 10148, 

RRID:AB_3099645), Chk1 (Thermo Fisher Scientific Cat# MA1-23336, 

RRID:AB_558392), pCHK1-S317 (Cell Signaling Technology Cat# 2344, 

RRID:AB_331488), cleaved caspase 3-D175 (Cell Signaling Technology Cat# 

9664, RRID:AB_2070042), Thymidylate synthase (Cell Signaling Technology Cat# 
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9045, RRID:AB_2797693), and β-actin (Santa Cruz Biotechnology Cat# sc-47778 

HRP, RRID:AB_2714189).  

Cell Viability and Rescue Assay 

HCT116 (RRID:CVCL_0291), HCT15 (RRID:CVCL_0292), LS174T 

(RRID:CVCL_1384), and MC38 (RRID:CVCL_B288) cells were plated on 96-well, 

white flat bottom plates, allowing 48 h for the cells to adhere to the plate and begin 

to grow exponentially until they reached about 25% confluency. Exogenous uridine 

(Sigma) and thymidine (Sigma) were added to their designated wells. The plates 

were then shaken for 2 minutes by hand to mix appropriately without disrupting 

cell growth before being placed back in the incubator at 37°C and with 5% CO2. 

After 48 hours in the incubator, the media was evacuated, and cell viability was 

determined using Promega kits as described(4,18). The rescue experiments were 

done in triplicate with four data points in each experiment per tested condition.  

TS Activity Assay 

A TS in situ activity assay was performed as previously described (19) to provide 

a quantitative indication of intracellular inhibition of TS activity following drug 

treatment. ~0.5x106 HCT-116 (RRID:CVCL_0291) cells were plated in each well of 

a 6-well plates and cells were allowed to attach for 24h then treated with either 5-

FU, 5-FU/LV, CF10, CF10/LV, TFT, or TFT/LV for 48h. For the last 2h [5-3H]-2’-

deoxyuridine (Moravek) 0.16 Ci/mmol; final concentration 2.5 uM was present. 150 

µL of media from each well was added to an ice-cold suspension containing 750 

µL of charcoal with 0.5% T-70 dextran and 2.5% BSA) and 150 µL of 35% 
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trichloroacetic acid. After centrifugation a portion of the supernatant was counted 

by liquid scintillation counting and enzyme activities were expressed as a percent 

relative to drug-free control.  

Liver Tumor Cell Inoculation to Simulate CRLM Formation 

All animal studies were undertaken in accordance with the protocols approved by 

the Institutional Animal Care and Use Committee at Wake Forest University School 

of Medicine (Winston-Salem, NC, USA). Immunocompetent C57BL6 

(RRID:IMSR_JAX:000664) mice weighing 21–24g were used because this strain 

is syngeneic with the MC38 colon carcinoma cell line. C57BL6 mice were 

commercially available in the U.S. and were obtained from Charles River 

Laboratories for these studies. The mice had a controlled climate and light cycles, 

and all had free access to a standard laboratory diet and water. For the inoculation 

procedure, anesthesia was obtained using 2–3% isoflurane and then maintained 

at 1.5% for surgery. A 2 cm midline incision was made, and both the left and right 

hepatic lobes were mobilized. The MC38 (RRID:CVCL_B288) cells were 

suspended at a density of 2 × 106 cells in 200 µL and 25 µL of cell suspension, 

mixed 1:1 with Matrigel, and injected via a 29-gauge needle into the subcapsular 

portion of one of the previously specified hepatic lobes. When the needle was 

withdrawn, a cotton swab was used to press on the puncture site to achieve 

hemostasis. Once hemostasis was achieved, the wound was washed with saline, 

the muscle layer was closed using a 6-0 Vicryl suture, and the skin was closed 

using staples. An abdominal bandage was applied, and the mice were allowed to 

recover from anesthesia before returning to the animal facility. The tumors were 
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allowed to grow for a week and fluorescence imaging was performed using an 

RGD peptide Cy5.5 conjugate to establish tumor formation prior to initiating 

treatments(5).  

Treatment and Fluorescence Imaging of Tumor Progression 

The C57BL6/MC38 syngeneic orthotopic mouse model fluorescence tumor 

images were undertaken using an IVIS Lumina LT Series III system 

(RRID:SCR_014247) under isoflurane anesthesia. All images were analyzed using 

Living Image software (v4.7.4.) with an identical size region of interest for each 

mouse. To assess therapeutic efficacy, groups of n = 4 mice with similar initial 

tumor levels based on fluorescence imaging were treated with (1) no treatment, 

(2) 5-FU, (3) CF10, (4) TFT, (5) LV, (6) 5-FU+LV, (7) CF10+LV, (8) TFT+LV. 5-FU 

was administered at 100 mg/kg (20) and TFT and CF10 were dosed to deliver 

equivalent nucleoside content based on UV absorbance at 260 nm. Leucovorin 

was infused together with the FP (21). Mice in each group were treated on a 7-day 

mini-osmotic pump. All mice underwent a final imaging procedure at the end of the 

seventh day and were then euthanized, and their vital organs (livers, etc.) were 

extracted and prepped for other procedures. For each of the eight treatments, the 

difference in flux or weight values were calculated (Day 7 minus Day 0).  Next, a 

general linear model was fit to compare the 8 groups (Control, 5FU, LV, CF10, TFT, 

5FU+LV, CF10+LV, TFT+LV).  We first examined the overall test for the model and 

if that was significant, pairwise comparison between groups were made. Given the 

large number of potential pairwise comparisons that could be made, we 

conservatively used a Bonferonni Correction when comparing groups. The 
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adjusted p-value for significance using a Bonferonni correction was 0.017 (0.05/3). 

For maintaining mice on a folate-restricted (FR) diet the FR diet purchased from 

Envigo Teklad Diets (Madison, WI) composed of  35.0g/Kg AIN-93G-MX (94046), 

10.0g/Kg Succinyl sulfathiazole, 195.0g/Kg Casein, 3.0g/Kg L-Cystine, 

304.488g/Kg Corn Starch, 0.016g/Kg  Calcium Pantothenate, 0.006g/Kg Thiamin 

(81%), 209.749g/Kg Sucrose, 130.0g/Kg Maltodextrin, 60.0g/Kg Soybean Oil, 

50.0g/Kg Cellulose, 0.007g/Kg Pyridoxine HCl, 0.012g/Kg TBHQ (antioxidant), 

2.5g/Kg Choline Bitartrate, 0.03g/Kg  Niacin, 0.006g/Kg Riboflavin, 0.0002g/Kg 

Biotin, 0.025g/Kg Vitamin B12 (0.1% in mannitol), 0.0008g/Kg Vitamin K1 

phylloquinone, 0.15g/Kg Vitamin E, DL-alpha tocopheryl acetate (500 IU/g), 

0.008g/Kg Vitamin A Palmitate (500,000 IU/g), and 0.002g/Kg Vitamin D3 

cholecalciferol (500,000 IU/g).   

PRISM Assay  

PRISM, known as the Profiling Relative Inhibition Simultaneously in Mixtures 

assay, is a high-throughput, multiplexed screening method created for drug 

development and discovery, especially in cancer research. It can be used to 

investigate fluoropyrimidines' effects and identify their predictive biomarkers. CF10 

was screened in 873 PRISM DNA-barcoded cell lines established by the Broad 

Institute. In brief, 20–25 cell lines per pool were plated in 384 well plates and 

treated with CF-10 at 8 doses in three-fold dilutions starting at 9.6 µM for 5 days. 

Two PRISM cell line collections were used in the assay: PR500 (including only 

adherent cell lines), and PR300+ (including adherent and suspension cell lines). 

Cells were then lysed in TCL mRNA lysis buffer, and then PCR with reverse 
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transcription was performed. Detection of the barcodes and univariate and 

multivariate analysis was then performed as previously described (22). Benchmark 

test agents were also tested at dose to ensure high data quality. All test agents 

were run in triplicate, and each plate contained positive (Bortezomib at 20µM) and 

negative (DMSO) controls. Comparisons of drug potency between CF10 and other 

drugs tested in the PRISM screen were made based on area-under-the-curve 

(AUC), a metric in which more potent drugs display lower values reflecting 

decreased cell viability across the range of drug concentrations tested (23).  

Statistical Analysis 

GraphPad Prism 10.2.0 (RRID:SCR_002798) was used for statistical analyses of 

cell-based assays. Experiments were conducted in triplicate ± SEM. For all in vitro 

experiments, four biological replicates were used for analysis, and appropriate 

one-way ANOVA tests with recommended Tukey corrections were conducted, 

with p < 0.05 indicating significance. For in vivo studies two one-way analysis of 

variance (ANOVA) models were fit to compare the 8 groups on the outcomes of 

change in treatment response based on IVIS imaging (TRT) and weight (delta TRT 

and delta Weight were the outcomes).  In these models, pair-wise comparisons 

were then made between groups accounting for multiple comparisons by using a 

Bonferroni adjusted for the p-value to determine significance. (0.05/28 = 0.00178 

(total number of possible pair-wise comparisons)).  Thus, all pair-wise comparisons 

that had p-values less than 0.0017 were considered statistically significant. The 

post-hoc comparisons between groups were performed using the ANOVA models 
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so that the variance for the testing was based on all data provided from all eight 

groups of interest.   

 

Data Availability 

Data are available on request from the corresponding author. 

Results 

CF10 displays enhanced potency to CRC cells relative to 5-FU and TFT. 

     Previous studies including analysis in the NCI60 cell line screen (11,12) 

demonstrated that CF10 (Fig. 1; Supplementary Fig. S1) displayed greatly 

enhanced potency to CRC cell lines relative to 5-FU, Floxuridine, and TFT that 

significantly exceeded that anticipated based upon a 10-fold greater FP content 

and exceeded 100-fold relative to TFT and 5-FU (11,12). Further, CF10 was highly 

potent regardless of MSI/MSS status or KRAS mutation status, consistent with its 

broad use for CRC treatment regardless of factors used to stratify CRC patients 

for 5-FU-based chemotherapy (4). To gain further insights into the activity of CF10 

in cancer cells, we provided a sample to the Broad Institute PRISM screen for 

testing. Analysis of AUC values for CF10 revealed that relative to other FPs for 

which PRISM screen data were available, CF10 was highly potent with AUC values 

for many CRC cell lines <0.4 consistent with strong activity (Fig. 1C and D). The 

average AUC value for CF10 in the 14 CRC cell lines tested in the PRISM screen 

was 0.40 while for 5-FU the average AUC value was 0.83 (Supplementary Table 

S1) and for trifluridine the average AUC value was 0.63 (Supplementary Fig. S2, 
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Supplementary Table S2, S3). Since previous studies including analysis of NCI60 

cell line screen data revealed surprisingly strong mechanistic correlations between 

F10 and CF10 with DNA topoisomerase 1 poisons, we performed regression 

analysis of the AUC correlation data from the PRISM screen between FPs and 

Top1 poisons (Supplementary Fig. S3). Strong correlation between camptothecin 

(CPT) and SN-38 (the active metabolite of irinotecan) was observed (5e-37), as 

expected (Supplementary Table S4). Consistent with previous studies the 

correlation between CF10 and Top1 poisons was very strong (11,12) the AUC 

correlation for CF10 and SN-38 was very strong (5e-24) which was much stronger 

than for either TFT or 5-FU with SN-38 (1.1e-16 and 1.1e-4; (Supplementary Table 

S4). These results are consistent with the increased potency for CF10 resulting 

from a TS/Top1 dual targeting mechanism that is more pronounced for CF10 than 

for other FPs.   

FP potency is enhanced by folate restriction and LV co-treatment.   

     While screens involving large numbers of cell lines are highly valuable in 

assessing compound potency and identifying genomic determinants of drug 

response, a limitation of screens such as the NCI60 (24) and the Broad Institute 

Prism screen (25) is that drug response is evaluated using media that may not 

reflect human physiology. This is a concern for FP drugs that are highly dependent 

on folate levels since ATCC-recommended media includes much higher folate 

concentrations than human plasma. To investigate if the potency advantage for 

CF10 relative to alternative FPs was realized in cells cultured using media with 

human-like folate levels, we adapted three human CRC cell lines (HCT116, 
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LS174T, HCT15) and MC38 mouse CRC cells to culture media developed for 

testing drug activities under conditions of physiological folate (10). Cells adapted 

to folate-restricted media appeared healthy (Supplementary Fig S4A) and had 

growth characteristics similar to those of the same cell line cultured in ATCC-

recommended media (Supplementary Fig S4B). However, culture using FR media 

caused all three CRC cell lines to display increased sensitivity to the three FPs 

tested (CF10, 5-FU, TFT) (Supplementary Fig. S4C).   

We then performed dose-response studies evaluating the response of these three 

CRC cell lines to CF10, 5-FU, and TFT with studies conducted using both complete 

(DMEM+10% FBS) and FR media. Results for HCT116 are summarized in Fig. 

2A-F and results for LS174T, HCT15, and MC38 are displayed in Supplementary 

Figs S5-S7A-F, Supplementary Tables S5-S7.  
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Figure 2. CF10 displays greatly increased potency to HCT116 cells relative to 5-

FU and TFT under standard and folate-restricted cell culture conditions. A-G, 

Dose-response curves for A and D, 5-FU (black) + LV (1 uM (blue) or 10 uM (red); 

B and E, CF10 (black) + LV (1 µM (green) or 10 uM (purple); C and F, TFT (black) 

+ LV (1 µM (red) or 10 µM (green). A, B, and C HCT116 cells were cultured in 

complete media; D, E, and F HCT116 cells were cultured in folate-restricted media. 

G,. Graphs of % viability in HCT-116 (red) and HIEC-6, a normal intestinal cell line 

following 48h treatment with CF10 (1 µM), 5-FU (10 µM), TFT (10 µM), LV (1 µM). 

Results for HCT-116 relative to the normal intestinal cell line HIEC-6 are shown in 

Fig. 2G. Results for HCT116 cultured in complete media were similar to those 

reported in previous studies and from the NCI60 cell line screen and were 

consistent with PRISM screen data (Fig. 1 B and C). CF10 is by far the most potent 

of the three FPs tested (IC50=13.1nM in HCT-116). TFT is approximately 127-fold 
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less potent than CF10 (IC50=1.66uM), and TFT is only slightly more potent (2.46-

fold) than 5-FU (IC50=4.08 uM) under these culture conditions. CF10 was slightly 

more potent to HCT116 cells cultured in FR-media (IC50=10.5 nM) than in 

complete media, with similar trends and similar relative potencies in FR-media for 

TFT and 5-FU. All three FPs displayed increased cytotoxicity to HCT-116 relative 

to the normal intestinal cell line HIEC-6, however the relative differential was 

greatest for CF10 (Fig. 2G).   

In clinical regimens for CRC, 5-FU is almost always co-administered with 

leucovorin (LV). LV potentiates 5-FU cytotoxicity to CRC cells by promoting ternary 

complex formation involving (i) the active FP metabolite Fluorodeoxyuridylate, (ii) 

the target enzyme, thymidylate synthase (TS), and (iii) the reduced folate co-factor 

N5,N10-tetrahydrofolate, to irreversibly inhibit TS activity and de novo thymidylate 

biosynthesis (Fig. 1B) (26). We evaluated the effects of LV co-treatment on the 

cytotoxicity of all three FPs in HCT116 (Fig. 2A-F, Table 1), normal intestinal cell 

line, HIEC-6 (Fig 2G), LS174T (Supplementary Fig S5 and Supplementary Table 

S5), HCT15 cells (Supplementary Fig S6 and Supplementary Table S6), and MC38 

(Supplementary Fig S7 and Supplementary Table S7).  

 

Table 1. Summary of IC50 values and LV potentiation effects for HCT116 cells. 
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Co-treatment of any of the three FPs with 1 µM LV resulted in slightly increased 

potency. For 5-FU towards HCT116 cells cultured in DMEM 5-FU/LV was 

approximately 1.24-fold more potent than 5-FU (IC50 = 3.30µM vs 4.08 µM,) and 

for HCT116 cells cultured in FR media the LV effect was slight greater 

(approximately 1.56-fold, IC50 = 1.01µM vs 1.58 µM). Similar trends were found 

for CF10 and TFT. For HCT116 cells co-treated with 10 µM LV the effects were 

larger with a 3.40-fold potentiation for 5-FU in DMEM and a 3.12-fold potentiation 

for 5-FU in FR media. The LV potentiation effects were slightly reduced but still 

significant for CF10 (2.25, 2.10-fold) and TFT (1.52, 2.85-fold) in DMEM and FR 

media, respectively. These results are consistent with LV potentiating CF10 as is 

established for 5-FU, but with slightly attenuated effects. Although LV is not 

presently used in clinical regimens in which TFT is the FP (e.g. TAS-102), LV also 

potentiates TFT, potentially by affecting nucleotide biosynthesis.  

 LV Stimulates TS ternary complex formation for CF10, 5-FU but not TFT.  

     To determine if LV co-treatment with 5-FU, CF10 and TFT stimulated TS ternary 

complex formation (FdUMP/TS/5,10-methylene THF), we performed Western blots 

using an anti-TS antibody under conditions that resolved the ternary complex (aka 

TS classic complex (TS CC) (27)) and the unbound enzyme. Results in HCT116 

cells are displayed in Fig 3A, and quantification of TS CC and total TS is displayed 

in Fig 3B,C.  
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Figure 3. CF10 promotes TS classic complex (TS CC) formation and activates the 

ATR/Chk1 and ATM/Chk2 DNA damage response pathways in HCT-116 cells 

under folate-restricted culture conditions. A, Western blot for 5-FU ± LV, CF10 ± 

LV, and TFT ± LV detecting the TS CC and unbound TS; B,C Quantification of TS 

CC and total TS levels; D, effect of thymidine (80 µMol) and uridine (1 mMol) co-

treatment on HCT-116 cell viability in FR media for 5-FU+LV (red), CF10+LV (blue), 

and TFT+LV (green). FP+LV was dosed at IC50 for 48h shown in Figure 2. 

Experiments done in triplicate ± SEM (***p ≤ 0.0002, **p ≤0.002, *p ≤ 0.03).  

The results in LS174T, HCT15, and MC38 cells are shown in Supplementary Fig. 

S8, S9, and S10. In the absence of any FP treatment, TS CC was not detected. 

However, TS CC was detected as a minor component with 5-FU treatment, and 

with CF10 TS CC was the predominant form present. Interestingly, total TS levels 

were reduced with CF10 treatment relative to no treatment (Fig 3B,C), which is 
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consistent with CF10 stimulating increased TS degradation (28). While TFT is a 

substrate for thymidine kinase and known to inhibit TS, TFT treatment did not result 

in detectable TS CC either as a single drug or with TFT+LV co-treatment (Fig 3A). 

Consistent with clinical objectives LV co-treatment with 5-FU did increase TS CC 

levels and, in contrast to observed effects of CF10 in decreasing TS intensity with 

LV co-treatment, 5-FU intensified the TS CC band, which was the predominant 

form (Fig 3B,C), a result consistent with 5-FU potentially stabilizing TS from 

proteasomal degradation (28). Consistent with results showing CF10 and CF10/LV 

were effective at increasing TS CC formation and reducing TS levels TS enzymatic 

activity was strongly reduced with these treatments (Supplementary Fig. 11).  

To determine if LV co-treatment altered the effects of a thymineless state in 

promoting FP cytotoxicity we performed reversal studies in which added thymidine 

or uridine were included in the culture medium during treatment. Results for 

HCT116 cells are displayed in Fig 3D and results for LS174T, HCT15, and MC38 

cells are displayed in Supplementary Fig. S8, S9, and S10. 5-FU cytotoxicity can 

occur through either an RNA- or DNA-directed mechanism, depending on the cell 

type. While TS CC is evident as the predominant TS form in HCT116 cells with 5-

FU/LV co-treatment cytotoxicity was not reversed with either Thy or Urd. 

Consistent with CF10 cytotoxicity resulting from TS inhibition co-treatment with Thy 

reduced CF10 cytotoxicity while Urd co-treatment had no effect. Thy co-treatment 

also reversed TFT cytotoxicity despite the absence of detectable TS CC, but 

effects were attenuated relative to CF10. Similar effects were detected in HCT15, 

LS174T, and MC38 cells (Supplementary Fig S8, S9, and S10).  
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CF10 is a potent inducer of replication stress and apoptosis. 

     In previous studies, we established that CF10 enhanced replication stress in 

CRC cells as shown by increased stalling and collapse of replication forks (4). 

CF10 induces replication stress through the dual targeting of TS and Top1 (11,29), 

which results in trapped Top1 cleavage complexes (Top1cc) (14,30-32) that 

impede replication fork progression while reduced thymidine levels due to TS 

inhibition hinder DNA repair. Top1cc are converted to DNA double-strand breaks 

(DSBs) upon collision with advancing replication forks or during transcription (33), 

and this contributes to genomic instability and can activate programmed cell death. 

In these studies, we showed that CF10 is much more potent than 5-FU or TFT to 

CRC cells (Fig. 2A-F, Table 1), including culture under conditions of folate 

restriction (Table 1). To determine if CF10 enhanced markers of replication stress 

in CRC cells cultured in folate-restricted media and if LV co-treatment affected DNA 

damage checkpoint activation, we performed Western blots for markers of DNA 

damage response (DDR) checkpoint activation with results shown for HCT116 

cells in (Fig. 3E) and results for LS174T, HCT15, and MC38 cells are in 

Supplementary Fig. S8, S9, and S10. Replication fork stalling activates the 

ATR/Chk1 pathway and enables the intra-S-phase DDR checkpoint which inhibits 

the initiation of new replication forks and provides time to re-start stalled replication 

forks and repair DNA DSBs. CF10 treatment significantly increased pChk1 Serine-

317 (pS317) levels and pRPA32 Serine-33 (pS33) consistent with ATR/Chk1 

pathway activation. Treatment with 5-FU also activated the ATR/Chk1 pathway, 

however quantification of Western blot intensity by densitometry showed 
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significantly reduced intensity for pChk1(S317) and pRPA32(S33) for 5-FU relative 

to CF10. For TFT, the intensities for these bands were reduced further (Fig. 3F). 

Since Top1cc formation can cause replication fork stalling and activation of the 

ATR/Chk1 pathway we evaluated Top1cc and showed increased levels in HCT116 

cells with CF10 and CF10/LV relative to other treatments (Supplementary Fig. 

S12).   

The ATM/Chk2 pathway was also selectively activated with CF10 treatment in 

HCT116 cells cultured in FR media  relative to 5-FU and TFT as shown by Western 

blot for pChk2-threonine68 (T68) (Fig. 3E). Immunofluorescence for gH2AX was 

also greatest for CF10 relative to other FPs (Supplementary Fig. S12B). Consistent 

with generation of DNA DSBs with CF10 treatment, Rad51 levels were increased 

but were not increased in CRC cells treated with either 5-FU or TFT. To determine 

if LV co-treatment affected activation of the ATR/Chk1 or ATM/Chk2 pathways we 

also analyzed lysates from CRC cells with FP+LV co-treatment for all three FPs 

tested (CF10, 5-FU, TFT). LV co-treatment enhanced pRPA32-S33 and pChk1-

S317 levels in CF10-treated cells consistent with increased ATR/Chk1 pathway 

activation. However, levels of pChk2-T68 and Rad51 were decreased with 

CF10+LV treatment relative to CF10-only, which is consistent with reduced DNA 

DSBs.   

The extent of apoptosis in FP-treated CRC cells was assessed by Western blot for 

cleaved caspase 3 (Fig. 3E) and caspase 3/7-Glo assay (Fig. 3G). Cleaved 

caspase 3 was not detected with either 5-FU or TFT treatment in HCT-116 cells 

with or without LV co-treatment (Fig. 3E) or LS174T, HCT15, and MC38 cells are 
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in Supplementary Fig. S8, S9, and S10. Cleaved caspase 3 was detected with 

CF10 treatment and CF10 also induced apoptosis relative to other treatments 

based on Caspase 3/7-Glo. Surprisingly although LV co-treatment with CF10 

decreased cell viability relative to single agent CF10 the extent of apoptosis 

induced by CF10+LV relative to CF10 was less (Fig 3E, G). Our results are 

consistent with the increased potency of CF10 relative to 5-FU and TFT in human 

and mouse CRC cells resulting from increased replication stress with ATR/Chk1 

and ATM/Chk2 DNA damage response pathways activated to counter the 

deleterious consequences of CF10-induced Top1cc and replication fork collapse 

resulting in apoptosis although non-apoptotic cell death processes may be 

stimulated by CF10/LV since increased potency correlates with reduced apoptosis.  

CF10 is highly effective at eradicating liver-metastatic tumor burden. 

     In previous studies, we established that CF10 displayed more potent antitumor 

activity than 5-FU in a mouse orthotopic model of primary colon cancer (HCT-

116/Balbc nu/nu) (4) and in a rat CRLM model (CC531/WAGRij) (5). In the latter 

study, rats were injected 1x/wk with 5-FU or CF10. To better emulate clinical dosing 

with 5-FU, which is usually done with infusion or bolus + infusion as in FOLFOX6 

(34), we evaluated the antitumor activity of 5-FU or CF10 infused over 7-days using 

an osmotic pump. Further, mice were adapted to a folate-restricted diet to study 

tumor progression and treatment response under more human-like folate levels. 

We compared the antitumor activity of 5-FU and CF10 with and without LV since 

5-FU is generally used with LV for CRC and our studies demonstrate that LV co-

treatment potentiates CF10 (Table 1). TFT, which is used to treat 3rd line mCRC at 
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part of TAS-102, was also tested in these studies. TFT was administered as a 

single agent (TAS-102 includes the Thymidine Phosphorylase inhibitor Tiperacil) 

and was infused over 7-days, identical to the schedule used for 5-FU and CF10 in 

these studies. All treatment groups received equivalent amounts of FP based on 

UV activity to account for the 10-fold higher FP content of CF10 on a molar basis. 

The results following 7-day infusion for 5-FU±LV and CF10±LV are shown in Fig. 

4 and for TFT±LV are shown in Supplementary Fig. S13.    

Liver-metastatic tumor burden was initiated by injecting MC38 cells into one 

lobe in the liver of C57Bl/6 mice (5,16). Seven days prior to tumor cell injection 

mice were adapted to a folate-restricted diet to develop human-like folate 

physiology which is important for evaluating the activity of FP drugs in rodents (35). 

Seven days post-injection tumor formation was validated in mice by fluorescence 

imaging using IVIS following injection of a fluorescent RGD peptide. Initial tumor 

levels were similar in all mice and tumor was localized to the liver (Fig. 4A).  
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Figure 4. CF10/LV is more effective than 5-FU/LV in a liver-metastatic CRC model 

under conditions of human-like folate levels. A,B IVIS images of tumor burden for 

indicated treatments at day 0 (A) and day 7 (B) post-treatment. (C) Tumor flux pre-

treatment (top) and post-treatment (bottom). (D) Mice weights pre-treatment (top) 

and post-treatment (bottom). 

Mice were treated with a 7-day infusion of one of the FPs (5-FU, CF10, TFT) via 

an Alzet mini-pump fitted with a jugular vein catheter. 5-FU was administered at 

100 mg/kg and doses of CF10 and TFT were matched to the 5-FU dose based on 

equal A260 absorbance. Groups of n=4 mice received (i) no treatment, (ii) single-

agent 5-FU, (iii) single-agent CF10, (iv) single-agent TFT, (v) single-agent LV, (vi) 
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5-FU+LV, (vii) CF10+LV, or (viii) TFT+LV. The effects of treatment on tumor 

progression were evaluated by IVIS imaging following completion of the 7-day 

infusion (Fig. 4B). All treatment groups, including single-agent LV, displayed 

reduced flux values consistent with tumor reduction (Fig. 4C). Among the three FP 

treatment groups, the flux decrease was least for single-agent 5-FU and while this 

decreased with LV co-treatment flux reduction with 5-FU+LV treatment was still not 

as large as for CF10 or TFT, either as single agents or in combination with LV. 

Substantial flux reduction was observed with CF10 and TFT treatment as single 

agents and in combination with LV (Fig 4C) (Supplementary Table S8).   

Mice in all groups tolerated treatment; however, weight loss was observed 

for all treatment groups except for single-agent CF10, for which mice gained weight 

during treatment. Weight loss was significant for 5-FU, 5-FU+LV, TFT, and TFT+LV 

(Supplementary Table S9). The largest weight loss occurred with 5-FU, and 

despite mice treated with single-agent LV losing weight, mice treated with 5-FU+LV 

lost less weight than for single-agent 5-FU. Weight loss for mice treated with 

CF10+LV was slightly less than for single-agent LV. Mice treated with single-agent 

TFT underwent significant weight loss but not as great as with 5-FU treatment and 

combining TFT+LV did not increase weight loss (Supplementary Table S9).   

To gain further insight into the effects of treatment on tumor progression, 

mice were euthanized 7-day post-treatment following IVIS imaging and livers were 

excised. H&E-stained sections from livers of  all treatment groups were blindly 

analyzed by a pathologist to evaluate tumor progression (Fig. 5A).  
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Figure 5. Pathological review of liver H&E sections from mouse liver metastasis 

study demonstrates CF10±LV eradicates liver metastases without scarring. (A) 

H&E-stained liver sections from mice with the indicated treatments (yellow arrows 

point to residual tumor and green arrows to scarring/inflammation). (B) 

Quantification of residual tumor from (A) was calculated by dividing the tumor area 

by the total area and multiplied by 100. p-values (n=4, ****p≤0.0001, *** p≤0.001, 

** p≤0.02). 
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Extensive tumors were found in livers from all control mice. However, all treatment 

groups, including single-agent LV, displayed reduced tumor burden relative to 

control (Supplementary Table S10). Treatment with 5-FU and 5-FU/LV was less 

effective relative to CF10 and TFT. CF10 as single agent and in combination with 

LV completely eradicated tumor with no early scarring or inflammation noted upon 

pathological review (Fig. 5A.B). TFT was effective in this tumor model however 

inflammation and early scar formation were noted (Fig. 5A, Supplementary Table 

S10) and unlike for CF10 and CF10/LV residual tumor was evident (Fig. 

5A,Supplementary Table S10). These results are consistent with the established 

clinical efficacy for 5-FU/LV and TFT (as part of Tiperacil) in CRLM treatment and 

indicate CF10 as single agent or as CF10+LV is likely to be highly active in treating 

liver-metastatic burden.  

Discussion 

     Fluoropyrimidine (FP) drugs are central to disease management for metastatic 

CRC patients, and treatment with FP-based regimens provides proven survival 

benefits. Many mCRC patients survive to receive three or more lines of 

chemotherapy, with each including an FP drug (2). The 5-FU/LV-based regimens 

FOLFOX and FOLFIRI are widely used in first- and second-line chemotherapy for 

mCRC, while TAS-102 that combines the FP TFT with the thymidine 

phosphorylase (TP) inhibitor Tiperacil is approved for 3rd line mCRC treatment for 

patients previously treated with 5-FU/LV and other drugs (2). While mCRC patients 

are increasingly living longer through optimizing drug scheduling  and sequential 

order, long-term survival remains rare, with only <14% of mCRC patients surviving 
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five years post-diagnosis. In this study, we highlighted the improved activity of a 

nanoscale DNA-based FP polymer, CF10, relative to the legacy FP drugs widely 

used in mCRC treatment, 5-FU and TFT. Importantly, we establish therapeutic 

benefit for CF10 relative to 5-FU with infusion dosing demonstrating the 

therapeutic advantages of CF10 cannot be achieved with 5-FU simply through 

schedule optimization.  

In previous testing in our laboratory (4) and in the NCI60 cell line screen (11), CF10 

and F10 displayed potency advantages substantially greater than anticipated 

based upon a 10-fold greater FP content exceeding 1,000-fold relative to 5-FU in 

some cancer cell lines (12). In these studies, we extended these findings in  the 

Broad Institute PRISM screen. AUC values, an indicator of drug potency with 

strong potency correlated with low AUC revealed much lower values for CF10 

relative to 5-FU and TFT consistent with increased potency broadly across all CRC 

cell lines tested (Fig. 1C,D; Supplementary TablesS1-3). While results from large 

cell screens can be extremely valuable and potentially enable dose-response data 

to be correlated with genomic and proteomic factors, screen data must be 

interpreted with caution since cell-compound interactions that may be important 

for predicting in vivo efficacy may not be represented ideally under the screening 

conditions. One factor identified as important for FP cytotoxicity is folate levels in 

culture media (9). In these studies, we tested the relative potency of CF10, 5-FU, 

and TFT in both complete media and in media with restricted folate (FR media) to 

better simulate human physiology. The potency advantage for CF10 relative to 5-

FU and TFT was retained to CRC cells in FR conditions (Fig. 2A-F, Table 1) 
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without causing increased cytotoxicity to non-malignant cells (Fig. 2G). A 

potentiating effect of LV co-treatment was also evident for CF10 in CRC cells 

cultured under FR conditions and was similar as for 5-FU (2.10- vs 3.12-fold for 

HCT-116) (Fig. 2A-F). The data support LV co-treatment being beneficial during 

CF10 clinical development. TFT potency was also increased by LV co-treatment, 

and although TAS-102 is not combined with LV, our studies indicate that doing so 

could benefit CRC patients.  

The cytotoxic mechanism responsible for CF10’s enhanced potency to CRC 

cells involves dual targeting of TS and Top1. The effects of CF10 on these enzymes 

are mediated through three metabolites, FdUMP, FdUTP, and AraCTP. Nuclease 

degradation of CF10 releases FdUMP without the multiple steps of anabolic 

metabolism required for the inefficient conversion of 5-FU to FdUMP (36,37). 

Western blots of TS from FP-treated cells cultured under FR conditions showed 

that with CF10, but not 5-FU treatment, TS was predominantly complexed with 

FdUMP and migrated as a band with slightly reduced intensity (TS CC; Fig 3A) a 

result consistent with higher FdUMP levels in CF10-treated cells. FdUMP not 

complexed with TS may be metabolized to FdUTP, and under the thymineless 

conditions caused by TS inhibition, FdUTP is incorporated into DNA during 

replication in place of thymidine. We previously established that FdU interferes with 

the re-ligation step of Top1 catalysis (11,14), resulting in the formation of a 

DNA:protein complex (i.e., Top1 cleavage complex (Top1cc). Similarly, AraCTP 

misincorporation into DNA results in Top1cc formation by a similar mechanism 

(14). Top1cc formed with either nucleoside analogs or classic Top1 poisons (e.g., 
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camptothecin) are converted to DNA double-strand breaks (DSBs) by collision with 

either an advancing replication fork or during transcription of the DNA containing 

the Top1cc (30-32). Our data show CF10/LV causes formation of Top1cc as 

evidenced from immunofluorescence (Supplementary Figure S12). Analysis of 

correlations from PRISM screen data for FPs (CF10, 5-FU, TFT) and SN-38 (the 

active metabolite of irinotecan - Supplementary Fig. S3), showed much stronger 

correlation for CF10 with SN-38 (5e-24), that for TFT (1.1e-16) or 5-FU (1.1e-4) 

(Supplementary Table S4). These results are consistent with CF10 inducing 

enhanced replication stress (Fig 3E,F) resulting from TS/Top1 dual targeting. This 

dual targeting contributes to CF10’s increased potency of CF10 relative to clinically 

used FPs. Our data demonstrate this mechanism occurs for CF10/LV and under 

folate-restricted conditions.     

The present studies also addressed whether CF10 could be more effective 

than 5-FU in the treatment of CRC liver metastasis under conditions of 

physiological folate. In clinical regimens, 5-FU may be administered by bolus 

injection, infusion, or both, with infusion often performed over ~46h (38). CF10 is 

a DNA-based FP polymer, and while clinical data are not available for CF10, there 

is clinical precedent for oligonucleotide activity with long infusions, such as 21 days 

(39). In the present studies, we tested CF10 and 5-FU with delivery of equivalent 

FP levels based on A260 absorbance and with infusion over seven days using an 

osmotic mini-pump fitted with a jugular vein catheter. We elected to test TFT under 

identical conditions. Thus, while TFT is orally administered as part of TAS-102 (40), 

we delivered the equivalent amount based on fluoropyrimidine monomer via the 
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same route to enable direct comparison of in vivo antitumor activity under similar 

conditions. Liver tumor masses were formed by the injection of MC38 mouse CRC 

cells into one lobe of the liver in syngeneic host C57BL/6 mice, similar to our 

previous study using a syngeneic rat model of orthotopic CRC liver metastasis 

(5,16). Mice have considerably higher folate levels than humans, and mice were 

fed a diet shown previously to reduce folate to more human-like levels (41). 5-FU 

and 5-FU/LV reduced tumor progression in this CRC liver metastasis model 

consistent with the clinical efficacy of 5-FU/LV in mCRC treatment. Consistent with 

previous studies in which we evaluated CF10 and 5-FU in primary colon cancer 

(4) and in a rat CRC liver metastasis model (5), CF10 was more effective than 5-

FU. These results extend previous findings in several ways important for CF10 

translation. The improved activity of CF10 relative to 5-FU is achieved in the 

context of relatively lower folate levels, more similar to human physiology. The 

strong antitumor activity of CF10 was also achieved without weight loss, while 

equivalent amounts of both 5-FU and TFT caused significant weight loss in treated 

mice. CF10 also caused no scarring of the liver which was evident with both 5-FU 

and TFT. Importantly, CF10 completely eradicated the liver tumor mass in this liver 

metastatic model which neither 5-FU±LV or TFT were able to do. Since infusion 

dosing was used for all treatments in this study and previous studies have shown 

increased efficacy for CF10 relative to 5-FU with bolus dosing our studies 

demonstrate an improved therapeutic benefit for CF10 regardless of schedule. 

CF10/LV displayed equivalent antitumor activity as single agent CF10 also without 
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weight loss or liver scarring and based on enhanced potency in cell-based assays 

the data support CF10/LV clinical development.  

     Overall, our findings demonstrate that CF10 is much more potent to CRC 

cells than FPs used in treatment regimens for mCRC. The increased potency for 

CF10 relative to 5-FU and TFT is general, as evidenced by lower AUC values over 

multiple CRC cell lines included in the Broad Institute PRISM screen, is maintained 

with folate restriction, and is associated with stronger TS inhibition and potent 

Top1cc formation consistent with mechanistic similarities to Top1 poisons. LV co-

treatment enhances CF10 cytotoxicity to CRC cells, and while the effect is less 

pronounced than for 5-FU, our results support LV co-treatment during CF10 

development. The finding of complete eradication of tumor mass in a CRC liver 

metastasis model with CF10 infusion while 5-FU/LV infusion only induced tumor 

regression but not eradication is encouraging for the clinical development of CF10. 

TFT was highly effective in this model, consistent with clinical activity, but 

treatment-related scarring was detected with TFT, which also caused weight loss. 

Our findings support advanced pre-clinical testing of CF10 and initiation of clinical 

studies with strong potential for CF10 to contribute to long-term survival in mCRC 

patients.  
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Figure Legends 

Supplementary Table S1. AUC values for CF10 and 5-FU from the PRISM screen 

(data are plotted in Fig 1C). 

Bowel cell lines PRISM 5FU CF10 AUC 09022024 

Depmap ID CF10 
AUC 
AUC 

FLUOROURACIL 
(BRD:BRD-
K24844714-001-
24-5) AUC Drug 
sensitivity AUC 
(PRISM 
Repurposing 
Secondary 
Screen) 

Primary Disease Cell Line 
Name 

Lineage 

ACH-
000982 

0.16 0.76 Colorectal 
Adenocarcinoma 

GP2D Bowel 

ACH-
000467 

0.15 0.83 Colorectal 
Adenocarcinoma 

HCC56 Bowel 

ACH-
000971 

0.34 0.89 Colorectal 
Adenocarcinoma 

HCT116 Bowel 

ACH-
000997 

0.32 0.86 Colorectal 
Adenocarcinoma 

HCT15 Bowel 

ACH-
000552 

0.48 0.87 Colorectal 
Adenocarcinoma 

HT29 Bowel 

ACH-
000957 

0.34 0.83 Colorectal 
Adenocarcinoma 

LS180 Bowel 

ACH-
000007 

0.43 0.65 Colorectal 
Adenocarcinoma 

LS513 Bowel 

ACH-
000296 

0.55 0.87 Colorectal 
Adenocarcinoma 

OUMS23 Bowel 

ACH-
000565 

0.24 0.86 Colorectal 
Adenocarcinoma 

RCM1 Bowel 

ACH-
000943 

0.48 0.86 Colorectal 
Adenocarcinoma 

RKO Bowel 

ACH-
000991 

0.51 0.80 Colorectal 
Adenocarcinoma 

SNU81 Bowel 

ACH-
000967 

0.58 0.83 Colorectal 
Adenocarcinoma 

SNUC2A Bowel 

ACH-
000959 

0.22 0.85 Colorectal 
Adenocarcinoma 

SNUC4 Bowel 

ACH-
000421 

0.75 0.89 Colorectal 
Adenocarcinoma 

SW837 Bowel 

average 0.40 0.83 
   



137 
 

      

 

Supplementary Table S3. AUC values for Trifluorothymidine and 5-FU from the 

PRISM screen (data are plotted in Supplementary Fig. S2). 

CF10 AUC AUC vs TRIFLURIDINE (BRD_BRD-K03243820-001-23-8)… 
 

Depmap 
ID 

CF10 
AUC 
AUC 

TRIFLURIDIN
E (BRD:BRD-
K03243820-
001-23-8) 
AUC Drug 
sensitivity 
AUC (PRISM 
Repurposing 
Secondary 
Screen) 

Primary Disease Cell 
Line 
Name 

Lineag
e 

ACH-
000982 

0.16 0.47 Colorectal 
Adenocarcinoma 

GP2D Bowel 

ACH-
000467 

0.15 0.59 Colorectal 
Adenocarcinoma 

HCC56 Bowel 

ACH-
000971 

0.34 0.67 Colorectal 
Adenocarcinoma 

HCT116 Bowel 

ACH-
000997 

0.32 0.63 Colorectal 
Adenocarcinoma 

HCT15 Bowel 

ACH-
000552 

0.48 0.71 Colorectal 
Adenocarcinoma 

HT29 Bowel 

ACH-
000957 

0.34 0.65 Colorectal 
Adenocarcinoma 

LS180 Bowel 

ACH-
000007 

0.43 0.45 Colorectal 
Adenocarcinoma 

LS513 Bowel 

ACH-
000296 

0.55 0.72 Colorectal 
Adenocarcinoma 

OUMS2
3 

Bowel 

ACH-
000565 

0.24 0.55 Colorectal 
Adenocarcinoma 

RCM1 Bowel 

ACH-
000943 

0.48 0.70 Colorectal 
Adenocarcinoma 

RKO Bowel 

ACH-
000991 

0.51 0.65 Colorectal 
Adenocarcinoma 

SNU81 Bowel 

ACH-
000967 

0.58 0.84 Colorectal 
Adenocarcinoma 

SNUC2
A 

Bowel 

ACH-
000959 

0.22 0.47 Colorectal 
Adenocarcinoma 

SNUC4 Bowel 

ACH-
000421 

0.75 0.65 Colorectal 
Adenocarcinoma 

SW837 Bowel 
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average 0.40 0.63 
   

 

Supplementary Table S4. Summary of p-values for the correlations of SN-38 with 

indicated drugs from the Broad Institute PRISM screen (all cell lines). Data plots 

are shown in Supplementary Fig S3. 

Drug p- value vs SN-38 

CPT 5e-37 

CF10 5e-24 

TFT 1.1e-16 

5-FU 1.1e-4 

  

 

Supplementary Table S5. Summary of GI50 values for LS174T CRC cell line for 

CF10, 5FU, TFT, and ± LV combination. Plots of data are shown in Supplementary 

Fig. S5. 
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Supplementary Table S6. Summary of GI50 values for HCT15 CRC cell line for 

CF10, 5FU, TFT, and ± LV combination. Plots of data are shown in Supplementary 

Fig. S6. 

 

 

Supplementary Table S7. Summary of GI50 values for MC38 CRC cell line for 

CF10, 5FU, TFT, and ± LV combination. Plots of data are shown in Supplementary 

Fig. S7. 
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Supplementary Table S8. Least squares means analysis of change in IVIS flux 

intensities during treatment (Delta IVIS Flux – 7 groups.   

group 

Mean 

delta_trt  

Control 385500000 

CF10 -402775000 

CF10LV -416250000 

FU -204500000 

FULV -298500000 

LV 216000000 

TFT -404100000 

TFT+LV -398025000 
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Pairwise Comparison – Using Bonferroni Adjusted P-value for significance 

(P<0.0017 is statistically significant (yellow)) 
Dependent Variable: delta_trt 

T-statistics and P-values Shown 

i/j 
Contro

l CF10 
CF10L

V FU FULV LV TFT 
TFT+L

V 

Control  
 

18.1 
<.0001 

18.45 
<.0001 

13.58 
<.0001 

15.7 
<.0001 

3.9 
0.0007 

18.17 
<.0001 

18.03 
<.0001 

CF10 -18.1 
<.0001 

 
 

0.31 
0.7591 

-4.56 
0.0001 

-2.40 
0.0245 

-14.24 
<.0001 

0.03 
0.97 

-0.109 
0.91 

CF10LV -18.45 
<.0001 

-0.31 
0.75 

 
 

-4.87 
<.0001 

-2.71 
0.0122 

-14.55 
<.0001 

-0.279 
0.78 

-0.419 
0.67 

FU -13.58 
<.0001 

4.564 
0.0001 

4.87 
<.0001 

 
 

2.16 
0.0406 

-9.68 
<.0001 

4.59 
0.0001 

4.45 
0.0002 

FULV -15.7 
<.0001 

2.40 
0.0245 

2.71 
0.0122 

-2.16 
0.0406 

 
 

-11.84 
<.0001 

2.43 
0.0229 

2.29 
0.0310 

LV -3.9 
0.0007 

14.24 
<.0001 

14.55 
<.0001 

9.68 
<.0001 

11.84 
<.0001 

 
 

14.27 
<.0001 

14.13 
<.0001 

TFT -18.17 
<.0001 

-0.03 
0.97 

0.279 
0.78 

-4.59 
0.0001 

-2.43 
0.0229 

-14.27 
<.0001 

 
 

-0.139 
0.889 

TFT+LV -18.03 
<.0001 

0.109 
0.91 

0.419 
0.67 

-4.45 
0.0002 

-2.29 
0.0310 

-14.13 
<.0001 

0.139 
0.889 
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Supplementary Table S9. Least squares means analysis of change in weight 

during treatment. Delta weight – 7 groups.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

group 

Mean 

delta_weight  

Control 1.33750000 

CF10 0.72500000 

CF10LV -0.14000000 

FU -5.41250000 

FULV -3.79250000 

LV -0.78500000 

TFT -1.62500000 

TFT+LV -2.12500000 

Pairwise Comparison – Using Bonferroni Adjusted P-value for significance 

(P<0.0017 is statistically significant (yellow))  

Dependent Variable: delta_weight 

T-statistics and P-values Shown 

i/j Control CF10 CF10LV FU FULV LV TFT TFT+LV 

Control  

 

1.53 

0.1377 

3.704662 

0.0011 

16.92485 

<.0001 

12.86289 

<.0001 

5.321925 

<.0001 

7.428129 

<.0001 

8.681822 

<.0001 

CF10 -1.53 

0.1377 

 

 

2.168888 

0.0402 

15.38908 

<.0001 

11.32711 

<.0001 

3.786152 

0.0009 

5.892355 

<.0001 

7.146048 

<.0001 

CF10LV -3.70466 

0.0011 

-2.16889 

0.0402 

 

 

13.22019 

<.0001 

9.158225 

<.0001 

1.617264 

0.1189 

3.723467 

0.0011 

4.97716 

<.0001 

FU -16.9249 

<.0001 

-15.3891 

<.0001 

-13.2202 

<.0001 

 

 

-4.06196 

0.0005 

-11.6029 

<.0001 

-9.49672 

<.0001 

-8.24303 

<.0001 

FULV -12.8629 

<.0001 

-11.3271 

<.0001 

-9.15822 

<.0001 

4.061964 

0.0005 

 

 

-7.54096 

<.0001 

-5.43476 

<.0001 

-4.18106 

0.0003 

LV -5.32193 

<.0001 

-3.78615 

0.0009 

-1.61726 

0.1189 

11.60293 

<.0001 

7.540961 

<.0001 

 

 

2.106204 

0.0458 

3.359896 

0.0026 

TFT -7.42813 

<.0001 

-5.89236 

<.0001 

-3.72347 

0.0011 

9.496722 

<.0001 

5.434758 

<.0001 

-2.1062 

0.0458 

 

 

1.253693 

0.2220 

TFT+LV -8.68182 

<.0001 

-7.14605 

<.0001 

-4.97716 

<.0001 

8.243029 

<.0001 

4.181065 

0.0003 

-3.3599 

0.0026 

-1.25369 

0.2220 
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Supplementary Table S10. Summary of pathological review of liver 

scarring/inflammation and % tumor burden  
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          Supplementary Fig S1. Structure of CF10. 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig S2. AUC values for Trifluorthymidine and 5-FU from the 

PRISM screen. 

A 

LS513

OUMS23

SW837

HCC56

HT29

RCM1

RKO
LS180
SW48

SNUC4

SNUC2A

HCT116

GP2D

SNU81HCT15

.4

.5

.6

.7

.8

.9

.1 .2 .3 .4 .5 .6 .7 .8 .9TR
IF

LU
RI

D
IN

E 
AU

C

FLUOROURACIL ACU

FLUOROURACIL v TRIFLURIDINE



145 
 

 

 

 

 

 

 

 

 

Supplementary Fig. S3. Plots of AUC for SN-38 vs (A) 5-FU, (B) CF10, and C 

TFT. P-values are summarized in Supplementary Table S4. 
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Supplementary Fig. S4. Comparison of cell viability in ATCC-recommended 

media (CM) and media with human-like folate levels (FR). (A) Photomicrographs 

of cells showing similar morphology and viability in CM and FR media; (B) % 

confluency in 96 well plates as a function of time showing similar growth rates in 

FR and ATCC-recommended media; (C) % viability for the indicated cell line in 

response to treatment with each of the three FPs (CF10, TFT, 5-FU) in ATCC-

recommended and FR media.  
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Supplementary Fig. S5. Summary of GI50 values for LS174T CRC cell line for 

CF10, 5FU, TFT, and ± LV combination. CF10 is much more potent to CRC cell 

than 5-FU and TFT on both standard media and folate-restricted media. LV 

potentiates the cytotoxicity of CF10 to a similar extent as 5-FU.   
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Supplementary Fig. S6. Summary of GI50 values for HCT15 CRC cell line for 

CF10, 5FU, TFT, and ± LV combination. CF10 is much more potent to CRC cell 

than 5-FU and TFT on both standard media and folate-restricted media. LV 

potentiates the cytotoxicity of CF10 to a similar extent as 5-FU.   
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Supplementary Fig. S7. Summary of GI50 values for MC38 CRC cell line for 

CF10, 5FU, TFT, and ± LV combination. CF10 is much more potent to CRC cell 

than FP drugs.   
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Supplementary Fig. S8. CF10 promotes TS classic complex (TS CC) formation 

and activates the ATR/Chk1 and ATM/Chk2 DNA damage response pathways in 

LS174T cells under folate-restricted culture conditions. A, Western blot for 5-FU 

± LV, CF10 ± LV, and TFT ± LV detecting the TS CC and unbound TS; B,C 

Quantification of TS CC and total TS levels; D, effect of thymidine (80 uMol) and 

uridine (1 mMol) co-treatment on HCT-116 cell viability in FR media for 5-FU+LV 

(red), CF10+LV (blue), and TFT+LV (green). FP+LV was dosed at IC50 for 48h 

shown in Figure 2. Experiments done in triplicate ± SEM (***p ≤ 0.0002, **p 

≤0.002, *p ≤ 0.03). Decreased cell viability for CF10+LV and TFT+LV is partly 

reversed by thymidine co-treatment but not for 5-FU+LV. E, Western blot for 5-FU 

± LV, CF10 ± LV, and TFT ± LV detecting protein biomarkers for activation of the 

ATR/Chk1 (pChk1-S317, pRPA32-S33) and the ATM/Chk2 (pChk2-T68) DNA 

damage response pathways. Upregulation of the homologous recombination 

A    

 

F
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protein Rad 51 involved in DNA double strand break repair and of cleaved 

caspase 3 is also shown. F, quantification of E for pChk1-S317; pRPA32-S33; 

Rad 51 levels from densitometry of E.   

 

 

Supplementary Fig. S9. CF10 promotes TS classic complex (TS CC) formation 

and activates the ATR/Chk1 and ATM/Chk2 DNA damage response pathways in 

HCT15 cells under folate-restricted culture conditions. A, Western blot for 5-FU ± 

LV, CF10 ± LV, and TFT ± LV detecting the TS CC and unbound TS; B,C 

Quantification of TS CC and total TS levels; D, effect of thymidine (80 uMol) and 

uridine (1 mMol) co-treatment on HCT-116 cell viability in FR media for 5-FU+LV 

(red), CF10+LV (blue), and TFT+LV (green). FP+LV was dosed at IC50 for 48h 

shown in Figure 2. Experiments done in triplicate ± SEM (***p ≤ 0.0002, **p 

≤0.002, *p ≤ 0.03). Decreased cell viability for CF10+LV and TFT+LV is partly 

A    

 

F
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reversed by thymidine co-treatment but not for 5-FU+LV. E, Western blot for 5-FU 

± LV, CF10 ± LV, and TFT ± LV detecting protein biomarkers for activation of the 

ATR/Chk1 (pChk1-S317, pRPA32-S33) and the ATM/Chk2 (pChk2-T68) DNA 

damage response pathways. Upregulation of the homologous recombination 

protein Rad 51 involved in DNA double strand break repair and of cleaved 

caspase 3 is also shown. F, quantification of E for pChk1-S317; pRPA32-S33; 

Rad 51 levels from densitometry of E.  
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Supplementary Fig. S10. CF10 promotes TS classic complex (TS CC) formation 

and activates the ATR/Chk1 and ATM/Chk2 DNA damage response pathways in 

MC38 cells under folate-restricted culture conditions. A, Western blot for 5-FU ± 

LV, CF10 ± LV, and TFT ± LV detecting the TS CC and unbound TS; B,C 

Quantification of TS CC and total TS levels; D, effect of thymidine (80 uMol) and 

uridine (1 mMol) co-treatment on HCT-116 cell viability in FR media for 5-FU+LV 

(red), CF10+LV (blue), and TFT+LV (green). FP+LV was dosed at IC50 for 48h 

shown in Figure 2. Experiments done in triplicate ± SEM (***p ≤ 0.0002, **p 

≤0.002, *p ≤ 0.03). Decreased cell viability for CF10+LV and TFT+LV is partly 

reversed by thymidine co-treatment but not for 5-FU+LV. E, Western blot for 5-FU 

± LV, CF10 ± LV, and TFT ± LV detecting protein biomarkers for activation of the 

ATR/Chk1 (pChk1-S317, pRPA32-S33) and the ATM/Chk2 (pChk2-T68) DNA 

damage response pathways. Upregulation of the homologous recombination 
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protein Rad 51 involved in DNA double strand break repair and of cleaved 

caspase 3 is also shown. F, quantification of E for pChk1-S317; pRPA32-S33; 

Rad 51 levels from densitometry of E 

 

 

Supplementary Fig. S11. CF10 and CF10/LV are effective at reducing TS 

enzymatic activity. CF10 and LV were used at 10 nM while 5-FU and TFT were 

used at 100 nM. TS activity was determined using a 3H-release assay by 

scintillation counting with activity expressed as %-activity relative to untreated 

controls. Drug treatment was for 24h in HCT-116 cells.  

.  
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(A) 

      

(B) 

 

 

 

 

 

 

 

Supplementary Fig. S12. CF10 and CF10/LV induce Top1cc in HCT-116 cells 

(A) and are much more potent than 5-FU±LV or TFT± LV at inducing pH2AX, a 

marker of DNA DSBs (B). 
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Supplementary Fig. S13. TFT and TFT/LV are effective in a liver-metastatic 

CRC model under conditions of human-like folate levels. A,B IVIS images of 

tumor burden for indicated treatments at day 0 (A) and day 7 (B) post-treatment. 



157 
 

(C) Tumor flux pre-treatment (top) and post-treatment (bottom). (D) Mice weights 

pre-treatment (top) and post-treatment (bottom). 
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Abstract 

Aim: Acquired resistance to 5-fluorouracil/leucovorin (5-FU/LV) frequently 

develops during treatment of metastatic colorectal (mCRC) but the causes are 

incompletely understood. We aim to: (i) identify the causes of 5-FU/LV resistance 

under physiological folate; and (ii) to determine if a polymeric fluoropyrimidine (FP) 

CF10 remains potent to CRC cells selected for 5-FU/LV-resistance. 

Methods: 5-FU/LV-resistant CRC cells were selected by repeated passage with 

increasing 5-FU/LV concentrations and resistance factors were calculated from 

dose response studies. Basal and treatment-induced thymidylate synthase (TS), 

Myc, and ABCB5 were determined by RT-qPCR and Western blot. TS activity was 

determined using an in situ 3H-release assay. DNA topoisomerase 1 cleavage 

complexes (Top1cc) and DNA double strand breaks (DSBs) were determined by 

immunofluorescence. 

Results: Acquired resistance to 5-FU/LV with physiological folate was associated 

with a <1.5-fold increase in basal TS levels however with either 5-FU/LV or 

CF10/LV treatment TS levels were elevated ~5-fold by Western blot but only ~2-

fold by RT-qPCR. CF10 remained very potent to CRC cells selected for 5-FU/LV 

resistance and CF10 effectively induced TS ternary complex formation and 

inhibited TS catalytic activity in 5-FU/LV-resistant CRC cells. c-Myc was expressed 

at ~4-fold higher levels in 5-FU/LV-resistant CRC cells but Myc was barely 

detectable with CF10/LV treatment. The Myc-target ABCB5 which is an established 

factor in resistance to 5-FU and other drugs was substantially downregulated with 

CF10/LV but not 5-FU/LV treatment.    
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Conclusion: Acquired 5-FU/LV resistance was associated with FP-induced TS, 

elevated Myc and ABCB5. There is minimal cross-resistance to CF10 in 5-FU/LV-

resistant CRC cells consistent with its use in treating 5-FU/LV-resistant mCRC.  

Keywords: fluoropyrimidine, thymidylate synthase, DNA Topoisomerase 1, Myc, 

ABCB5, CF10  
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Introduction 

The fluoropyrimidine (FP) drug 5-fluorouracil (5-FU) is central to the management 

of metastatic colorectal cancer (mCRC) with 5-FU-based regimens (FOLFOX, 

FOLFIRI) being administered to most mCRC patients[1]. While the majority of 

mCRC patients initially respond to 5-FU-based chemotherapy, acquired resistance 

develops in nearly all patients[2] [Figure 1]. Thus, while survival for mCRC patients 

enrolled in clinical trials now exceeds 30 months during which many patients 

receive three or more lines of FP-based chemotherapy, long-term survival remains 

rare[3]. An increased understanding of the causes of acquired 5-FU resistance thus 

remains an important objective in cancer research as does the development of 

next generation FP therapeutics to overcome the limitations of current 5-FU-based 

therapy[4]. 
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Figure 1. Resistance to 5-FU/LV converges on lack of efficacy in inhibiting TS due 

to: (i) elevated TS expression; (ii) inefficient conversion to the TS inhibitory 

metabolite FdUMP; and/or (iii) activation of the c-Myc/ABCB5 axis. CF10 is 

efficiently converted to FdUMP resulting in strong TS inhibition even when the 

enzyme is expressed at elevated levels. 
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patients[11]. For this reason, 5-FU is nearly always administered with leucovorin 

(N5-formyl tetrahydrofolate) for cancer treatment to promote TS inhibition despite 

5-FU’s inefficient conversion to FdUMP[12]. 

Multiple studies have investigated the mechanistic basis for 5-FU resistance in 

CRC[2]. A common theme among the majority of studies is that 5-FU resistance 

generally results from decreased TS inhibition that is due to either: (i) increased 

TS levels; (ii) decreased conversion of 5-FU to FdUMP; or (iii) increased 

breakdown of FdUMP or its cellular efflux [Figure 1]. To overcome resistance to 5-

FU we developed CF10[13-16], a 2nd generation FP polymer that directly releases 

FdUMP. CF10 is much more potent that 5-FU to CRC cells (>300-fold on average 

in the NCI60 cell line screen)[13] and increased potency corresponds to strong TS 

inhibition by CF10 at correspondingly lower doses relative to 5-FU. In previous 

studies we have shown that FP polymers such as CF10 are highly effective in CRC 

cells selected for acquired resistance to 5-FU due to elevated TS expression[17]. In 

addition to its enzymatic function TS is an RNA binding protein that autoregulates 

its own expression and the expression of other proteins, notably c-Myc and p53, 

through mRNA binding and translational repression[18]. The function of TS as an 

RNA-binding protein is modulated by formation of the FdUMP/MeTHF/TS ternary 

complex which relieves autoregulation to enable increased TS expression under 

conditions of TS inhibition[19]. The binding affinity of TS for its own mRNA and for 

c-myc is similar[20]. Hence, strong TS inhibition that reduces binding of TS mRNA 

could decrease c-Myc levels due to increased binding of c-myc mRNA by TS, 

inhibiting its translation. Decreased Myc levels in turn alter its translational program 
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that is fundamental to determining the balance between proliferation and cell 

death[21]. Among the Myc targets that have an established role in mediating 

resistance to 5-FU[22] and other drugs is ABCB5[23] which is involved in promoting 

a cancer stem cell phenotype[24]. 

The purpose of this study is to characterize the role of TS elevation in CRC cells 

selected for acquired resistance to 5-FU/LV under conditions of human-like folate 

levels and to determine if CF10 remains effective in these cells. Although multiple 

previous studies have investigated acquired 5-FU resistance[2,25-27] and shown 

increased TS and TYMS levels this is the first study to adapt cells to culture 

medium that includes human-like folate levels[28] and to select for resistance to 5-

FU/LV in similar conditions as occur clinically. We find that in multiple CRC cell 

lines there is minimal constitutive change in TS at either the protein or mRNA level 

but that 5-FU/LV treatment results in elevated TS levels that contribute to 5-FU/LV 

resistance. Given the interplay between TS and Myc regulation[18] we also 

investigate perturbation in Myc and its direct transcriptional target ABCB5. We find 

that CF10 remains effective in CRC cells selected for 5-FU/LV resistance despite 

causing similar induction of TS and this retained potency is associated with 

downregulation of c-Myc and ABCB5 at both the mRNA and protein levels. 
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Methods 

Cell lines and Drugs 

All parental colorectal cancer (CRC) cells (HCT116 (RRID:CVCL_0291), HCT15 

(RRID:CVCL_0292), LS174T (RRID:CVCL_1384), and MC38 

(RRID:CVCL_B288)) and 5FU-LV resistant CRC cells (HCT116R, HCT15R, 

LS174TR, MC-38R) were cultured using folate-restricted (FR) media (folic acid-free 

RPMI 1640 supplemented with 40nM of 5-methyltetrahydrofolate and 0.1nM of 

sodium L-ascorbate)[28], confirmed by short tandem repeat analysis, and 

repeatedly tested negative for Mycoplasma. The 5FU/LV resistance CRC cells 

were generated through a repeated passage in drug-containing FR media (0.1 

to10µM) containing 5FU+LV. Clinical grade 5-FU (50 mg/mL) was purchased from 

the Baptist Hospital clinical pharmacy, and its concentrations were calculated 

based on the dilution of the established stock concentration. CF10 was obtained 

from ST Pharma, confirmed by high-resolution mass spectrometry, and dissolved 

in 0.9% sterile saline. Its concentrations were matched to deliver equivalent 

nucleoside content to an established dose of 5-FU based on UV absorbance at 

260 nm. 

Cell Viability and Resistant Assay 

CRCP and CRCR cells were plated in 96-well, white flat bottom plates, allowing 48 

h for the cells to adhere to the plate and begin to grow exponentially until they 

reached about 25% confluency. To test for 5-FU/LV resistance, 2500 cells per well, 

both the CRC Parental (CRCP) and 5-FU/LV-resistant (CRCR) cells, were seeded 
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in 96 well plates and allowed to attach for 24 hours. After 24 hours, the cells were 

pre-treated for 2 hours with LV before adding 5-FU and then incubated for 96 hours 

at 37oC in 5% CO2. Cell viability was assessed using Aqueous-one (Promega) 

following the manufacturer’s instructions. Resistance factors were calculated 

based on the ratio of IC50 values for CRCP and CRCR cells. All experiments were 

performed in triplicate.    

Clonogenic assay   

A modified clonogenic assay assessed the potency of CF10 and 5-FU in CRCP 

and CRCR cells. The CRC cells were plated in 24-well plates in FR media, and 

after 24 hours, they were treated with the indicated concentration of CF10 or 5-FU 

for 72 hours. The media were replaced after drug treatment, while the cells were 

allowed to grow for 168 hours. Cell proliferation was evaluated using the Aqueous 

One (Promega) reagent, following the manufacturer’s instructions, after the cell 

solution was transferred to 96-well plates. Apoptosis was evaluated using Caspase 

3/7-Glo reagent (Promega) following the manufacturer’s instructions.  

Western Blotting  

Proteins were isolated, and their differential expressions were analyzed by 

Western blot, as described previously[15]. Briefly, both CRCP and CRCR treated 

cells (LV, 5FU, 5FU+LV, CF10, CF10+LV) were lysed using RIPA buffer (50 mM 

Tris HCl at pH 7.4, 150 mM NaCl, 1% Triton X-100 or NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, 1 mM EDTA, and 10 mM NaF freshly supplemented with 

protease and phosphatase inhibitors). The protein concentrations were quantified 
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using a Bradford assay (Bio-Rad), and the samples were normalized for equal 

loading. All samples were then heated to 95°C for 10 min in the presence of 6x 

Laemmli buffer (Boston Bio-Products; Milford, MA, USA). The proteins were 

resolved using SDS-PAGE, and their expression was analyzed following 

immunoblotting using specific antibodies. The following antibodies were used in 

this study: Thymidylate Synthase (Cell Signaling Technology Cat# 3766, RRID: 

AB_2210584), Myc (Cell Signaling Technology Cat# 18583, 

RRID:AB_2895543),p53 (Cell Signaling Technology Cat# 2524, 

RRID:AB_331743), ABCB5 (Thermo Fisher Scientific Cat# PA5-114801, 

RRID:AB_2899437), and β-actin (Santa Cruz Biotechnology Cat# sc-47778, 

RRID: AB_626632). 

Immunofluorescence Assay 

Immunofluorescence detection of pH2AX (Cell Signaling Technology Cat# 2577, 

RRID:AB_2118010) was performed in drug-treated both CRCP and CRCR cells that 

were fixed and permeabilized using 100% cold methanol and then processed as 

previously described[29]. Top1cc were detected using a primary antibody specific to 

the cleavage complex (gift of Dr. S. Kaufmann) using procedures like those 

previously described[29]. Top1cc foci were captured using Olympus Confocal Laser 

Scanning Microscope Fluoview FV3000 (RRID:SCR_017015) and Quantification 

of Top1cc foci was done via ImageJ by counting at least 100 cells that were 

declared positive if they had >50 foci per nuclei.  
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RNA isolation and real-time PCR 

Total RNA was isolated from CRCP and CRCR cells treated with LV, 5-FU, 5-FU + 

LV, CF10, CF10 + LV using RNeasy mini kit QIAGEN (RRID:SCR_008539). The 

Thermo Scientific NanoDrop One/OneC Microvolume UV Vis Spectrophotometer 

(RRID:SCR_023005) was used to determine the quality and quantity of RNA 

samples. cDNA synthesis was performed using the iScript™ cDNA Synthesis Kit 

(Bio-Rad #:1708891). Realtime PCR was performed using Bio-Rad CFX96 Real-

Time PCR Detection System (RRID:SCR_018064) and the iTaq SYBR Green 

supermix (Bio-Rad #: 1725121). The primers for qRT-PCR were all purchased from 

OriGene Technologies Inc. 

TS (human):  Forward: 5′-GGTGTTTTGGAGGAGTTGCTGTG-3′,  

Reverse: 5′-GGAGAATCCCAGGCTGTCCAAA-3′;  

Myc (human): Forward: 5′-CCTGGTGCTCCATGAGGAGAC-3′,  

Reverse: 5′-CAGACTCTGACCTTTTGCCAGG-3′;  

ABCB5 (human): Forward: 5′-TTTGCCTATGCGGCAGGGTTTC-3′,  

Reverse: 5′-CAAAACGAGCGTTTCTCCGATGG-3′;  

β-actin (human): Forward: 5′- CACCATTGGCAATGAGCGGTTC-3′,  

Reverse: 5′-AGGTCTTTGCGGATGTCCACGT-3′,  

β-actin were used as an internal standard to normalize the relative expressions of 

the mRNAs. The RT-PCR reaction settings were Stage 1: Activation: 50 °C for 2 

min; Stage 2: pre-soak:95 °C for 10 min; Stage 3: Denaturation: 95 °C for 15 sec, 
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Annealing: 60°C for 1 min for 40 cycles; Stage 4: Melting curve: 95°C for 15 sec, 

60°C for 15 sec, 95°C for 15 sec. The relative expressions were analyzed by the 

2−ΔΔCt method and experiments were performed in triplicate.  

TS Activity Assay 

A TS in situ activity assay was performed as previously described[30]; PMID: 

10554030) to provide a quantitative indication of intracellular inhibition of TS 

activity following drug treatment. ~0.5x106 HCT-116 (RRID:CVCL_0291) and 

HCT116R cells were plated in each well of a 6-well plates and cells were allowed 

to attach for 24h then treated with either LV, 5-FU, 5-FU + LV, CF10, or CF10 + LV 

for 48h. For the last 2h, [5-3H]-2’-deoxyuridine (Moravek) 0.16 Ci/mmol; final 

concentration 2.5 µM was present. 150 µL of media from each well was added to 

an ice-cold suspension containing 750 µL of charcoal with 0.5% T-70 dextran and 

2.5% BSA) and 150 µL of 35% trichloroacetic acid. After centrifugation a portion of 

the supernatant was counted by liquid scintillation counting and enzyme activities 

were expressed as a percent relative to drug-free control. 

Statistical Analysis 

GraphPad Prism 10.2.0 GraphPad Prism (RRID:SCR_002798) was used for all 

statistical analyses. Experiments were conducted in triplicate ± SEM, used for 

analysis, and appropriate one-way ANOVA tests with recommended Tukey 

corrections were conducted, with p < 0.05 indicating significance. 
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Results 

Acquired resistance to 5-FU/LV occurs through treatment-induced TS 

elevation 

In multiple previous studies 5-FU-resistant CRC cells were generated through 

repeated passage in media containing increasing concentrations of 5-FU [2,25-27]. 

However, in the present studies we repeatedly passaged human CRC cells 

(HCT116, LS174T, HCT15) in the presence of 5FU/LV since 5-FU is nearly always 

used with LV in combination chemotherapy regimens for CRC. We also performed 

the selection by repeated passage in media with restricted folate levels to better 

simulate human physiology. After selection by repeated passage of parental cells 

(e.g. HCT116P) over >4 months in 5-FU/LV, we tested cells for the extent of 

resistance and found HCT116 5FU/LV-resistant (HCT116R) cells were 27.3-fold 

less sensitive to 5-FU/LV relative to the corresponding parental cells [Figure 2A] 

[Table 1]. Resistant LS174T and HCT15 cells showed similar resistance factors 

relative to the corresponding parental cells (27.1- and 19.9-fold [Figure 2A] [Table 

1]. Importantly, all CRC cell lines selected for resistance to 5-FU/LV remained 

highly sensitive to CF10 and HCT116R cells were only 3.14-fold less sensitive to 

CF10 than HCT116P cells with other CRC cell lines showing similar moderate 

changes in sensitivity [Figure 2B] [Table 1].  

 

 

 



171 
 

          

Figure 2. Dose response of parental (green) and 5-FU/LV-resistant (red) CRC cells 

to 5-FU/LV in HCT116 (A), LS174T (B), and HCT15 (C) cells. Dose response to 

CF10/LV is shown in HCT116 (D), LS174T (E), and HCT15 (F) parental (green) 

and 5-FU/LV-resistant (red) cells. IC50 values and resistance factors for each CRC 

cell line are summarized in Table 1. 

 

Table 1. Summary of IC50 values for 5-FU/LV (µM) and CF10/LV (nM) and 

resistance factors. 
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Since TS is an established target of 5-FU/LV we performed Western blot and RT-

qPCR to determine to what extent resistance in selected cells was associated with 

increased TYMS expression and increased TS protein levels. Quantification of 

Western blot images revealed TS was upregulated ~2-fold in HCT116R cells 

[Figure 3A] and similar increases were observed for LS174T [Supplementary 

Figures 2 and 3], and HCT15 cells [Supplementary Figures 4 and 5]. RT-qPCR 

revealed less of an increase in TYMS mRNA, ~1.2-fold in HCT116R cells [Figure 

3C] [Supplementary Figure 1] and in LS174T [Supplementary Figures 2 and 3], 

and HCT15 cells [Supplementary Figure 4 and 5]. We next investigated if TS levels 

were altered in response to treatment in FU/LV-R cells relative to parental cells. 

Treatment of HCT116P cells resulted in no significant change in TS mRNA or 

protein levels under any of the treatment conditions tested. However, TS mRNA 

levels were increased in HCT116R cells, and the magnitude of increase (~2-fold) 

was similar for both 5-FU/LV and CF10/LV treatment and this occurred with and 

without LV co-treatment [Figure 3C]. Similar trends were found for TS protein levels 

with 5-FU and CF10 treatment [Supplementary Figure 1], but the effects were 

larger at the protein level (~7-fold) than for TYMS mRNA (~2-fold)) in HCT116R 

cells [Figure 3A-C] and the other CRC cell lines selected for 5-FU/LV-resistance 

[Supplementary Figures 2-5]). Similar increases in TS were not detected with 

treatment in any of the parental CRC cell lines. 
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Figure 3. 5-FU/LV (10 mM, 1 mM) and CF10/LV (1 mM, 1 mM) treatment for 24h 

increase TS at both the protein (A,B) and mRNA (C) levels in HCT116R cells but 

only CF10/LV promotes ternary complex formation (TSCC) and efficient inhibition 

of TS enzymatic activity (D). * p<0.03; **** p < 0.0001 

  

A 

B C 
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To determine if increased TS levels induced by 5-FU/LV or CF10/LV treatment in 

FU/LV-R CRC cells were a cause of resistance we evaluated TS ternary complex 

formation based on decreased mobility on PAGE gels with Western blot detection 

(e.g. TS classic complex (TS CC) [Figure 3A]). We also evaluated TS enzymatic 

activity using a TS in-situ enzyme activity assay (TSIA) based on 3H2O formation 

from [5-3H]-dUMP [Figure 3D]. The mobility of TS in untreated and 5-FU/LV treated 

cells was similar consistent with 5-FU/LV treatment (10 mM, 1 mM; 24h) not being 

effective in promoting TS ternary complex (TSCC) formation in HCT116R cells 

[Figure 3A]. In contrast, with CF10/LV treatment (1 mM, 1 mM; 24h) TS mobility 

was decreased consistent with TS ternary complex formation. We also performed 

TSIA assays evaluating treatment effects on inhibiting TS enzymatic activity. 

CF10/LV was effective in reducing TS enzymatic activity in both HCT116P and 

HCT116R cells. In contrast, 5-FU/LV was less effective than CF10/LV in reducing 

TS enzymatic activity in HCT116P cells not effective at reducing TS enzymatic 

activity in HCT116R cells [Figure 3D]. The corresponding data for the single drugs 

in HCT116R cells showed similar trends [Supplementary Figure 1] and in LS174T 

and HCT15 cells [Supplementary Figures2-5]. Collectively these studies showed 

that the increased TS levels in CRCR cells render 5-FU/LV ineffective at inducing 

TS ternary complex formation and inhibiting TS enzymatic activity while CF10/LV 

remains effective in TS inhibition in CRCR cells despite higher enzyme levels.  

Myc is elevated in 5-FU/LV-resistant cells and is downregulated by CF10/LV 

Myc is elevated in multiple cancers, including CRC, driving proliferation, and 

upregulating a transcriptional program that contributes to drug resistance. Myc 
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expression is translationally regulated by TS binding to its cognate mRNA[20]; 

hence treatments that affect TS levels could also alter Myc, affecting proliferation 

and drug resistance. The pattern of Myc expression in CRCR cells parallels that for 

TS at baseline in the absence of treatment with Myc levels ~4-fold higher at the 

protein level and ~2-fold higher at the mRNA level in HCT116R cells relative to 

parental cells [Figure 4A-C] [Supplementary Figure 6] with similar trends in 

LS174T and HCT15 cells [Supplementary Figures 7-10]. As for TS, treatment of 

parental cells with either 5-FU/LV or CF10/LV had minimal effect on Myc levels. 

However, in contrast to the increase in TS levels observed with treatment in 

HCT116R cells treatment decreased Myc at both the mRNA and protein level in 

HCT116R cells. 5-FU/LV treatment decreased Myc mRNA and protein relative to 

non-treated control cells however Myc levels were still elevated 1.5-fold (mRNA) 

and 2-fold (protein) in 5-FU/LV-treated HCT116R cells relative to similarly treated 

HCT116P cells [Figure 4A-C]. The effect of CF10/LV on Myc levels in HCT116R 

cells was striking with Myc barely detectable at either the mRNA or protein level in 

HCT116R cells with CF10/LV treatment [Figure 4A-C]. Similar effects on CF10/LV 

reduction of Myc levels were detected in LS174TR and HCT15R cells 

[Supplementary Figures 7-10].   

The effects of elevated Myc in mediating resistance to 5-FU and other drugs have 

implicated ABCB5 as an important direct target of Myc that mediates drug 

resistance[22]. To determine if ABCB5 levels were altered in CRC cells selected for 

5-FU/LV acquired resistance we evaluated ABCB5 levels both by Western blot 

[Figure 4D,E] [Supplementary Figure 6] and RT-qPCR [Figure 4F] 
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[Supplementary Figure 6]. The principal difference in Western blots for ABCB5 in 

5-FU/LV-resistant cells relative to parental cells was the appearance of three 

additional bands with slightly increased mobility relative to the major band detected 

at ~89kDa. ABCB5 undergoes alternative splicing to produce multiple protein 

products, and the new bands detected in 5-FU/LV-resistant CRC cells are likely 

due to alternatively spliced products (proteomics analysis is in progress). 

Treatment with 5-FU/LV resulted in slight intensification of one band [Figure 4D,E]. 

In contrast, none of the additional bands attributed to ABCB5 alternative splicing 

were detected in HCT116R cells treated with CF10/LV. Further, CF10/LV treatment 

resulted in ABCB5 mRNA levels being decreased to barely detectable levels, 

similar as observed for Myc mRNA in HCT116R cells with CF10/LV treatment.  
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Figure 4. Myc is elevated in 5-FU/LV-resistant HCT116R cells, but CF10/LV 

decreases levels of Myc and the Myc-target ABCB5 at both the protein and mRNA 

level. Western blots for Myc (A) and ABCB5 (D). Quantification of the Western blot 
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images by densitometry is shown for Myc (B) and ABCB5 (E). Quantification of 

mRNA levels by RT-qPCR is shown for Myc (C) and ABCB5 (F). *p<0.03, 

**p<0.002, ***p<0.002, ****p<0.0001. 

CF10/LV induces Top1cc and DNA DSBs in 5-FU/LV-resistant CRC cells. 

CF10 was shown to induce DNA topoisomerase 1 cleavage complex (Top1cc) 

formation in CRC cells[13], and it displayed mechanistic similarities to Top1cc 

poisons such as camptothecin in COMPARE analysis of data from the NCI60 cell 

line screen[31,32]. To determine if Top1cc formation and induction of DNA double 

strand breaks also occurs in CRC cells selected for 5-FU/LV-resistance upon 

treatment with CF10/LV we performed immunofluorescence studies using 

antibodies specific for Top1cc[29] and gH2AX, a biomarker of DNA double strand 

breaks [Figure 5] [Supplementary Figures 11-16]. Top1cc were evident in nearly all 

HCT116R cells treated with CF10/LV. Immunostaining for gH2AX was also evident 

in nearly all CF10/LV-treated HCT116R cells but not for 5-FU/LV-treated HCT116R 

cells. Our results are consistent with CF10/LV cytotoxicity being mediated through 

dual targeting of TS/Top1 in CRC cells selected for acquired 5-FU/LV resistance 

but with 5-FU/LV not effective in causing DNA DSBs in these cells.  
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Figure 5. CF10/LV is effective at inducing Top1cc and gH2AX, a biomarker of DNA 

double-strand breaks in both HCT116R and HCT116P cells consistent with TS/Top1 

dual targeting by CF10 in 5-FU/LV-resistant cells while 5-FU is relatively ineffective 

at causing DNA DSBs. Shown are merged images for DAPI (blue), gH2AX, 

(green), and Top1cc (red) for the indicated cell lines and treatment (5-FU 10mM, 

CF10 1mM, LV 1mM) for 24h. Complete images are included in [Supplementary 

Figures 11-16].   

Discussion 

This study characterizes three human CRC cell lines (HCT116, LS174T, HCT15) 

selected for acquired resistance to 5-FU/LV [Figure 1] in culture media that 

simulates human-like folate levels (FR media). All three CRC cell lines developed 

similar levels of 5-FU resistance (19.9-27.3-fold) [Figure 2] [Table 1] and these 

resistance levels were similar to CRC cell lines selected for resistance to 5-FU in 

standard media[2]. Because of its established role as a primary target of FP 

chemotherapy and mediator of 5-FU- resistance we evaluated TS expression at 
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the protein and mRNA levels at baseline and in response to treatment with either 

5-FU or a next generation FP polymer CF10, with and without leucovorin co-

treatment. In contrast to previous studies in which CRC cells selected for acquired 

resistance to 5-FU displayed elevated TS levels at baseline[26] the CRCR cells 

selected for acquired resistance to 5-FU/LV showed no significant increase in TS 

at either the mRNA or protein level in the absence of treatment. However, 

treatment with 5-FU/LV and to a lesser extent CF10/LV increased TS levels and 

the effects were larger at the protein level that at the mRNA level [Figure 3] 

[Supplementary Figures 1-5]. The mechanism by which 5-FU/LV treatment 

stimulates increased TS in CRCR cells is under investigation in our laboratory, but 

treatment-induced stabilization to protein degradation is one possibility. TS is 

stabilized from proteasome-mediated degradation through O-GlcNAc 

conjugation[33] and 5-FU/LV treatment could increase the extent of TS O-GlcNAc 

conjugation increasing protein stability.  

In addition to its role in de novo thymidylate biosynthesis TS is an RNA-binding 

protein that regulates its own expression and the expression of c-Myc and p53. 

Myc and p53 are key proteins that regulate cell proliferation and programmed cell 

death and alterations in TS levels and in TS ternary complex formation could 

mediate drug resistance in part by modulating c-Myc and p53 levels. In fact, c-Myc 

is significantly elevated in CRCR cells selected for acquired resistance to 5-FU/LV 

relative to parental cells [Figure 4]. Myc levels were also altered in response to 

treatment however in contrast to the increased TS levels observed in response to 

5-FU/LV treatment in CRCR cells 5-FU/LV and CF10/LV both significantly 
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decreased Myc protein levels. 5-FU/LV and CF10/LV treatment also significantly 

decreased Myc mRNA levels and for CF10/LV Myc mRNA levels were barely 

detectable by RT-qPCR. A possible explanation for these observations is that 

CF10/LV efficiently promotes TS ternary complex relieving TS autoregulation and 

increasing TS binding to Myc mRNA to decrease its translation. However, this 

process does not explain the observed decrease in Myc mRNA, particularly with 

CF10/LV treatment [Figure 4A-C][Supplementary Figures 7-10] indicating other 

processes also are involved. CF10 causes Top1cc and DNA DSB formation 

[Figure 5] and induces cell-cycle arrest, which could contribute to decreased c-

Myc expression. In contrast 5-FU/LV is less effective at promoting TS ternary 

complex formation and causes lower levels of DNA DSBs, consistent with reduced 

cell-cycle arrest and correspondingly decreased Myc expression. While Myc has 

multiple targets with established roles in drug resistance its direct transcriptional 

regulation of ABCB5 expression is known to modulate resistance to 5-FU in CRC 

cells. We detected multiple bands of increased mobility for ABCB5 in Western blots 

for CRCR cells [Figure 4D,E] [Supplementary Figures 7-10] which could be due 

to alternative splicing which has been described previously for ABCB5 but has not, 

as far as we are aware, been implicated in acquired 5-FU/LV resistance. 

Proteomics analysis is in progress to identify the altered forms of ABCB5 in CRCR 

cells. Interestingly, CF10/LV treatment decreased ABCB5 expression to barely 

detectable levels by RT-qPCR and levels of the putative alternatively spliced forms 

of ABCB5 were decreased to undetectable levels with CF10/LV treatment. 

Collectively, these results are consistent with CF10/LV downregulating the 
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Myc/ABCB5 axis in CRCR cells to promote strong cytotoxicity and to overcome 

acquired resistance to 5-FU/LV.  

The mortality of CRC results almost exclusively from metastatic disease. 5-FU/LV 

is widely used in regimens such as FOLFOX and FOLFIRI for treatment of mCRC[1] 

and the majority of patients are initially responsive to front-line chemotherapy. 

However, acquired resistance to 5-FU/LV nearly always develops and long-term 

survival is not common. In previous studies we demonstrated that CF10 was very 

well tolerated in vivo inducing less weight loss and causing less GI-tract and 

hematological toxicities relative to equivalent doses of 5-FU. CF10 also displayed 

improved antitumor activity relative to 5-FU in mouse models of primary colorectal 

cancer[13] and in mouse and rat models of liver-metastatic CRC[15]. In these studies, 

we tested if CF10 remained effective in CRC cells selected for acquired resistance 

to 5-FU/LV. In fact, resistance factors for CF10 were only 2.85-3.40-fold, 

approximately an order of magnitude less than the resistance factors for 5-FU in 

these cell lines [Table 1]. The retained potency for CF10 occurs despite similar 

effects as 5-FU at inducing increased TS levels in CRCR cells [Figure 3A,B] 

[Supplementary Figures 7-10] and is correlated with: (i) increased formation of 

the TS ternary complex in CRCR cells [Figure 3A] and decreased TS enzymatic 

activity [Figure 3D]. The strong TS inhibition by CF10/LV in CRCR cells 

corresponded to formation of Top1cc as was previously shown in CRC[13] and 

pancreatic cancer cells[14] and that results from FdU misincorporation into DNA 

inhibiting the religation step of Top1 catalysis[31]. CF10/LV was also much more 

potent than 5-FU/LV at inducing gH2AX foci [Figure 5], a biomarker of DNA double 
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strand breaks consistent with TS/Top1 dual targeting causing replication stress and 

inducing replication fork stalling and collapse. In summary, our results provide new 

insights into the mechanism of acquired resistance to 5-FU/LV in CRC cells and 

indicate CF10/LV is an effective alternative. Studies are in progress to test the 

efficacy of CF10/LV in in vivo models of acquired 5-FU/LV resistance and to 

advance CF10 into clinical trials. 
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Supplementary Figure 1. 5-FU (10 mM) and CF10 (1 mM) treatment for 24h 

increases TS at both the protein (A,B) and mRNA (C) levels in HCT116R cells but 

only CF10/LV promotes ternary complex formation (TSCC) and efficient inhibition 

of TS enzymatic activity (D). * p<0.05; *** p < 0.0001. 
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Supplementary Figure 2. 5-FU/LV (10 mM, 1 mM) and CF10/LV (1 mM, mM) 

treatment for 24h increases TS at both the protein (A,B) and mRNA (C) levels in 

LS174TR cells but only CF10/LV promotes ternary complex formation (TSCC) and 

efficient inhibition of TS enzymatic activity (D). * p<0.05; *** p < 0.0001.  
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Supplementary Figure 3. 5-FU (10 mM) and CF10 (1 mM) treatment for 24h 

increases TS at both the protein (A,B) and mRNA (C) levels in LS174TR cells but 

only CF10 promotes ternary complex formation (TSCC) and efficient inhibition of 

TS enzymatic activity (D). * p<0.05; *** p < 0.0001.  

 

 



194 
 

 

 

 

Supplementary Figure 4. 5-FU/LV (10 mM, 1 mM) and CF10/LV (1 mM, mM) 

treatment for 24h increases TS at both the protein (A,B) and mRNA (C) levels in 

HCT15R cells but only CF10/LV promotes ternary complex formation (TSCC) and 

efficient inhibition of TS enzymatic activity (D). * p<0.05; *** p < 0.0001.  
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Supplementary Figure 5. 5-FU (10 mM) and CF10 (1 mM) treatment for 24h 

increases TS at both the protein (A,B) and mRNA (C) levels in LS174TR cells but 

only CF10 promotes ternary complex formation (TSCC) and efficient inhibition of 

TS enzymatic activity (D). * p<0.05; *** p < 0.0001.  
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Supplementary Figure 6. Myc is elevated in 5-FU/LV-resistant HCT116R cells, but 

5-FU and CF10 decrease levels of Myc and the Myc-target ABCB5 at both the 
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protein and mRNA level. Western blots for Myc (A) and ABCB5 (D). Quantification 

of the Western blot images by densitometry is shown for Myc (B) and ABCB5 (E). 

Quantification of mRNA levels by RT-qPCR is shown for Myc (C) and ABCB5 (F). 

*p<0.03, **p<0.002, ***p<0.002, ****p<0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



198 
 

  

Supplementary Figure 7. Myc is elevated in 5-FU/LV-resistant LS174TR cells, but 

CF10/LV decreases levels of Myc and the Myc-target ABCB5 at both the protein 

and mRNA level. Western blots for Myc (A) and ABCB5 (D). Quantification of the 
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Western blot images by densitometry is shown for Myc (B) and ABCB5 (E). 

Quantification of mRNA levels by RT-qPCR is shown for Myc (C) and ABCB5 (F). 

*p<0.03, **p<0.002, ***p<0.002, ****p<0.0001. 
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Supplementary Figure 8. Myc is elevated in 5-FU/LV-resistant LS174TR cells, but 

5-FU and CF10 decrease levels of Myc and the Myc-target ABCB5 at both the 
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protein and mRNA level. Western blots for Myc (A) and ABCB5 (D). Quantification 

of the Western blot images by densitometry is shown for Myc (B) and ABCB5 (E). 

Quantification of mRNA levels by RT-qPCR is shown for Myc (C) and ABCB5 (F). 

*p<0.03, **p<0.002, ***p<0.002, ****p<0.0001. 
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Supplementary Figure 9. Myc is elevated in 5-FU/LV-resistant HCT15R cells, but 

CF10/LV decreases levels of Myc and the Myc-target ABCB5 at both the protein 

and mRNA level. Western blots for Myc (A) and ABCB5 (D). Quantification of the 



203 
 

Western blot images by densitometry is shown for Myc (B) and ABCB5 (E). 

Quantification of mRNA levels by RT-qPCR is shown for Myc (C) and ABCB5 (F). 

*p<0.03, **p<0.002, ***p<0.002, ****p<0.0001. 
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Supplementary Figure 10. Myc is elevated in 5-FU/LV-resistant HCT15R cells, but 

5-FU and CF10 decrease levels of Myc and the Myc-target ABCB5 at both the 

protein and mRNA level. Western blots for Myc (A) and ABCB5 (D). Quantification 
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of the Western blot images by densitometry is shown for Myc (B) and ABCB5 (E). 

Quantification of mRNA levels by RT-qPCR is shown for Myc (C) and ABCB5 (F). 

*p<0.03, **p<0.002, ***p<0.002, ****p<0.0001. 
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Supplementary Figure 11. Immunofluorescence Imaging of pH2AX and Top1cc 

in HCT116R  cells following treatment with CF10 or CF10 + LV.  
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Supplementary Figure 12. Immunofluorescence Imaging of pH2AX and Top1cc 

in HCT116P  cells following treatment with CF10 or CF10 + LV.  
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Supplementary Figure 13. Immunofluorescence Imaging of pH2AX and Top1cc 

in HCT116R  cells following treatment with 5FU or 5FU + LV. 
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Supplementary Figure 14. Immunofluorescence Imaging of pH2AX and Top1cc 

in HCT116P  cells following treatment with 5FU or 5FU + LV . 
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Supplementary Figure 15. Immunofluorescence Imaging of pH2AX and Top1cc 

in HCT116R  cells following treatment with LV or no Treatment. 
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Supplementary Figure 16. Immunofluorescence Imaging of pH2AX and Top1cc 

in HCT116P cells following treatment with LV or no treatment   
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Abstract 

Metastatic disease is exclusively responsible for colorectal cancer (CRC) mortality 

and acquired drug resistance is a central cause as the majority of patients with 

metastatic CRC (mCRC) initially respond to chemotherapy with 5-FU-based 

regimens, but long-term survival is uncommon. In the present studies we describe 

development of a clinically relevant mouse model of therapy-resistant CRC liver 

metastasis by selecting MC38 mouse CRC cells for resistance to 5-FU/LV under 

human-like conditions of folate physiology and implanting the resistant cells in the 

liver of syngeneic C57BL6 mice. We also test a next generation fluoropyrimidine 

(FP) polymer, CF10, for improved activity in the resistant model. Basal TS levels 

were not elevated in 5-FU/LV-resistant cells but treatment with either 5-FU±LV or 

CF10±LV induced elevated TS expression. CF10±LV effectively reduced TS 

enzymatic activity and CF10±LV retained nM potency to the 5-FU/LV resistant 

cells. We tested CF10 and CF10/LV was effective in completely eradicating liver 

metastases in both MC38:C57BL/6 and MC38R:C57BL/6 CRC liver metastasis 

models. In both models CF10 and CF10/LV dramatically outperformed 5-FU and 

5-FU/LV, and a significant survival advantage was established for CF10/LV. 

Collectively our studies provide new insights into the mechanisms of acquired 

resistance during treatment with 5-FU-based chemotherapy regimens and 

demonstrate the clinical potential of CF10/LV for treatment of drug-refractory 

mCRC.  
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Introduction   

The efficacy of chemotherapy for treating metastatic colorectal cancer (mCRC) is 

limited by the development of acquired resistance [1]. Yet, an understanding of the 

underlying mechanisms of resistance is incomplete. 5-FU-based chemotherapy 

regimens (FOLFOX, FOLFIRI) are widely used in front-line chemotherapy for 

mCRC [2], and most patients are initially responsive; however, nearly all mCRC 

patients experience progressive disease within one year (median time to disease 

progression for FOLFOX6 is 8.6 months). Thus, while chemotherapy for mCRC is 

life-extending, it is rarely curative. Multiple causes of resistance to 5-FU-based 

therapy have been described with elevated expression or activity thymidylate 

synthase (TS), the primary enzymatic target, one that has been detected both in 

clinical samples from mCRC patients and in CRC cell lines selected in the 

laboratory for acquired resistance. Other causes of resistance to 5-FU include 

altered anabolic metabolism that limits the formation of the TS-inhibitory 

metabolite, FdUMP, and dysregulated programmed cell death. Understanding the 

relevant causes of resistance and developing new therapeutic options that 

overcome these mechanisms can lead to further improvements in survival for 

mCRC patients [3]. 

A challenge in studying clinically relevant causes of chemoresistance using 

cultured human cancer cell lines and rodent tumor models is that the conditions 

used for laboratory studies can be very different from cancer patients. In particular, 

folate levels are relatively lower in human plasma compared to those used to 

culture human cells and also relative to rodent pre-clinical cancer models. Folates 
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play an important role in cancer metabolism and folate-mediated one-carbon 

metabolism is central to both pyrimidine and purine biosynthesis needed to support 

cell proliferation. In previous studies, we showed that adaptation of cancer cells to 

folate-restricted media with more human-like folate levels altered response to 5-

FU and the extent of potentiation by leucovorin (LV; N5-formyl tetrahydrofolate). 

LV is nearly always co-administered with 5-FU in chemotherapy regimens to 

promote formation of the TS ternary complex (TS:FdUMP:MeTHF) in cancer cells 

and promotes irreversible enzyme inhibition [4]. We also established that CF10, a 

2nd generation fluoropyrimidine (FP) polymer that directly releases FdUMP, the TS 

inhibitory metabolite of FP drugs including 5-FU, retained a strong potency 

advantage relative to 5-FU that far exceeds its 10-fold increased FP content under 

folate-restricted conditions and was potentiated by by LV [5]. CF10 is advancing 

to clinical development based on improved antitumor activity relative to 5-FU in 

multiple pre-clinical tumor models including both rat and mouse syngeneic 

orthotopic models of colorectal cancer liver metastasis (CRLM) [6]. CF10 is also 

very well tolerated in vivo.  

In the present studies we tested if CF10/LV could outperform 5-FU/LV in a 

MC38R:C57BL/6 syngeneic orthotopic CRLM model. In this tumor model, MC38R 

mouse CRC cells that were selected for acquired resistance to 5-FU/LV were used 

for tumor formation. MC38R cells were selected for 5-FU/LV resistance by repeated 

passage in folate-restricted media containing increasing concentrations of 5-

FU/LV to simulate clinical development of acquired resistance. This tumor model 

also reflects the drug-resistant state of the initial patient population likely to be 
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treated with CF10/LV and one for which no current therapy is adequate. The most 

recent FP-based drug to receive FDA approval for mCRC treatment Lonsurf which 

was approved based on improved activity for 3rd line mCRC in patients previously 

treated with FOLFOX, FOLFIRI or other regimens [2]. We anticipate a similar 

clinical development program for CF10. Mechanistically, we establish that 

acquired resistance to 5-FU/LV in MC38R cells results from induced 

overexpression of TS with drug treatment. CF10 through more efficient conversion 

to FdUMP retains strong potency to MC38R cells and CF10/LV is effective at 

eliminating tumor burden in the MC38R CRLM model. Our studies demonstrate 

that CF10/LV shows potent activity in a CRLM model that simulates both human-

like folate physiology and clinically relevant therapeutic resistance supporting 

CF10 clinical development. 

Materials and  Methods  

Cell lines and Drugs 

Parental colorectal cancer (CRC) (MC-38 ((RRID:CVCL_B288)) and 5-FU/LV 

resistant CRC cells (MC-38R) were cultured using Folate-Restricted (FR) 

media(folic acid-free RPMI 1640 supplemented with 40nM of 5-

methyltetrahydrofolate and 0.1nM of sodium L-ascorbate), confirmed by short 

tandem repeat analysis, and repeatedly tested negative for Mycoplasma. The 

resistance cells were generated through a stepwise increase in drug-containing 

FR media (0.1 to10µM) containing 5-FU+LV. The Baptist Hospital clinical 

pharmacy was the vendor for the clinical grade 5-FU (50 mg/mL) and 5-FU 

concentrations were calculated based on the dilution of the established stock 
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concentration. Meanwhile, CF10 was obtained from ST Pharma, validated by high-

resolution mass spectrometry, and dissolved in 0.9% sterile saline solution. CF10 

concentrations were matched to deliver equivalent nucleoside content based on 

UV absorbance at 260 nm.  

Cell Viability and Resistant Assay 

MC-38 and MC-38R cells were plated on 96-well, white flat bottom plates, allowing 

48 h for the cells to adhere to the plate and begin to grow exponentially until they 

reached about 25% confluency. To test for 5FU-LV resistance, 2500 cells per well, 

both the MC-38 and MC-38R cells, were seeded in 96 well plates and allowed to 

attach for 24 hours. After 24 hours, the cells were pre-treated for 2 hours with LV 

before adding 5 FU and then incubated for 96 hours at 37oC in 5% CO2. Cell 

viability was assessed using Aqueous-one (Promega) following the manufacturer’s 

instructions. Resistance factor was calculated based on the ratio of IC50 values 

for MC-38 and MC-38R cells. All experiments were performed in triplicate.  

Clonogenic assay  

A modified clonogenic assay assessed the potency of CF10 and 5-FU in MC-38 

and MC-38R cells. The CRC cells were plated in 24-well plates in FR media, and 

after 24 hours, they were treated with the indicated concentration of CF10 or 5-FU 

for 72 hours. The media were replaced after drug treatment, while the cells were 

allowed to grow for 168 hours. Cell proliferation was evaluated using the Aqueous 

One (Promega) reagent, following the manufacturer’s instructions, after the cell 

solution was transferred to 96-well plates.  
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Western Blotting  

Proteins were isolated, and their differential expressions were analyzed by 

Western blot, as described previously (Okechukwu CC et al. 2024). Briefly, both 

MC-38 and MC-38R treated cells (LV, 5FU,5FU + LV, CF10, CF10 + LV) were 

lysed using RIPA buffer (50 mM Tris HCl at pH 7.4, 150 mM NaCl, 1% Triton X-

100 or NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 10 mM 

NaF freshly supplemented with protease and phosphatase inhibitors). The protein 

concentrations were quantified using a Bradford assay (Bio-Rad), and the samples 

were normalized for equal loading. All samples were then heated to 95 °C for 10 

min in the presence of 6 x Laemmli buffer (Boston Bio-Products; Milford, MA, 

USA). The proteins were resolved using SDS-PAGE, and their expression was 

analyzed following immunoblotting using specific antibodies. The following 

antibodies were used in this study: Thymidylate Synthase (Cell Signaling 

Technology Cat# 3766, RRID: AB_2210584), c-Myc (Cell Signaling Technology 

Cat# 18583, and β-actin (Santa Cruz Biotechnology Cat# sc-47778, RRID: 

AB_626632).  

Liver Tumor Cell Inoculation to Simulate CRLM Formation 

All animal studies were undertaken in accordance with the protocols approved by 

the Institutional Animal Care and Use Committee at Wake Forest University School 

of Medicine (Winston-Salem, NC, USA). Immunocompetent C57BL6 

(RRID:IMSR_JAX:000664) mice weighing 22–24g were used because this strain 

is syngeneic with the MC-38R and MC-38 (RRID:CVCL_B288) CRC cell lines. 

C57BL6 (RRID:IMSR_JAX:000664) mice were commercially available in the U.S. 
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and were obtained from Charles River Laboratories for these studies. The mice 

had a controlled climate and light cycles, and all had free access to a FR diet and 

water. For the inoculation procedure, anesthesia was obtained using 2–3% 

isoflurane and then maintained at 1.5% for surgery. A 2 cm midline incision was 

made, and both the left and right hepatic lobes were mobilized. Both MC-38R and 

MC-38 (RRID:CVCL_B288) CRC cells were suspended at a density of 2 × 106 cells 

in 200 µL and 25 µL of cell suspension, mixed 1:1 with Matrigel, and injected via a 

29-gauge needle into the subcapsular portion of one of the previously specified 

hepatic lobes of each designated group of mice. When the needle was withdrawn, 

a cotton swab was used to press on the puncture site to achieve hemostasis. Once 

hemostasis was achieved, the wound was washed with saline, the muscle layer 

was closed using a 6-0 Vicryl suture, and the skin was closed using staples. An 

abdominal bandage was applied, and the mice were allowed to recover from 

anesthesia before returning to the animal facility. The tumors were allowed to grow 

for a week and fluorescence imaging was performed using an RGD peptide Cy5.5 

conjugate to establish tumor formation prior to initiating treatments. 

Treatment and Fluorescence Imaging of Tumor Progression 

Both C57BL6/MC-38 and C57BL6/MC-38R syngeneic orthotopic mice model 

fluorescence tumor images were undertaken using an IVIS Lumina LT Series III 

system (RRID:SCR_014247) under isoflurane anesthesia. All images were 

analyzed using Living Image software (v4.7.4.) with an identical size region of 

interest for each mouse. To assess therapeutic efficacy, groups of n = 4 mice with 

similar initial tumor levels based on fluorescence imaging were treated with (1) no 
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treatment, (2) 5-FU, (3) CF10, (4) LV, (5) 5-FU+LV, (6) CF10+LV. 5-FU was 

administered at 100 mg/kg  and CF10 were dosed to deliver equivalent nucleoside 

content based on UV absorbance at 260 nm. LV was infused together with the FP. 

Mice in each group were treated on a 7-day mini-osmotic pump. All mice 

underwent a final imaging procedure at the end of the seventh day and were then 

euthanized, and their important organs (livers, G.I, etc.) were harvested and 

prepped for other procedures. For each of the six treatments, the difference in flux 

or weight values were calculated (Day 7 minus Day 0).  Next, a general linear 

model was fit to compare the 6 groups (Control, LV, 5-FU, CF10, 5-FU+LV, 

CF10+LV).  We first examined the overall test for the model and if that was 

significant, pairwise comparison between groups were made. Given the large 

number of potential pairwise comparisons that could be made, we conservatively 

used a Bonferroni Correction when comparing groups. For maintaining mice on a 

FR diet, the FR diet purchased from Envigo Teklad Diets (Madison, WI) composed 

of  35.0g/Kg AIN-93G-MX (94046), 10.0g/Kg Succinyl sulfathiazole, 195.0g/Kg 

Casein, 3.0g/Kg L-Cystine, 304.488g/Kg Corn Starch, 0.016g/Kg  Calcium 

Pantothenate, 0.006g/Kg Thiamin (81%), 209.749g/Kg Sucrose, 130.0g/Kg 

Maltodextrin, 60.0g/Kg Soybean Oil, 50.0g/Kg Cellulose, 0.007g/Kg Pyridoxine 

HCl, 0.012g/Kg TBHQ (antioxidant), 2.5g/Kg Choline Bitartrate, 0.03g/Kg  Niacin, 

0.006g/Kg Riboflavin, 0.0002g/Kg Biotin, 0.025g/Kg Vitamin B12 (0.1% in 

mannitol), 0.0008g/Kg Vitamin K1 phylloquinone, 0.15g/Kg Vitamin E, DL-alpha 

tocopheryl acetate (500 IU/g), 0.008g/Kg Vitamin A Palmitate (500,000 IU/g), and 

0.002g/Kg Vitamin D3 cholecalciferol (500,000 IU/g).   
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In-Vivo Resistant Survival Study  

The C57BL6/MC-38R and C57BL6/MC-38 syngeneic orthotopic mice model 

fluorescence tumor images were undertaken using an IVIS Lumina LT Series III 

system (RRID:SCR_014247) under isoflurane anesthesia and maintained in an FR 

diet as described in the Treatment and Fluorescence Imaging of Tumor 

Progression section. All images were analyzed using Living Image software 

(v4.7.4.) with an identical size region of interest for each mouse. To assess 

therapeutic efficacy, groups of n = 5 mice with similar initial tumor levels based on 

fluorescence imaging were treated with (1) no treatment, (2) 5-FU+LV, (3) 

CF10+LV. 5-FU was administered at 100 mg/kg  and CF10 were dosed to deliver 

equivalent nucleoside content based on UV absorbance at 260 nm. LV was infused 

together with the FP . Mice in each group were treated on a 14-day mini-osmotic 

pump. For the resistant group study, only CF10 + LV group mice survived and 

underwent a final imaging procedure at the end of the fourteenth day and were 

then euthanized, and their important organs (livers, etc.) were extracted and 

prepped for other procedures. Unfortunately, mice in both control group and 5FU 

+ LV group were unable to survive through the end of the fourteenth day of the 

survival study due to uncontrolled growth of the tumors and organ damages.  For 

the parental syngeneic group, mice in groups 5FU + LV and CF10 + LV  survived 

with more animal survival in group CF10 + LV compared to group 5FU + LV  at the 

end of the fourteenth day of the study.  
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TS Activity Assay 

A TS in situ activity assay was performed as previously described [7];  to provide 

a quantitative indication of intracellular inhibition of TS activity following drug 

treatment. ~0.5x106 MC-38 (RRID:CVCL_B288) and MC-38R cells were plated in 

each well of a 6-well plates and cells were allowed to attach for 24h then treated 

with either LV, 5-FU, 5-FU + LV, CF10, or CF10 + LV for 48h. For the last 2h, [5-

3H]-2’-deoxyuridine (Moravek) 0.16 Ci/mmol; final concentration 2.5 µM was 

present. 150 µL of media from each well was added to an ice-cold suspension 

containing 750 µL of charcoal with 0.5% T-70 dextran and 2.5% BSA) and 150 µL 

of 35% trichloroacetic acid. After centrifugation a portion of the supernatant was 

counted by liquid scintillation counting and enzyme activities were expressed as a 

percent relative to drug-free control.   

Statistical Analysis 

GraphPad Prism 10.2.0 (RRID:SCR_002798) was used for statistical analyses of 

cell-based assays. Experiments were conducted in triplicate ± SEM. For all in vitro 

experiments, three biological replicates were used for analysis, and appropriate 

one-way ANOVA tests with recommended Tukey corrections were conducted, 

with p < 0.05 indicating significance. For in vivo studies, one-way analysis of 

variance (ANOVA) models were fit to compare the three groups on the outcomes 

of change in treatment response based on IVIS imaging and weight.   
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Results 

Acquired resistance to 5-FU/LV in MC38 cells through treatment induced 

increased TS levels.  

Multiple previous studies demonstrated that acquired resistance to 5-FU in human 

cells occurs through elevated TS levels which may occur through gene 

amplification[1, 8]. We recently described selection for 5-FU/LV in human CRC 

cells cultured under conditions of human-like folate levels and observed that basal 

TS levels were not significantly changed despite resistance factors of ~30-fold. 

However, TS levels detected by Western blot were significantly increased with 5-

FU/LV treatment of the selected resistant cells (manuscript submitted). In order to 

study therapy response in a syngeneic orthotopic model of CRC liver metastasis 

with human-like folate levels we selected MC38 mouse CRC cells for acquired 

resistance to 5-FU/LV by first adapting these cells to culture conditions with 

human-like folate levels and then repeatedly passaging the cells in FR media with 

increasing concentrations of 5-FU/LV over several months. The IC50 value for 5-

FU increased from 26.6 µM in parental MC38P to 346 µM in 5-FU/LV-resistant 

MC38R cells, a  resistance factor of 13. We have previously shown that CF10/LV 

remained highly effective in human CRC cells selected for 5-FU/LV resistance with 

nM potency and resistance factors approximately 1/10 that for 5-FU/LV in these 

cells (manuscript submitted). Similar trends were detected in MC38R cells with 

CF10/LV displaying nM potency in these cells (Figure 1).  
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Western blot for TS did not reveal significant increase in MC38R vs MC38P cells 

and while single agent 5-FU (10 uM, 24h) did not significantly increase TS levels 

treatment with 5-FU/LV (10 uM/1 uM, 24h) did significantly increase TS levels 

(Figure 2). In contrast both single agent CF10 (1 uM, 24h) and CF10/LV (1 

uM/1uM, 24h) did result in significantly increased TS levels. TS is an RNA-binding 

protein that autoregulates its expression by binding its mRNA and the results are 

consistent with treatments that inhibit TS activity through TS ternary complex 

formation stimulating increased TS expression. In particular TS mobility in gels for 

Western blot was reduced with CF10/LV treatment consistent with TS ternary 

complex formation (TSCC) (Figure 2A,D). To determine if treatment was sufficient 

 

 

 
Figure 1. MC38R cells selected for resistance to 5-FU/LV display limited cross-resistance to 
CF10/LV. (A) Bright-field microscopy images of MC38R (top) and parental MC38 (MC38P) cells 
(bottom). (B) Dose response curves for the indicated 5-FU (top – uM) and CF10 (bottom – nM) 
together with 10 uM LV in MC38R cells (red) and MC38P cells (green). (C) Summary of IC50 values 
and resistance factors for 5-FU/LV (top) and CF10/LV (bottom). 
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to reduce TS catalytic activity, we performed TS in situ activity assay (Figure 

2C,E). For all treatments TS catalytic activity was reduced more effectively in 

MC38P vs MC38R cells. CF10 and CF10/LV were more effective than 5-FU and 

5-FU/LV in reducing TS catalytic activity in both MC38 and MC38R cells and while 

CF10 and CF10/LV were less effective in MC38R cells TS activity was still reduced 

by ~80%. In contrast 5-FU and 5-FU/LV resulted in >50% reduction in TS activity 

despite a 10-fold higher concentration of 5-FU relative to CF10. The results are 

consistent with increased expression of TS with treatment with either 5-FU±LV or 

CF10±LV but with only CF10 remaining effective at inhibiting TS catalytic activity 

in the MC38R cells. 
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CF10/LV displays strong antitumor activity in MC38R CRLM model. 

Liver-metastatic disease is a principal cause of CRC mortality and chemotherapy 

with 5-FU-based regimens is often the best available therapeutic option. While 

current chemotherapy improves outcomes, long-term survival remains rare (<14% 

5-year survival) because of the development of acquired resistance. To simulate 

the development of FU/LV-resistant CRLM, we developed orthotopic CRC liver 

metastases in mice by injecting MC38R cells that were selected for acquired 
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resistance to FU/LV into one lobe of the liver in host syngeneic C57BL/6 mice. We 

evaluated the response to 5-FU/LV and CF10/LV in the MC38R CRLM model using 

a similar approach to that recently described for the corresponding parental MC38 

CRLM model in which parental MC38 cells (not selected for acquired resistance) 

were injected into one liver lobe of C57BL/6 mice (manuscript submitted). Since 

plasma folate levels affect response to fluoropyrimidine drugs seven days before 

tumor cell injection mice were adapted to a folate-restricted diet to develop human-

like folate physiology.   
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After validating establishment of MC38R tumors in the liver by IVIS imaging 7 days 

post tumor cell inoculation mice were divided into groups for treatment. Groups of 

n=4 mice received (1) no treatment, (2) LV, (3) 5-FU, (4) 5-FU/LV, (5) CF10, (6) 

CF10/LV. Initial tumor levels were similar in all groups (Figure 3A,C), and the 

tumor was localized to the liver. 5-FU was administered at 100 mg/kg and the 

CF10 dose was matched to the 5-FU dose based on equal A260 absorbance. For 

all treatment groups mice were fitted with a jugular vein catheter and drugs (5-

FU±LV, CF10±LV) were administered over 7 days using an Alzet mini-pump. 

Tumor burden was assessed by IVIS imaging at day 0 (pre-treatment; (Figure 

3A,C)) and day 7 (post-treatment; (Figure 3B,C). The removal of the Alzet pump 

and jugular vein catheter was performed as a terminal procedure following IVIS 

imaging on day 7 in all mice. While all treatments were tolerated mice in all groups 

except vehicle and single agent CF10 experienced significant weight loss (Figure 

3D). The largest weight loss occurred with 5-FU, and despite mice treated with 

single-agent LV losing weight, mice treated with 5-FU+LV lost less weight than for 

single-agent 5-FU. Weight loss for mice treated with CF10+LV was slightly less 

than for single-agent LV (Figure 3D) (Supplementary Table S1, S2; 

Supplementary Figure S1).  The change in flux from fluorescent imaging (day 7 vs 

day 0) was analyzed to assess treatment effects on progression of drug-resistant 

liver metastatic disease. Substantial flux reductions occurred with CF10 and 

CF10/LV treatment consistent with CF10 and CF10/LV being effective in treating 

CRC cells selected for resistance to 5-FU/LV. In contrast single agent LV and 

single agent 5-FU both increased flux relative to control. Intriguingly 5-FU/LV 
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strongly promoted tumor growth in the MC38R CRLM model which was selected 

for resistance to 5-FU/LV. 

To gain further insight into the effects of treatment on tumor progression, mice 

were euthanized post-treatment following IVIS imaging and livers were excised. 

H&E-stained sections from livers of all treatment groups were analyzed by a 

pathologist to evaluate tumor progression (Figure 4A).  

 

Extensive tumor burden was found in livers from all control mice (88±3.6%; Figure 

4B). Single agent LV and single agent 5-FU significantly decreased MC38R tumor 

burden (44±4.3% and 52±3.1%; Figure 4B) however tumor burden in 5-FU/LV-

treated mice was greater than for control (91±3.2%; Figure 4B). In contrast both 
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CF10 (9±1.8%; Figure 4B) and CF10/LV (5±1.3%; Figure 4B) strongly decreased 

MC38R tumor burden (Supplementary Table S3, S4; Supplementary Figure S2). In 

addition to being significantly more effective than 5-FU and 5-FU/LV CF10 and 

CF10/LV did not cause scarring or inflammation in the liver which was observed 

with 5-FU and 5-FU/LV treatment. Our results are consistent with a lack of efficacy 

for 5-FU and 5-FU/LV in treating drug-resistant mCRC and in contributing to liver 

inflammation and scarring while CF10 and CF10/LV display potent anti-tumor 

activity without evidence of inflammation or scarring. Similar results were found in 

the parental MC38 CRLM model (manuscript submitted). 

CF10/LV displays improved survival relative to 5-FU/LV in MC38R CRLM 

model. 

Our results in the MC38R CRLM model demonstrated that CF10 and CF10/LV 

displayed significant therapeutic advantages relative to 5-FU and 5-FU/LV with 7-

day infusion however the time period investigated was not sufficient to establish 

whether CF10/LV could provide a survival advantage. Since drug infusion via 

osmotic pump and jugular vein catheterization does not permit long-term study 

because removal of the jugular vein catheter is done as a terminal procedure, we 

conducted analogous studies for both the MC38 and MC38R tumor models with 

14-day infusion. Groups of n=5 mice received (1) no treatment, (2) 5-FU/LV, (3) 

CF10/LV. Drug concentrations were the same as for the 7-day study (preceding 

section; Figure 4) except drugs were administered over 14 days rather than 7 

days. Tumor burden was assessed by IVIS imaging at day 0 (pre-treatment and 

day 7 and day 14 (post-treatment) (Figure 5A, 6A) including body weights 



232 
 

(Figures 5B, 6B). A 14-day infusion was sufficient to investigate whether treatment 

impacted survival since in the absence of treatment CRLM mice in both MC38 

(Figure 5C) and MC38R (Figure 6C) models survive ≤10 days. In the parental 

MC38 CRLM model 5-FU/LV provided a survival advantage relative to control with 

2/5 mice surviving until day 14, both with substantial tumor burden (Figure 5). 

CF10/LV provided a significant survival advantage relative to both control and 5-

FU/LV with 5/5 mice surviving until day 14 and with all five mice displaying minimal 

tumor burden (Figure 5). In contrast, in the MC38R CRLM model 5-FU/LV did not 

provide a survival advantage relative to control with 5/5 mice deceased due to 

tumor burden by day 9 while in control 5/5 mice were deceased due to tumor 

burden by day 10. However, CF10/LV provided a significant survival advantage 

relative to both control and 5-FU/LV in the MC38R CRLM model with 5/5 surviving 

until day 14 and minimal tumor burden (Figure 6). MC-38P histology 

representation showed huge tumor burden and early inflammatory scarring tissues 

due to 5FU treatment (Figure 5). Log-rank test demonstrated significantly 

improved survival for CF10/LV relative to 5-FU/LV and control (p ≤ 0.0059, Gehan-

Breslow-Wilcoxon test). The results demonstrate CF10/LV display strong 

antitumor activity in the MC38R CRLM model consistent with potential clinical use 

in the treatment of liver metastases following progression with treatment with 5-

FU/LV-based regimens (e.g. FOLFOX, FOLFIRI). 
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CF10/LV inhibits metastasis in MC38R CRLM model. 

To gain further insight into the therapeutic benefit of CF10 and CF10/LV in the 

MC38R:C57BL6 CRLM model we extracted tissues from mice following 14-day 

treatment and interrogated GI-tract tissue and other organs for signs of metastatic 

progression (Figure 7). Evidence of extensive metastasis to bowel was evident in 

control, LV and 5-FU±LV treatment groups however there was no evidence of 

metastasis to bowel with CF10 or CF10/LV treatment. With 5-FU and 5-FU/LV 

treatment there was also extensive degradation of normal tissue while with CF10 

and CF10/LV in addition to an absence of tumor tissues appeared healthy and 

robust. 
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Discussion 

Acquired drug resistance is a central cause of colorectal cancer mortality as the 

majority of patients with metastatic CRC initially respond to chemotherapy with 5-

FU-based regimens (e.g. FOLFOX, FOLFIRI) however long-term survival is 

uncommon with <14% of mCRC patients surviving 5-years post-diagnosis [2, 9]. 

In the present studies we sought to develop a clinically relevant mouse model of 

therapy-resistant CRC liver metastasis since this would allow testing of next 

generation FP chemotherapies to evaluate their potential to overcome resistance. 

We previously established a syngeneic orthotopic MC38:C57BL/6 CRC liver 

metastasis model by sub-capsular injection of MC38 cells into one hepatic lobe. 

Since mice have higher folate levels than humans we maintained the mice on a 

folate-restricted diet. We also adapted the MC38 cells for growth in folate-restricted 

media prior to tumor formation. We demonstrated in this model that 5-FU was 

potentiated by leucovorin (LV) consistent with the clinical use of 5-FU/LV for mCRC 

treatment. In the present studies we modified the MC38:C57BL/6 CRC liver 

metastasis model by first adapting MC38 cells to culture in conditions of human-

like folate levels and then selected cells for resistance to increasing concentrations 

of 5-FU/LV. This approach more closely reflects the conditions encountered by 

tumor cells in vivo during the course of extensive therapy with 5-FU-based 

chemotherapy regimens. The resulting MC38R cells were ~13.8-fold resistant to 5-

FU/LV (Figure 1). As we previously showed for human CRC cell lines selected for 

acquired resistance to 5-FU/LV reduced cross-resistance to CF10 (5.78-fold) was 

observed in these cells and CF10 was highly potent to MC38R cells with IC50 = 
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12.6 nM, a result consistent with the potential of CF10 to be effective in treating 

mCRC patients who were previously treated with 5-FU/LV-based chemotherapy 

regimens.  

The causes of chemoresistance are multifactorial however multiple studies 

investigating acquired resistance to 5-FU both in patients and in cultured cancer 

cells identified elevated levels of thymidylate synthase (TS), the primary molecular 

target of 5-FU, as a significant contributing factor [10]. Since in the present studies 

we first adapted cells to more human-like folate levels and then selected for 

resistance to 5-FU/LV rather than single-agent 5-FU an altered mechanistic basis 

for resistance could develop. As in our studies in human CRC cell lines that were 

selected for 5-FU/LV resistance using similar methods basal TS levels in MC38R 

cells did not differ significantly from MC38P cells. However, treatment with 5-

FU±LV or CF10±LV significantly increased TS levels ~4-5-fold by Western blot 

(Figure 2) consistent with induced expression of TS with FP treatment. One 

mechanism for increased TS expression with FP treatment involves formation of a 

TS ternary complex (TS+FdUMP+N5,N10 methylene tetrahydrofolate – TS classic 

complex) since TS ternary complex formation relieves autoregulatory inhibition of 

TS expression through binding of the uncomplexed protein to TS mRNA [11]. 

Increased TSCC was detected with CF10±LV treatment relative to 5-FU±LV 

treatment and CF10±LV resulted in decreased TS enzymatic activity at ~1,000-

fold lower concentrations relative to 5-FU±LV despite CF10 having only a 10-fold 

greater FP content. Our results are consistent with the increased potency of CF10 
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relative to 5-FU in MC38R cells resulting from strong TS inhibitory activity despite 

induced upregulation of TS levels with FP treatment. 

In previous studies we established an improved therapeutic benefit for CF10 

relative to 5-FU in a rat syngeneic orthotopic CRC liver metastasis model. We also 

previously established improved therapeutic benefit for CF10 relative to 5-FU in 

the MC38:C57BL/6 CRC liver metastasis model and in an orthotopic primary CRC 

and other cancer models. Mechanistically, we established that the improved 

potency of CF10 results from direct release of the TS inhibitory metabolite FdUMP, 

strong TS inhibition and formation of DNA topoisomerase 1 cleavage complexes 

(Top1cc) [12-14]. Top1cc are formed when FdUTP is misincorporated into DNA 

under thymineless conditions as Top1 can cleave FdU-substituted DNA but cannot 

re-ligate it. CF10-induced Top1cc cause replication fork stalling and collapse and 

DNA double strand breaks and initiation of apoptotic cell death(15). In these 

studies, we tested if CF10+LV would be more effective than 5-FU/LV in the 

MC38R:C57BL/6 CRC liver metastasis model. 5-FU and CF10 were dosed to 

deliver equivalent fluoropyrimidine content based on A260 absorbance. We first 

tested the activity using a 7-day infusion together with LV. In this model both 5-FU 

and 5-FU/LV treatment actually enhanced tumor growth relative to a no treatment 

control. In contrast CF10 and CF10/LV resulted in complete tumor regression 

(Figure 3). We also assessed whether treatment caused scarring or inflammation 

as this is an established side effect with 5-FU-based chemotherapy regimens. We 

found that the strong efficacy of CF10 and complete eradication of liver metastasis 

was achieved without evidence of scarring or inflammation (Figure 4). 
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The 7-day infusion model provides valuable information on the potential of CF10 

to be effective in treating drug-resistant mCRC however a limitation of the model 

is that it does not allow a survival advantage to be established because mice are 

required to be euthanized following removal of the jugular vein catheter because 

of the number of invasive surgeries involved in the study. To determine if CF10 

and CF10/LV could provide a survival advantage relative to 5-FU and 5-FU/LV we 

used a 14-day infusion model and evaluated survival in both the MC38:C57BL/6 

(Figure 5) and the MC38R:C57BL/6 CRC liver metastasis models (Figure 6). In 

both models CF10 and CF10/LV were effective in complete tumor eradication with 

5/5 mice surviving 14 days in both models. In contrast, 5-FU/LV showed only 

limited efficacy in the MC38:C57BL/6 CRLM model with only 2/5 mice surviving to 

the end of treatment at 14 days and with both surviving mice displaying substantial 

tumor burden. Further, in the MC38R:C57BL/6 CRC liver metastasis model 5-

FU/LV showed no benefit compared to no-treatment control will all mice deceased 

by day 8. Collectively, these studies confirm the therapeutic benefit of CF10 and 

CF10/LV in treatment of liver metastatic CRC and demonstrate its potential to be 

both well tolerated and to provide a substantial survival benefit relative to current 

therapy.  We performed H&E staining on tissues from treated mice in the 14-day 

infusion study and assessed tissues for metastasis to GI-tract tissue and the 

overall appearance of tissues for drug-related toxicity and inflammation. In the 

absence of treatment or with treatment with LV, 5-FU, or 5-FU/LV there was 

evidence of metastatic spread from the liver back to GI tissue. There was also 

considerable degradation of the intestine with 5-FU and 5-FU/LV treatment. In 
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contrast, with CF10 and CF10/LV there was no evidence of metastatic progression 

and GI appeared tissue appeared normal as in non-treated, non-tumor bearing 

mice. Overall, our studies demonstrate that CF10 and CF10/LV are effective in 

treatment of liver metastatic CRC including in tumor models of 5-FU/LV-resistant 

mCRC. 

In summary, we established the first model of 5-FU/LV resistance in CRC cells 

where cells were selected for resistance to 5-FU/LV under human-like conditions 

of folate physiology. Basal levels of TS were not elevated in 5-FU/LV-resistant cells 

but treatment with either 5-FU±LV or CF10±LV induced elevated TS expression 

possibly through disrupting autoregulation of TS through binding its own mRNA. 

CF10±LV reduced TS enzymatic activity and CF10±LV retained nM potency to the 

5-FU/LV resistant cells. We tested CF10 and CF10/LV in vivo in both 

MC38:C57BL/6 (Figure 5) and MC38R:C57BL/6 CRC liver metastasis models 

(Figure 6). In both models CF10 and CF10/LV dramatically outperformed 5-FU and 

5-FU/LV. A significant survival advantage was established for CF10/LV in both 

models. Collectively our studies provide new insights into the mechanisms of 

acquired resistance during treatment with 5-FU-based chemotherapy regimens 

and demonstrate the clinical potential of CF10/LV for treatment of drug-refractory 

mCRC. 
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Supplementary Table S1. Least squares means analysis of change in weight 

change during treatment (6 groups: (i) control; (ii) LV; (iii) 5-FU; (iv) 5-FU/LV; (v) 

CF10; (vi) CF10/LV. 2 time points (day 0, day 7).  

 

                    

 

 

 

treat day 

weight 

LSMEAN 

LSMEAN 

Number 

CF10 0 22.5000000 1 

CF10 7 24.5000000 2 

CF10_LV 0 22.7500000 3 

CF10_LV 7 20.5000000 4 

Control 0 22.7500000 5 

Control 7 24.7500000 6 

LV 0 22.7500000 7 

LV 7 20.0000000 8 

fFU 0 23.2500000 9 

fFU 7 16.0000000 10 

fFU_LV 0 22.7500000 11 

fFU_LV 7 17.7500000 12 
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Supplementary Figure S1. Interaction plot for outcomes day 7 (red) vs day 0 

(blue) depicting change in weight. 
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Supplementary Table S2. Least squares means analysis of change in weight 

during treatment (IVIS Flux – 6 groups: (i) control; (ii) LV; (iii) 5-FU; (iv) 5-FU/LV; 

(v) CF10; (vi) CF10/LV. 2 time points (day 0, day 7).   
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Supplementary Table S3. Least squares means analysis of change in IVIS flux 

intensities during treatment (IVIS Flux – 6 groups: (i) control; (ii) LV; (iii) 5-FU; (iv) 

5-FU/LV; (v) CF10; (vi) CF10/LV. 2 time points (day 0, day 7). 

 

treat day outcome LSMEAN LSMEAN Number 

CF10 0 222500000 1 

CF10 7 157500000 2 

CF10_LV 0 242500000 3 

CF10_LV 7 102500000 4 

Control 0 210000000 5 

Control 7 437500000 6 

LV 0 210000000 7 

LV 7 550000000 8 

fFU 0 217500000 9 

fFU 7 675000000 10 

fFU_LV 0 230000000 11 

fFU_LV 7 1500000000 12 
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Supplementary Figure S2. Interaction plot for outcomes day 7 (red) vs day 0 

(blue) depicting change in IVIS flux intensities. 
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Supplementary Table S4. Least squares means analysis of change in IVIS flux 

intensities during treatment (IVIS Flux – 6 groups: (i) control; (ii) LV; (iii) 5-FU; (iv) 

5-FU/LV; (v) CF10; (vi) CF10/LV. 2 time points (day 0, day 7).  
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Supplementary Table S5. MC38-P Survival Study summary statistics  

Table of group by dead 

group dead 

Frequency 

Percent 

Row Pct 

Col Pct 

0 1 Total 

A:Contro 0 

0.00 

0.00 

0.00 

5 

33.33 

100.00 

62.50 

5 

33.33 

 

 

B:ffu_lv 2 

13.33 

40.00 

28.57 

3 

20.00 

60.00 

37.50 

5 

33.33 

 

 

C:cf10_lv 5 

33.33 

100.00 

71.43 

0 

0.00 

0.00 

0.00 

5 

33.33 

 

 

Total 7 

46.67 

8 

53.33 

15 

100.00 
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Statistics for Table of group by dead 

Statistic DF Value Prob 

Chi-Square 2 10.1786 0.0062 

Likelihood Ratio Chi-Square 2 13.9976 0.0009 

Mantel-Haenszel Chi-Square 1 9.3750 0.0022 

Phi Coefficient  0.8238  

Contingency Coefficient  0.6358  

Cramer's V  0.8238  

WARNING: 100% of the cells have expected counts less 

than 5. Chi-Square may not be a valid test. 

  

Fisher's Exact Test 

Table Probability (P) 0.0016 

Pr <= P 0.0093 

 

Sample Size = 15 
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Supplementary Table S6. MC38-R Survival Study summary statistics  

Table of group by dead 

group dead 

Frequency 
Percent 
Row Pct 
Col Pct 

0 1 Total 

A:Contro 0 
0.00 
0.00 
0.00 

5 
33.33 

100.00 
50.00 

5 
33.33 

 
 

B:ffu_lv 0 
0.00 
0.00 
0.00 

5 
33.33 

100.00 
50.00 

5 
33.33 

 
 

C:cf10_lv 5 
33.33 

100.00 
100.00 

0 
0.00 
0.00 
0.00 

5 
33.33 

 
 

Total 5 
33.33 

10 
66.67 

15 
100.00 
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Statistics for Table of group by dead 

Statistic DF Value Prob 

Chi-Square 2 15.0000 0.0006 

Likelihood Ratio Chi-Square 2 19.0954 <.0001 

Mantel-Haenszel Chi-Square 1 10.5000 0.0012 

Phi Coefficient  1.0000  

Contingency Coefficient  0.7071  

Cramer's V  1.0000  

WARNING: 100% of the cells have expected counts less 

than 5. Chi-Square may not be a valid test. 

 

Fisher's Exact Test 

Table Probability (P) 0.0003 

Pr <= P 0.0010 

 

Sample Size = 15 
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CHAPTER 7 

CONCLUSION/FUTURE DIRECTIONS  

CF10 is effective in vivo in orthotopic CRLM models. CF10/LV is more 

effective than 5-FU/LV in a CRLM model under conditions of human-like folate 

levels. CF10/LV displays strong antitumor activity in MC38R CRLM model. H&E 

pathology showed that both CF10/LV and CF10 inhibit metastasis in MC38R 

CRLM model. CF10/LV is significantly more effective than 5-FU/LV at promoting 

increased survival in MC-38R and MC-38P CRLM model. Acquired drug resistance 

is a central cause of colorectal cancer mortality as most patients with metastatic 

CRC initially respond to chemotherapy with 5-FU-based regimens (e.g. FOLFOX, 

FOLFIRI) however long-term survival is uncommon with <14% of mCRC patients 

surviving 5-years post-diagnosis. Our 7-day infusion model provides valuable 

information on the potential of CF10 to be effective in treating drug-resistant mCRC 

however the limitation of the model is that it does not allow a survival advantage 

to be established because mice are required to be euthanized following removal 

of the jugular vein catheter because of the number of invasive surgeries involved 

in the study. On the other hand, our 14-day infusion model evaluated the survival 

in both the MC38:C57BL/6 and the MC38R:C57BL/6 CRC liver metastasis models 

and the results revealed that  CF10 and CF10/LV could provide a survival 

advantage relative to 5-FU and 5-FU/LV including complete tumor eradication in 

both the liver and GI according to our H&E pathological investigation. Our results 

also provided new insights into the mechanism of acquired resistance to 5-FU/LV 

in CRC cells and indicate CF10/LV is an effective alternative.  
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Overcoming 5-FU resistance affects mCRC treatment efficacy by understanding 

its consolidative mechanism. As a result, the involvement between increased TS 

levels, genetic polymorphisms, and programmed cell death gave an extensive 

background for clarifying the resistance model. CF10 displays potentiate 

characteristics to overcome current 5-FU-based regimes, as it is one of the 

significant keys to addressing the foremost problems in CRC treatment. 

 In general, our findings demonstrate that CF10 is much more potent for 

CRC cells than FPs used in treatment regimens for mCRC. The increased potency 

for CF10 relative to 5-FU and TFT is general, as evidenced by lower AUC values 

over multiple CRC cell lines included in the Broad Institute PRISM screen, is 

maintained with folate restriction, and is associated with stronger TS inhibition and 

potent Top1cc formation consistent with mechanistic similarities to Top1 poisons. 

LV co-treatment increases CF10 cytotoxicity to CRC cells, and while the effect is 

less pronounced than for 5-FU, our results support LV co-treatment during CF10 

development. The promising results obtained from the TFT study, particularly 

eradicating tumors in the model, suggest that CF10 could improve long-term 

survival outcomes for patients with mCRC. Acquired 5-FU/LV resistance was also 

associated with FP-induced TS, elevated Myc and ABCB5. There is minimal cross-

resistance to CF10 in 5-FU/LV-resistant CRC cells consistent with its use in treating 

5-FU/LV-resistant mCRC. 

I propose further investigating the mechanism associated with 5-FU/LV CRC 

resistance selective using our RNA sequencing (RNA seq) data to address the 

difference between non-resistant and resistant CRC. This can be achieved by 
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selecting the first two Hits on our RNA seq and using key molecular biology 

techniques like immunoprecipitation, western blotting, spheroid, and GSEA gene 

enrichment analysis to identify potential drug targets and examine the changes in 

protein expression related to 5-FU/LV metabolism and apoptosis involved in drug 

resistance.  
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Under the direction of Research Mentor, Williams-Devane ClarLynda, Ph.D., 

Director of the Williams-Devane Laboratory, my responsibilities on the project 

to show the effect of two types of stressors:(daily hassles and stressful life 

events), were to:    

• Determine whether these stressors differentially increase blood 

pressure.  

• Show significant difference between them by using R to analyze their 

slopes and standard deviations.  

 

University of North Carolina at Chapel Hill, NC                           2011 - 2012  

I participated in this 2-year collaborative program between UNC-CH Lineberger 

Cancer Center and North Carolina Central University, where students 

conducted cancer-related research at Lineberger during the summers and 

additional research during the academic year.  In addition, Partners students 

took special courses (Cancer Biology, Epidemiology, Introduction to Public 

Health) to better understand the causes, cures, and prevention strategies for 

cancers.  

As an intern in the summer of 2011 under the direction of Keku Temitope, Ph.D., 

Director of the Keku Laboratory, my responsibilities on the project to comparison 

of microbiota in rectal mucosal biopsies and rectal swabs were to:   
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• Use the bacterial 16s ribosomal gene Terminal Restriction Fragment 

Length Polymorphism (TRFLP) and quantitative Polymerase Chain 

Reaction (qPCR) to show differences in species richness, evenness 

and diversity in swabs compared to biopsies from the same patient.  

• Show significant differences in samples from the same patient, 

indicating that swabs and biopsies provide different views of the 

microbial biota along the intestine.    

As an intern in the summer of 2012 under the direction of Whitehurst Angelique, 

Ph.D., Director of the Whitehurst Laboratory, my responsibilities on the project 

to reveal the role of cancer-testes (CT) in HIF signaling were to:  

• Confirm CT - antigens using siRNA to inhibit expression of hit 

proteins.  

• Use Western blots to determine whether Hif1 protein levels were 

reduced due to gene inhibition.   
 

Technical Expertise:            

Cell biology: Human primary and immortalized cell culture; cytotoxicity 

assays; siRNA transfection; 5-FU/LV Resistance CRC cell-line selection 

and development.  

Molecular Biology and Biochemistry: Real-time quantitative RT-PCR; 

Western blotting, ELISA assays; RNA isolation; Targeted RNA 

sequencing array design; Ultracentrifugation; Size Exclusion 

Chromatography; Flow Cytometry. 

In Vivo – Rodents: Handling and necropsy techniques; Tissue collection; 

cell differential counts; Body composition measurements; Animal 

Breeding. 

Imaging/ Bioluminescence:  Microtox; Immunofluorescence staining; 

Absorbance and fluorescence microplate reader; Histology preparation, 

Immunohistochemistry, IVIS.  

Administrative Skills : 

Data analysis using (R, SAS, SPSS); Prism; NIH Image J; Endnote; Microsoft; 

Good written and oral communication; Ability to organize, lead, and participate 

in a diverse team environment; Time and people management.  
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Awards and Honors 

  

1. American Association Cancer Research Minority Scholar in Cancer 

Research Award Recipient (2024)  

 

2. Deal Fund Travel Awardee, Wake Forest Baptist Comprehensive Cancer 

Center (2024) 

 

3. Burroughs Wellcome Fund Graduate Diversity Enrichment Program 

Award Recipient (2023-2025) 

 

4. Deal Fund Travel Awardee, Wake Forest Baptist Comprehensive Cancer 

Center (2023) 

 

5. HHMI Gilliam Fellowship nominee from Wake Forest University (2020) 

 

6. American Physiological Society (APS): Martin Frank Diversity Travel 

Award Recipient (2019)  

 

7. American Physiological Society/American Society of Nephrology 

(APS/ASN): Martin Frank Diversity Travel Award Recipient (2019)  

 

8. Award Finalist Cell and Molecular Physiology Section (CAMPs)/APS 

Conference on my Master’s research “CaSR and RAS expression in salt-

sensitive rats” (2019)  

 

9. American Chemical Society (ACS): National Scholarship Award and 

Student Service Impact Award Recipient (2014) 

 

10. 20th Annual International Society of Pharmaceutical Engineers (ISPE) - 

Carolina South Atlantic Chapter (CASA) Life Sciences Technology 

Conference: 1ST Place Poster Undergraduate Competition (2013)  

 

11. AmeriCorps President’s Volunteer Service (THE WHITE HOUSE): 

President’s Volunteer Service Award Recipient(2013)   

 

12. University of Missouri-Columbia: Medical Preparation workshop Award 

Recipient(2013)   

 

13. NCCU Foundation Scholarship Award Recipient(2012-2013)  

 

14. BRITE Scholarship Award Recipient(2012-2013)  
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15. Society of Toxicology (SOT): Undergraduate Education Awardee (2012)  
 

Publications:  

 

Charles Chidi Okechukwu, Xue Ma, Wencheng Li, Ralph D’Agostino, Jr., and 
William H. Gmeiner 
“CF10 Overcome Acquired Resistance to 5-FU/LV in a MC38:C57BL/6 Syngeneic, 
Orthotopic Mouse Model of Colorectal Cancer Liver Metastasis” In Preparation 
April 2025.  
  
Charles Chidi Okechukwu, William H. Gmeiner “CF10/LV Overcomes Acquired 
Resistance to 5-FU/LV in Colorectal Cancer Cells Through Downregulation of the 
c-Myc/ABCB5 Axis” Cancer Drug Research Submitted March 2025. 
 
Charles Chidi Okechukwu, Xue Ma, Wencheng Li, Ralph D’Agostino, Jr., 
Matthew G. Rees, Melissa M. Ronan, Jennifer A. Roth, and William H. Gmeiner 
“CF10 Displays Improved Activity Relative to 5-FU in a Mouse CRLM Model Under 
Conditions of Physiological Folate” AACR Clinical Cancer Research MCT 
submitted March 2025.  
 
Okechukwu, C.C.; Ma, X.; Sah, N.; Mani, C.; Palle, K.; Gmeiner, W.H. 

Enhanced Therapeutic Efficacy of the Nanoscale Fluoropyrimidine Polymer 

CF10 in a Rat Colorectal Cancer Liver Metastasis Model. Cancers 2024, 16, 

1360. https://doi.org/10.3390/cancers16071360. 

Gmeiner WH, Okechukwu CC. Review of 5-FU resistance mechanisms in 

colorectal cancer: clinical significance of attenuated on-target effects. Cancer 

Drug Resistance. 2023; 6(2):257-72. doi: 10.20517/cdr.2022.136. PMID: 

37457133; PMCID: PMC10344727.  

 

Okechukwu CC, Pirro NT, Chappell MC. Evidence that angiotensin II does not 

directly stimulate the MD2-TLR4 innate inflammatory pathway. Peptides. 2021 

Feb;136:170436. doi: 10.1016/j.peptides.2020.170436. Epub 2020 Nov 9. 

PMID: 33181267; PMCID: PMC7855779. 

Araujo-Perez, F., McCoy, A. N., Okechukwu, C., Carroll, IM., Smith, KM., 

Jeremiah, K., Sandler, RS., Asher, GN., Keku, TO. Differences in microbial 

signatures between rectal mucosal biopsies and rectal swabs. Gut Microbes. 

2012 Nov-Dec;3(6):530-5. doi: 10.4161/gmic.22157. Epub 2012 Oct 11. PMID: 

23060016; PMCID: PMC3495790.  

 

 

https://doi.org/10.3390/cancers16071360
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Invited Talks and Presentations:  

 

Charles C. Okechukwu, M.Sc., Xue Ma, MD, Ph.D., William H. Gmeiner, Ph.D., 

MBA. “Role of O-GlcNac Conjugation and TS Translational Repression in 5-FU/LV 

Resistance in CRC and CF10 response” AACR Annual Meeting, San Diego, 

California (2024). 

 

Charles Okechukwu, M.Sc., William H. Gmeiner Ph.D., MBA. “Role of 

Translational Regulation of TS, Myc, and p53 in Mediating 5-FU Resistance CRC 

and CF10 Response” Burroughs Wellcome Fund Conference, Raleigh, North 

Carolina (2023). 

 
Charles Okechukwu, M.Sc., William H. Gmeiner Ph.D., MBA. “Role of 

Translational Regulation of TS, Myc, and p53 in Mediating 5-FU Resistance CRC 

and CF10 Response” ABRCMS, Phoenix, Arizona (2023). 

 

Charles Okechukwu, M.Sc., William H. Gmeiner Ph.D., MBA. “Improved Anti-

Metastatic Activity of CF10 in The Treatment of Colorectal-Liver and Colorectal-

Cecal Metastasis” Three-minute thesis presentation at the Wake Forest University 

Graduate School Research Day (2023).  

 

Charles Okechukwu, M.Sc., Mark Chappell Ph.D. “Angiotensin II Does Not 

Directly Stimulate The TLR4-MD2-MyD88 Inflammatory Pathway” Hypertension 

Scientific Session Virtual Event (2020). 

Charles Okechukwu, M.Sc., Emmanuel M. Awumey Ph.D. “High Salt and 

Aldosterone: Focus on CaSR-RAS on Plasma and Urinary Outcomes in Dahl 

Salt-Sensitive Rats” APS Aldosterone and ENaC in Health and Disease: The 

Kidney and Beyond conference, Estes Park, CO. (2019)      

Teaching Experience 

2012-2013           Student Teaching Assistant (Department of Pharmaceutical   
                            Sciences, NCCU) 

I was a student teaching assistant for biostatistics. I tutored   
students after class  and addressed any question problems 
they have. I helped the class instructor to co-ordinate the 
class and make sure the students understand each class 
material presented to them prior to either quizzes or exams.
      

                   

2017       Graduate Teaching Assistant (Department of Biological and   
                           Biomedical Sciences, NCCU) 

 I set up the class materials for Bio1000 Genetics class, and    
 brought the course director( who is medically blind) to the class    
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to deliver the early part of the course material while I teach 
most of the class. I address any questions from the students 
and prepare both quizzes and exam questions. I graded all the 
quizzes, test questions, and exams. I also upload all quizzes, 
test questions, and exams scores on the school blackboard so 
that students can see their grades. I also tutor the students 
after hours to make sure they understand the class materials 
before each of the exams. The class size was over 300 
students, and the class has two sessions which I teach for 90 
minutes each. The class meet every Tuesdays and Thursdays. 
 

Leadership and Community Service Experiences:  

 

2023 Moore Outreach event hosted by Magnet Elementary School   

                        Winston-Salem, NC  (Mentor) 

 

2023 ePoster Presentation Judge ABRCMS Conference 

 

2023 Science Night hosted by Union Cross Elementary School   

                          Kernersville, NC (Mentor) 

 

2022      Mentor Friends-in-Stem Mentoring Program  

 

2022      IPP Graduate Student Honors Council Representative 

 

2021      IPP Graduate Student Honors Council Representative 

 

2020 IPP Graduate Student Honors Council Representative 

 

2019-2025        Graduate Student Ambassador Wake Forest Graduate School  

2019                 Member/Black Graduate Student Association 

2014                  NCCU American Chemistry Society (ACS) President  

2014                 AmeriCorps-North Carolina Literacy Corps (NCLC) NCCU 

Student site Coordinator/tutor/volunteer  

2013                  NCCU Louis Stokes Alliance for Minority Participation  

                         (LSAMP) students  

2013                  NCCU Golden Key International Society Vice-President   

2013                  AmeriCorps-North Carolina-Activating Citizenship Through  

             Service (NC-ACTS!) student service/co-ordinator 
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Certifications:   

2020  Human Research Biomedical Investigators 1-

Basic Course 

2020  Good Clinical Practice for Clinical Trials with 

Investigational Drugs and Biologics (ICH Focus) 

1-Basic Course  

Membership: 

2024-Present American Association Cancer Research 

Associate Member 

 

 

 

 

 

 


