
2009ISSN 1479-6694Future Oncol. (2016) 12(17), 2009–2020

part of

10.2217/fon-2016-0091 © 2016 Future Medicine Ltd

REVIEW

The applications of the novel polymeric 
fluoropyrimidine F10 in cancer treatment: 
current evidence

William H Gmeiner*,1,2, Waldemar Debinski1,2,3, Carol Milligan1,4, David Caudell1,5 
& Timothy S Pardee1,2,6

1Wake Forest Baptist Medical Center Comprehensive Cancer Center, Wake Forest School of Medicine, Winston-Salem, NC 27157, USA 
2Department of Cancer Biology, Wake Forest School of Medicine, Winston-Salem, NC 27157, USA 
3Department of Radiation Oncology, Wake Forest School of Medicine, Winston-Salem, NC 27157, USA 
4Department of Neurobiology & Anatomy, Wake Forest School of Medicine, Winston-Salem, NC 27157, USA 
5Department of Pathology, Wake Forest School of Medicine, Winston-Salem, NC 27157, USA 
6Department of Hematology/Oncology, Wake Forest School of Medicine, Winston-Salem, NC 27157, USA 

*Author for correspondence: bgmeiner@wakehealth.edu

F10 is a novel polymeric fluoropyrimidine drug candidate with strong anticancer activity 
in multiple preclinical models. F10 has strong potential for impacting cancer treatment 
because it displays high cytotoxicity toward proliferating malignant cells with minimal 
systemic toxicities thus providing an improved therapeutic window relative to traditional 
fluoropyrimidine drugs, such as 5-fluorouracil. F10 has a unique mechanism that involves dual 
targeting of thymidylate synthase and Top1. In this review, the authors provide an overview 
of the studies that revealed the novel aspects of F10’s cytotoxic mechanism and summarize 
results obtained in preclinical models of acute myeloid leukemia, acute lymphocytic 
leukemia, glioblastoma and prostate cancer that demonstrate the strong potential of F10 to 
improve treatment outcomes.
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Fluoropyrimidine drugs such as 5-fluorouracil (5-FU) have been widely used for more than 
50 years [1,2], and while providing a survival benefit for some malignancies they are relatively inef-
fective for many others and cause serious toxicities. F10 was designed to overcome the limitations 
of current fluoropyrimidine drugs that result in suboptimal anticancer activity and cause toxicities. 
Specifically, F10 was designed to display improved anticancer activity by more effectively generating 
metabolites that inhibit thymidylate synthase (TS) and cause DNA damage, while generating lower 
levels of metabolites that cause systemic toxicities. The unique aspects of F10’s cytotoxic mechanism 
have been revealed in a series of studies conducted over the last decade that are summarized in the 
following sections. Furthermore, in the last 4 years, a series of preclinical studies have confirmed 
F10’s high activity and low toxicity using challenging and relevant cancer models. Collectively, these 
studies demonstrate the strong potential for F10 to simultaneously improve anticancer activity and 
reduce systemic toxicities relative to current therapy.

F10: definition & design concept
F10 was designed to fulfill the unmet medical need for a more effective fluoropyrimidine drug with 
greater anticancer activity, reduced systemic toxicities and an improved pharmacological profile 
relative to current fluoropyrimidines. Fluoropyrimidines are drugs in the same class as 5-FU and 
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capecitabine and were originally designed by 
Heidelberger et al. [1] to interfere with nucleo-
side metabolism in cancer cells. They remain in 
widespread use for cancer treatment more than 
50 years [2] since initial clinical trials and by 
some estimates are used to treat 2 million cancer 
patients each year [3]. Fluoropyrimidines remain 
in widespread use because they provide a survival 
benefit in highly prevalent malignancies, such as 
colon cancer [4]. Current evidence in preclinical 
models of acute myeloid leukemia (AML) [5], 
acute lymphocytic leukemia (ALL) [6], glioblas-
toma (GBM) [7], and prostate cancer [8] reported 
in the last few years indicate the design of F10 
results in tangible benefits in vivo that are likely 
to impact cancer treatment, including the treat-
ment of malignancies such as acute leukemia and 
GBM. These cancers have not historically been 
treated with fluoropyrimidines.

The f luoropyrimidines in current use 
(e.g., 5-FU) undergo both catabolic and ana-
bolic metabolism (Figure 1); however, the DNA-
directed anabolic metabolites (e.g., 5-fluoro-2′-
deoxyuridine-5′-O-monophosphate [FdUMP] 
and 5-fluoro-2′-deoxyuridine-5′-O-triphosphate 
[FdUTP]) that are produced at relatively low 
levels are primarily responsible for the anti-
cancer activity of the drug [9]. FdUMP inhib-
its TS [10], which is considered a rate-limiting 
enzyme in DNA synthesis. TS inhibition results 
in thymineless conditions that enhance incorpo-
ration of dUTP and FdUTP into DNA, and this 
causes massive DNA damage and, ultimately, 
results in thymineless death (TLD) [11]. Low 
TYMS expression in cancer patients is predic-
tive of a favorable response to fluoropyrimidine 
treatment [12]. More than 80% of administered 
5-FU is degraded, however, and individual varia-
bility in 5-FU clearance greatly affects treatment 
outcomes. Individuals deficient in DPD, the 
rate-limiting enzyme for 5-FU catabolism, are 
hypersensitive to 5-FU, resulting in severe toxici-
ties [13]. While only a few percent are truly defi-
cient in DPD, approximately one in three cancer 
patients develops severe 5-FU-related toxicities 
related to low 5-FU clearance. Furthermore, 
the degradation products of 5-FU catabolism 
(e.g., fluoro-β-alanine [FBAL]) are highly toxic 
(cardio- [14] and neurotoxicity [15]). While DPD 
deficiency and low clearance of 5-FU are predic-
tive of severe toxicity, high 5-FU clearance is 
predictive of poorer survival [16] demonstrating 
the pharmacological challenges associated with 
conventional fluoropyrimidine drugs. 5-FU is 

administered in combination with leucovorin 
(LV) to enhance TS inhibition and to maximize 
DNA damage [17]; however, incorporation of 
5-FU into RNA in vivo is at least tenfold greater 
than DNA [18]. Much of the gastrointestinal 
tract and hematologic toxicity of 5-FU has been 
linked to its RNA metabolites, and this has led 
to the recent approval of uridine triacetate by the 
US FDA for 5-FU overdoses. Hence, there is a 
need for improved fluoropyrimidine drugs, such 
as F10, that have improved pharmacological 
properties and enhanced DNA-directed effects 
relative to 5-FU.

F10 is a DNA polymer in which FdUMP 
nucleotides are serially connected [19], a design 
that circumvents the required metabolic acti-
vation needed to produce FdUMP from either 
5-FU or capecitabine. Rather, FdUMP is 
released from F10 by 3′-O-exonucleases which 
are the predominant DNAse activities in can-
cer cells [20]. In principle, F10 may be entirely 
converted to FdUMP without any metabolic 
activation; however, F10 is a polyanionic com-
pound, and cell permeability is a concern since 
DNases present in serum could also degrade 
F10 to monomeric FPs, such as 5-FU or FdU. If 
this occurred, then metabolic reactivation of the 
monomeric fluoropyrimidines produced would 
be required for F10 cytotoxicity in cancer cells.

To test whether extracellular degradation 
limited F10 cytotoxicity, we performed studies 
(in collaboration with Dr Peters; Amsterdam, 
The Netherlands) in cancer cell lines that were 
deficient in the anabolic activation of 5-FU and 
other monomeric FPs [21]. We then compared 
resistance factors for F10 vis-à-vis monomeric 
fluoropyrimidines based on cytotoxicity differ-
ences in proficient and deficient cells. First, we 
established that the relative cytotoxicity of F10 
greatly exceeded 5-FU and other monomeric 
f luoropyrimidines. As we observed broadly 
for cancer cell lines in the NCI 60 cell line 
screen [22,23], we also observed F10 was much 
more potent toward FM3A breast cancer cells 
by factors that ranged from 127-fold for FdUMP 
to more than 14,000-fold for 5-FU [21]. These 
cytotoxicity data demonstrate F10 does not 
undergo substantial degradation to monomeric 
fluoropyrimidines prior to cell uptake. Further 
evidence that F10 does not substantially degrade 
prior to cell uptake was obtained from studies 
with FM3A/TK- cells that are deficient in thymi-
dine kinase (TK), the enzyme that phosphoryl-
ates FdU to form FdUMP. The resistance factor 
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Figure 1. Structures of (A) F10 and (B) 5-fluorouracil and schematic of uptake and important metabolites. F10 is internalized by 
active transport into acute lymphocytic leukemia cells (see reference [6]) and converted to FdUMP, which inhibits TS, and FdUTP which 
is incorporated into DNA under thymineless conditions and poisons Top1 to generate DNA double-strand breaks. 5-FU enters both 
malignant and nonmalignant cells by passive diffusion and is converted to FUMP (a). FUMP is inefficiently converted to FdUMP (b, 
c). 5-FU also can be converted to FdUMP (d, e). 5-FU is also catabolized to FBAL, which causes cardio- and neuro-toxicity. The direct 
conversion of F10 to DNA-directed metabolites enhances DNA damage and contributes to anticancer activity while causes mainly RNA 
damage that contribute to systemic toxicities. 
5-FU: 5-fluorouracil; a: UMPS; b: UMPK; c: RNR; d: TP; e: TK.
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for FdU in these cells relative to wild-type was 
493, consistent with the important role for TK 
in FdU cytotoxicity. Interestingly, the resistance 
factor for monomeric FdUMP in this system 
was 945, indicating it likely undergoes dephos-
phorylation to FdU prior to cell uptake. By 

contrast, 5-FU had a resistance factor <1 in this 
system which is consistent with 5-FU cytotoxic-
ity being independent of TK, which, together 
with a lack of dependence on TS levels in these 
studies, indicated 5-FU cytotoxicity occurred 
mainly through RNA-directed processes. The 
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resistance factor for F10 in these TK- cells was 
136, or about one-quarter that for FdU, which 
is consistent with limited extracellular degrada-
tion of F10 to FdU and/or FdUMP, but with 
cytotoxicity predominantly arising from uptake 
of F10 multimer.

To gain further insight into the role of F10 
uptake in multimeric form for F10 cytotoxicity, 
we performed cell uptake studies with fluores-
cently labeled F10 [6]. F10 was efficiently inter-
nalized by ALL cells while normal hematopoietic 
stem cells (HSCs) displayed minimal uptake. 
Further, F10 uptake in ALL cells was both tem-
perature- and concentration-dependent, which is 
consistent with F10 uptake into malignant cells 
occurring via active transport [24]. In studies 
investigating how gene expression for cell lines 
included in the NCI 60 cell line screen affected 
F10 sensitivity, high expression of clathrin and 
other genes associated with endocytosis were 
strongly correlated with F10 sensitivity [23], but 
not with sensitivity to monomeric fluoropyri-
midines. Collectively, these studies demonstrate 
that F10 enters malignant cells mainly through 
active transport, and that FdUMP is released 
inside cancer cells at high levels and initiates 
processes that cause massive DNA damage.

F10 has unique mechanism that involves 
dual targeting of TS & Top1
F10 is much more potent than conventional 
f luoropyrimidine drugs [22,23], and while it 
shares certain mechanistic features such as TS 
inhibition and DNA damage in common with 
antecedent FPs (e.g., 5-FU, FdU), the increased 
potency appears to result from F10 also affecting 
additional DNA-directed processes, especially 
Top1 poisoning [22]. As with other fluoropyrimi-
dines, TS inhibition and induction of a thymine-
less state is central to F10 cytotoxicity [11]; 
however, F10 inhibits TS at much lower con-
centrations [19] consistent with greater conversion 
to the TS inhibitory metabolite, FdUMP. TS 
inhibition by F10 is also more complete and with 
a longer duration [8]. Some of these differences 
may result from TS also being an RNA-binding 
protein [25] that transcriptionally regulates mul-
tiple genes, including its own expression [26]. 
Moderate TS inhibition, as occurs with 5-FU 
treatment, actually increases TS activity through 
a rebound effect [27] in which new TS is synthe-
sized. By contrast, our studies show TS activity 
is nearly completely inhibited with the low F10 
concentrations needed for cytotoxicity and this 

high level of inhibition is retained for sufficient 
time to induce cell death, reflecting sustained 
high FdUMP levels. Efficient TS inhibition 
results in accumulation of dUMP, the TS sub-
strate and consequently to elevated dUTP lev-
els that under thymineless conditions results in 
increased dUTP incorporation into DNA [28]. 
With F10 there is also incorporation of FdUTP 
into DNA under thymineless conditions [29]. 
The importance of TS inhibition and incorpo-
ration of dUTP and FdUTP into DNA for F10 
cytotoxicity is demonstrated by experiments in 
which we rescued F10 cytotoxicity with exog-
enous thymidine [30]. Interestingly, thymidine 
is only effective for rescuing from F10 up until 
about 16 h of treatment, a time that coincides 
with the occurrence of DNA DSBs. Our results 
are consistent with F10 inducing thymineless 
conditions that are reversible until dUTP and 
FdUTP is incorporated into DNA and causes 
irreparable DNA damage.

An essential aspect of the DNA-directed 
effects of F10 that result in cytotoxic DNA dam-
age involves Top1 poisoning [31]. The potential 
role of Top1 in mediating F10 cytotoxicity was 
first identified in a COMPARE analysis [32] of 
F10 cytotoxicity data in the NCI 60 cell line 
screen [22]. These data indicated F10 was much 
more potent than monomeric fluoropyrimidines 
(338-fold increased potency relative to 5-FU; 
∼30-fold relative to FdU) which is consistent 
with activity via the multimer rather than deg-
radation to monomers. The spectrum of malig-
nant cells that were highly sensitive to F10 also 
differed from monomeric fluoropyrimidines, 
and included leukemia and CNS malignancies. 
Importantly, these sensitivities have been born 
out in vivo in our preclinical program [5–8]. The 
increased potency of F10 could result from the 
high levels of DNA-directed metabolites pro-
duced in cancer cells treated with F10 affecting 
additional or alternative targets. As mentioned 
above, we performed a COMPARE analysis 
of the NCI 60 cell line screen data for F10. 
COMPARE analysis ranks drugs tested in the 
NCI screen based on similarity in the response 
profile across the entire 60 cell line panel to iden-
tify drugs with similar mechanisms [32]. In this 
analysis, many of the drugs most closely corre-
lated with F10 were known Top1 poisons, such as 
camptothecin (CPT). In collaboration with Yves 
Pommier (NCI), we undertook studies inves-
tigating the mechanism by which F10 causes 
Top1 poisoning [33,34]. These studies revealed 
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that Top1 efficiently cleaved FdU-substituted 
DNA, but FdU interfered with the religation 
step of Top1 catalysis resulting in Top1 cleavage 
complex (Top1cc) formation [22]. The composi-
tion and stability of F10-induced Top1cc dif-
fer, however, from CPT-induced Top1cc. CPT 
induces noncovalent cleavage complexes and 
thus the complexes reverse with time, especially 
under high salt conditions [35]. For F10, cleav-
age complexes involve a covalent linkage to the 
drug and are expected to have increased stability. 
The relative timing of Top1cc and DNA DSB 
formation [30] suggest F10-induced Top1cc are 
converted to DNA double strand breaks which 
may occur through collision with advancing 
transcriptional [36] and replication [37] complexes, 
similar to what occurs with CPT.

The process by which inhibiting de novo thy-
midylate synthesis causes cytotoxicity is referred 
to as TLD [38], and occurs in all cell types includ-
ing bacteria [39], yeast [40,41] and mammalian 
cells [22]. Prior studies with 5-FU/LV in colon 
cancer cells indicated that TLD occurred pri-
marily by activating the apoptotic cascade [42]. 
Although DNA damage was the initiating lesion 
for inducing apoptosis, cell death was mediated 
primarily via the extrinsic apoptotic pathway [43]. 
Our studies with F10 in AML cells also indicated 
that F10 induced TLD, primarily via activating 
the extrinsic apoptotic pathway [44]. F10 cyto-
toxicity was markedly enhanced by agents that 
independently activate extrinsic apoptosis, such 
as agonistic Fas antibodies. A significant differ-
ence for how F10 activates the extrinsic pathway 
in AML relative to that reported for 5-FU/LV in 
colon cancer cells is that F10 treatment does not 
increase expression of either Fas or Fas ligand, 
but rather modulates their activity by promot-
ing localization in lipid rafts [44]. Increased lipid 
rafts are also induced in AML cell by treatment 
with statins which also result in activation of 
the extrinsic apoptotic pathway [44]. Our stud-
ies also showed statins are synergistic with F10 
through the increased activation of the extrinsic 
apoptotic pathway. Since statins are widely used 
and relatively well-tolerated, it may be possible 
to increase F10 activity in clinical trials by com-
bining with statins, or other agents that activate 
extrinsic apoptosis.

F10 is efficacious in multiple tumor models 
& is well-tolerated
F10 has undergone evaluation in multiple 
rodent models of cancer to determine whether 

the therapeutic advantages observed in cancer 
cells could also be achieved in vivo where factors 
such as drug clearance, first-pass metabolism and 
other issues markedly increase complexity. These 
studies have focused on acute leukemia [5,6], 
GBM [7] and advanced prostate cancer [8]. These 
malignancies were selected for study based upon 
the sensitivity of these types of malignant cells 
to F10 the NCI 60 cell line screen and other 
cell-based assays [23], and also due to the unmet 
medical need for new therapeutics for these 
malignancies for which standard chemotherapy 
is largely ineffective. Collectively, these studies 
demonstrate that F10 is likely to be effective for 
treating human cancer, including malignan-
cies for which fluoropyrimidine drugs are not 
p resently used.

●● F10 for the treatment of AML
We evaluated F10 in a panel of human leuke-
mia cell lines and observed strong and uniform 
potency with nanomolar IC

50
 values in all cell 

lines, including when cells were cultured using 
human serum [5]. We not only demonstrated a 
very large advantage in potency for F10 relative 
to 5-FU, as expected based on our NCI 60 anal-
ysis, but F10 was also much more potent on a 
molar basis than anthracycline drugs (e.g., doxo-
rubicin) or cytarabine (AraC), the drugs that 
constitute the backbone for treatment of AML 
with chemotherapy (Figure 2) [45]. The enhanced 
potency for F10 was particularly evident in cell 
lines that are relatively resistant to these drugs. 
For example, F10 was 272-fold more potent than 
doxorubicin to KG1a cells and was 1634-fold 
more potent than AraC to THP-1 cells, which 
is consistent with a lack of cross-resistance 
to F10 for cells that are relatively resistant to 
either anthracyclines, which may occur via drug 
efflux [46], or AraC, which may occur via cyti-
dine kinase deficiency [47]. The cytotoxic mecha-
nism of F10 in AML cells involves TS inhibi-
tion and formation of Top1cc under thymineless 
conditions, which results in DNA damage and 
induction of apoptosis [5,30,44].

The prognosis for AML patients with certain 
molecular characteristics, including expression 
of the Flt3 ITD [48], MN1 [49] or with p53 dele-
tions [50] is much poorer than patients without 
these features due to drug resistance. We tested 
F10 potency in a series of murine AML cell lines 
expressing these and other genetic features asso-
ciated with poor prognosis for human patients 
and, in all cases, these factors had minimal 



Future Oncol. (2016) 12(17)2014

Figure 2.  F10 displays strong antileukemic activity with minimal systemic toxicities. (A) F10 
confers a survival benefit equivalent to the combination of Ara-C and doxorubicin. C57/Bl6 mice 
were sublethally irradiated to 4.5 Gy and injected with an MLL-ENL and Flt3 ITD syngeneic AML. 
Once engraftment was established by bioluminescence imaging, mice were treated with either 
saline (control), F10 at 300 mg/kg (FdUMP [10]), 5-FU at 121 mg/kg (5-FU) or cytarabine at 125 mg/kg 
plus doxorubicin at 3.75 mg/kg (Ara-Dox) on days 1, 3, 5 and 7. (B) F10 is active against multiple ALL 
models in vivo. Survival of C57Bl/6 mice injected with syngeneic, Ph+ B-cell ALL model and treated 
with saline or F10 at 300 mg/kg every other day for 4, 6 or 9 doses as indicated. (C) Survival of ALL 
xenograft bearing mice from time of injection treated with saline or F10 at 300 mg/kg every other 
day ×5 doses as indicated. All p-values were derived from log-rank tests. (D–G) F10 (F) causes much 
less bone marrow toxicity than 5-FU (D) or AraC-Dox (E) – regions of hypocellularity are indicated 
with yellow arrows. Panel (G) is vehicle-treated control. Drug dosing was the same as in panel (A). 
5-FU: 5-fluorouracil; ALL: Acute lymphocytic leukemia; AML: Acute myeloid leukemia. 
(A & D–G) Data taken from [5]; (B & C) data taken from [6].

Bone marrow

60

80

20

40

0

100

0 20 30 4010
Days

P
er

ce
n

t 
su

rv
iv

al

AML model survival

Control (n = 7)
Ara-Dox (n = 9)
FdUMP[10] (n = 10)
5-FU (n = 6)

Days

60

80

20

40

0

100

0 20 30 4010

P
er

ce
n

t 
su

rv
iv

al

ALL model survival

Control (n = 11)
F10x4 (n = 7)
F10x6 (n = 4)
F10x9 (n = 6)

p = 0.0001

Control (n = 10)
F10 (n = 12)

Days

60

80

20

40

0

100

0 200 300 400 500100

P
er

ce
n

t 
su

rv
iv

al

ALL xenograft survival

p = 0.0098

REviEW Gmeiner, Debinski, Milligan, Caudell & Pardee

future science group

effect on F10 response consistent with F10 being 
broadly applicable for AML treatment. Further 

evidence of the potential applicability of F10 for 
treating AML was obtained by demonstrating 
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that F10 was very effective at suppressing hemat-
opoietic colony formation from primary patient 
samples and inhibited engraftment of leukemic 
cells, consistent with F10 causing cytotoxicity 
to leukemia stem cells [5]. Importantly, we also 
demonstrated that F10 was highly selective for 
malignant cells and suppressed colony formation 
of normal HSCs only at the highest doses tested. 
We also established that the molecular targets 
of F10 (TS and Top1) are widely expressed in 
AML cells.

We demonstrated F10 was efficacious in mul-
tiple murine models of AML and is much less 
toxic than conventional therapy. These studies 
used syngeneic, orthotopic murine models of 
AML that were driven by fusion proteins gen-
erated from genomic translocations associated 
with human AML, as well as molecular charac-
teristics, such as Flt3 ITD [48], which are associ-
ated with a poor prognosis. These models were 
previously used to evaluate chemotherapeutic 
efficacy for known drugs [50], and a survival ben-
efit was demonstrated for Dox/AraC chemother-
apy delivered at the maximum tolerated dose. 
Dose-escalation studies using the same dos-
ing schedule used for Dox/AraC revealed that 
F10 was much better tolerated than 5-FU [5]. 
F10 treatment, as a single agent, resulted in a 
significant survival benefit relative to vehicle 
controls and comparable to the combination 
of Dox/AraC. By contrast, 5-FU treatment did 
not result in a survival benefit relative to control 
animals. One of the most striking findings of 
these studies was that not only was F10 effica-
cious for AML, but that the doses required for 
efficacy caused minimal systemic toxicity. 5-FU 
treatment is known to cause serious toxicities to 
the gastrointestinal (GI) tract [51] and bone mar-
row [52] and serious damage to these organs was 
apparent in all 5-FU-treated animals (Figure 2). 
Dox/AraC-treated animals also displayed seri-
ous drug-induced bone marrow hypocellularity 
and GI tract toxicities. In contrast, F10-treated 
mice displayed minimal toxicities to all normal 
tissues analyzed. The strong efficacy for F10 
achieved with minimal toxicity may be particu-
larly impactful for treating elderly patients for 
whom aggressive treatment with conventional 
chemotherapy may be contraindicated [53].

●● F10 for treatment of ALL
F10 is highly cytotoxic to ALL cells and pro-
vides a strong survival benefit in multiple murine 
models of ALL (Figure 2), including models of 

drug-resistant disease [6]. The magnitude of the 
therapeutic advantages for F10 relative to 5-FU, 
doxorubicin and AraC in AML cells was also 
observed across a panel of ALL cell lines indicat-
ing that F10 is effective for treating ALL. Two 
ALL cell lines (DG75, SUP-B15) were tested 
for F10 uptake using a fluorescent F10 conju-
gate which was internalized by both cell lines 
in a temperature- and concentration-dependent 
manner consistent with F10 internalization via 
active transport [6]. ALL cells previously were 
shown to efficiently internalize certain oligonu-
cleotides [24], and a strong propensity for oligo-
nucleotide uptake may make ALL cells particu-
larly amenable to F10 treatment. Importantly, 
nHSCs display minimal F10 uptake. The 
cytotoxic mechanism for F10 in ALL cells is 
similar to that determined for AML cells and 
involves TS inhibition and generation of Top1cc 
under thymineless conditions resulting in DNA 
d amage and initiation of apoptosis [6].

F10 was strongly efficacious in syngeneic 
murine models of ALL that incorporate many 
of the characteristics that make ALL treatment 
challenging, including localization of leukemic 
cells to the bone marrow microenvironment, 
the presence of an intact immune system and 
the emergence of drug-resistant disease [6]. F10 
was efficacious toward the B-cell ALL model 
(B6 ALL), and repeated injections over longer 
time periods resulted in progressively improved 
survival outcomes. F10 treatment also resulted 
in a survival advantage in a murine model of 
Philadelphia chromosome-positive ALL [54] 
in Balb/c mice. We also demonstrated strong 
efficacy for F10 toward human leukemic cells 
in vivo using ALL cell lines in xenograft models. 
F10 induced tumor regression and provided a 
survival benefit and, in several cases, complete 
tumor eradication was observed. F10 was also 
efficacious toward animal models of drug-
resistant ALL. Chemotherapy with AraC and 
other drugs is frequently effective for inducing 
remission in ALL patients [55]; however, relapsed 
disease is chemorefractory and highly lethal [56]. 
F10 was highly cytotoxic toward AraC-resistant 
ALL cells isolated from drug-treated mice and 
provided a survival benefit toward leukemias 
generated using drug-resistant cells that were not 
responsive to AraC treatment demonstrating F10 
is not cross-resistant with AraC in this setting, 
and likely will be effective in treating relapsed 
ALL. Mice treated with F10 displayed minimal 
toxicity to bone marrow, GI tract or other organs 
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and F10 protected mice from leukemia-induced 
weight loss consistent with F10 being better 
t olerated than conventional therapy [6].

●● F10 for treatment of GBM
GBM is among the most challenging malig-
nances to treat because it is highly invasive and 
chemoresistance develops in malignant cells 
that are not amenable to removal by surgical 
resection [57]. The presence of GBM tumors 
behind the blood–brain barrier [58] poses an 
additional challenge for chemotherapy related 
to drug delivery. We demonstrated that F10 was 
well-tolerated upon intra-cranial (i.c.) adminis-
tration via an Alzet mini-pump which circum-
vented the need for blood–brain barrier perme-
ability by F10. The doses of F10 administered 
i.c. [7], which subsequently were shown to be 
highly efficacious, were much lower than those 
administered systemically in either our AML [5] 
or ALL [6] studies, which is consistent with F10 
administered i.c. being retained within the 
brain. Our studies also showed F10 was highly 
cytotoxic to GBM cells, and was more than 
10,000-fold more cytotoxic than 5-FU toward 
certain CNS malignancies that were included 
in the NCI 60 cell line panel [23]. F10 also effi-
ciently inhibited TS in GBM cells; however, TS 
is expressed at higher levels by GBM cells relative 
to AML cells, therefore, somewhat higher F10 
concentrations were required for complete TS 
inhibition. As with AML and ALL cells, F10 
induced Top1cc formation under thymineless 
conditions which resulted in DNA damage and 
cell death [7].

F10 treatment nearly completely eradicated 
human G48a xenografts in a murine orthotopic 
GBM model [7]. G48a cells were derived from 
a GBM patient [59], and orthotopic tumors are 
formed by injecting these cells into immuno-
compromised mice. The resulting tumors are 
highly invasive and recapitulate this character-
istic of human disease. F10 was highly effec-
tive at eradicating the predominant tumor mass 
that developed in the brain following i.c. injec-
tion. Perhaps of greater importance, clusters 
of tumor cells proximal to the leading edge of 
tumor growth in vehicle-treated animals were 
not present in mice treated with F10 indicating 
it effectively inhibited tumor invasiveness [7]. 
Importantly, F10 did not damage normal 
brain which is consistent with studies we per-
formed ex vivo using normal cortical neurons 
removed from embryonic mice and grown in 

tissue culture. These studies revealed F10 did 
not decrease neuronal survival at concentrations 
sufficient to cause GBM cell death. In contrast, 
equivalent doses of 5-FU were toxic to neurons. 
These studies demonstrate the markedly differ-
ent responses of neurons and normal brain tis-
sue to F10 relative to CNS malignancies. This 
highly favorable therapeutic window for F10 may 
enable successful treatment of GBM, and con-
trasts with traditional fluoropyrimidine chemo-
therapy that causes serious neurotoxicities due 
to degradation metabolites such as FBAL [60], 
while producing lower levels of DNA-directed 
metabolites responsible for cy totoxicity to highly 
pr oliferative GBM cells. 

●● F10 for prostate cancer
While only about 15% of prostate cancer 
patients develop metastatic disease, survival 
outcomes are exceedingly poor for those that 
do [61]. 5-FU was evaluated in clinical trials for 
late stage prostate cancer but displayed minimal 
survival benefit and significant side effects [62]. 
The current standard of care for patients that 
no longer respond to androgen deprivation ther-
apy is chemotherapy with docetaxel and while 
this provides an additional, though relatively 
brief, survival benefit, the disease is uniformly 
lethal [63]. Evaluation of F10 in the NCI 60 cell 
line screen demonstrated prostate cancer cells 
were much more sensitive to F10 than to 5-FU 
(600–1500-fold) [23], indicating F10 may be 
effective for treating late stage prostate cancer 
even though 5-FU was not effective in clinical 
studies. Since fluoropyrimidines are potent radi-
osensitizers [64] and radiation is also an impor-
tant treatment modality for prostate cancer [65], 
we also evaluated the antitumor activity of F10 
in combination with radiation [8]. In studies 
using clonogenic assays we established that F10 
was a potent radiosensitizer in prostate cancer 
cells. F10 treatment results in highly efficient 
and sustained TS inhibition and, as in for other 
malignant cells, F10 caused DNA damage and 
cell death.

We evaluated F10 in a xenograft model to 
determine if the increased sensitivity to F10 rela-
tive to 5-FU could result in improved anticancer 
activity [8]. These studies used a conservative 
dosing regimen in which F10 was administered 
intravenously three-times per week for 5 weeks 
at 40 mg/kg. With this dosing schedule, F10 
caused no weight loss and no damage was appar-
ent to the GI tract, or any other organs, for any 
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of the treated animals. F10 had single-agent 
antitumor activity and significantly decreased 
tumor growth rates and improved median sur-
vival in this tumor model by 18 days relative to 
vehicle-only control which was significant by 
log rank test (p < 0.001). F10 also significantly 
improved the antitumor activity of radiation 
in this model demonstrating F10 is a potent 
radiosensitizer in vivo in addition to its anti-
cancer activity. Importantly, average tumor 
volumes did not become significantly larger 
for mice treated with F10+radiation consist-
ent with the radiosensitizing properties of F10 
having a sustained effect on tumor growth. In 
fact, histological examination of excised tumors 
revealed marked hypocellularity, indicating the 
potential for complete tumor eradication with 
this approach.

Conclusion
F10 displays exceptionally strong antican-
cer activity in multiple challenging models of 
human malignancies for which current fluoro-
pyrimidine drugs are not effective and for which 
no chemotherapeutic options provide a long-
term survival benefit. F10 also has an improved 

therapeutic index relative to multiple chemo-
therapeutic drugs in current widespread use. 
The improved anticancer activity of F10 appears 
to result from three components: endocytosis 
of F10 via active transport into some types of 
malignant cells, but not into nonmalignant 
cells; efficient conversion to monomeric FdUMP 
inside cancer cells without a requirement for 
anabolic metabolism resulting in more complete 
and sustained TS inhibition than current fluoro-
pyrimidines;  and incorporation of dUTP and 
FdUTP into DNA under thymineless conditions 
which results in trapping of Top1cc. The dual 
targeting of TS and Top1 results in formation 
of lethal DNA damage and cell death mediated 
via the extrinsic apoptotic pathway. F10 is highly 
efficacious in vivo with strong anticancer activity 
achieved with reduced systemic toxicities relative 
to conventional drugs indicating it has both a 
unique mechanism and appropriate pharmaco-
logical properties to be considered for further 
development.

Future perspective
F10 may be useful as a new agent for treat-
ment of a range of malignancies, including 

EXECUTivE SUMMARY
F10 design overcomes limitations in fluoropyrimidine drugs that limit efficacy

 ●  Inefficient conversion to FdUMP results in suboptimal anticancer activity for 5-fluorouracil (5-FU).

 ●  Degradation and RNA-directed metabolites cause 5-FU systemic toxicity.

 ●  F10 is internalized by some malignant cells via active transport.

 ●  Efficient conversion to FdUMP following cell uptake results in strong activity and minimal toxicity.

F10 uniquely targets both thymidylate synthase & Top1

 ●  F10 is much more potent than conventional fluoropyrimidine drugs.

 ●  Thymidylate synthase is inhibited more completely and for longer times with F10 than 5-FU.

 ●  F10 promotes FdUTP misincorporation into DNA and poisons Top1 by interfering in the religation step of Top1 catalysis.

 ●  DNA damage resulting from F10 treatment activates the extrinsic apoptotic pathway.

F10 is efficacious for treating models of acute myeloid leukemia, acute lymphocytic leukemia, glioblastoma 
& prostate cancer

 ●  F10 is well-tolerated in vivo with doses that result in strong anticancer activity causing minimal systemic toxicities.

 ●  F10 is cytotoxic through dual targeting of thymidylate synthase and Top1 resulting in high levels of DNA damage in 
proliferating malignant cells.

 ●  F10 is effective for treating drug-resistant acute leukemia and promotes long-term survival in xenograft models of 
acute lymphocytic leukemia.

 ●  F10 is well-tolerated upon intra-cranial administration and efficacious in xenograft models of glioblastoma that display 
a highly invasive phenotype.

 ●  F10 is a potent radiosensitizer and effective in models of castration-resistant prostate cancer.
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