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Abstract

Introduction Fluoropyrimidines, principally 5-fluorouracil (5-FU), remain a key component of chemotherapy regimens
for multiple cancer types, in particular colorectal and other gastrointestinal malignancies. To overcome key limitations and
pharmacologic challenges that hinder the clinical utility of 5-FU, NUC-3373, a phosphoramidate transformation of 5-fluoro-
deoxyuridine, was designed to improve the efficacy and safety profile as well as the administration challenges associated
with 5-FU.

Methods Human colorectal cancer cell lines HCT116 and SW480 were treated with sub-1Cs, doses of NUC-3373 or 5-FU.
Intracellular activation was measured by LC-MS. Western blot was performed to determine binding of the active anti-cancer
metabolite FAUMP to thymidylate synthase (TS) and DNA damage.

Results We demonstrated that NUC-3373 generates more FAUMP than 5-FU, resulting in a more potent inhibition of TS,
DNA misincorporation and subsequent cell cycle arrest and DNA damage in vitro. Unlike 5-FU, the thymineless death
induced by NUC-3373 was rescued by the concurrent addition of exogenous thymidine. 5-FU cytotoxicity, however, was
only reversed by supplementation with uridine, a treatment used to reduce 5-FU-induced toxicities in the clinic. This is
in line with our findings that 5-FU generates FUTP which is incorporated into RNA, a mechanism known to underlie the
myelosuppression and gastrointestinal inflammation associated with 5-FU.

Conclusion Taken together, these results highlight key differences between NUC-3373 and 5-FU that are driven by the
anti-cancer metabolites generated. NUC-3373 is a potent inhibitor of TS that also causes DNA-directed damage. These data
support the preliminary clinical evidence that suggest NUC-3373 has a favorable safety profile in patients.

Keywords Fluoropyrimidine - Colorectal cancer - Thymidylate synthase - DNA damage - NUC-3373

Introduction (FUTP), fluorodeoxyuridine monophosphate (FAUMP)

and fluorodeoxyuridine triphosphate (FAUTP). FUTP is

For 60 years, 5-fluorouracil (5-FU) has remained one of the
most widely prescribed chemotherapies, used to treat com-
mon cancers including colorectal, gastric, breast, pancre-
atic, and head and neck. 5-FU exerts its anti-cancer activity
through several key metabolites; fluorouridine triphosphate
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misincorporated into RNA instead of uridine [1] caus-
ing alterations in RNA processing and function. FAUMP
inhibits deoxythymidine monophosphate (dTMP) synthesis
through the formation of a covalent ternary complex with
thymidylate synthase (TS) and 5,10-methylenetetrahydro-
folate [1, 2], preventing the conversion of deoxyuridine
monophosphate (dUMP) to dTMP. This imbalance in the
ratio of dUMP to dTMP causes higher uracil incorporation
in DNA, leading to cell cycle arrest and cell death. FAUTP is
incorporated into DNA instead of deoxythymidine triphos-
phate, resulting in DNA damage.

The clinical effectiveness of 5-FU is limited by short-
comings associated with breakdown and activation. Most
(> 85%) administered 5-FU is degraded by the enzyme
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dihydropyrimidine dehydrogenase (DPD) in the liver, gen-
erating alpha-fluoro-beta-alanine (FBAL) [2], a catabo-
lite associated with off-target toxicities such as hand-foot
syndrome and cardiotoxicity [3—5]. Therefore, most of the
drug is catabolized before it can enter cancer cells and exert
any therapeutic effect. The 5-FU taken up by cancer cells
is dependent on expression of thymidine phosphorylase
and thymidine kinase for conversion to fluorodeoxyuridine
(FUDR) and phosphorylation to FAUMP. Thus, alteration
in the levels of these enzymes limits the anti-cancer activity
of 5-FU [6, 7]. Furthermore, misincorporation of FUTP in
RNA causes myelosuppression, diarrhea and mucositis. To
shift the metabolite profile from FUTP to FAUMP and limit
toxicities, 5-FU is typically administered over long infusion
times, up to 46 h [9]. Although 5-FU-based regimens are
the standard of care for metastatic colorectal cancer (CRC),
treatment failure is observed in over 90% of patients due to
limited efficacy combined with systemic toxicity [8]. This
highlights the urgent need for new therapies that improve the
benefit-risk ratio for patients.

NUC-3373 is a phosphoramidate transformation of
FUDR, comprised of FUDR and a phosphoramidate moi-
ety (consisting of a phosphate and a specific combination
of aryl, ester and amino acid groups) [7, 9]. The phospho-
ramidate moiety protects the molecule from DPD-mediated
degradation, conferring the advantage of reduced expo-
sure to toxic catabolites and associated toxicities, as well
as significantly prolonging the plasma half-life (6-10 h for
NUC-3373 versus 8—14 min for 5-FU) [10-12]. Owing to
improved pharmacokinetics and direct delivery of the active
metabolite FAUMP, NUC-3373 can be administered over a
much shorter infusion compared to 5-FU (2 h versus 46 h)
[13]. Thus, NUC-3373 has a more predictable metabolic
pathway and is anticipated to improve the efficacy and safety
profile, as well as reducing the administration burdens, that
limit the clinical utility of 5-FU.

A Phase Ib/II study (NuTide:302) of NUC-3373 in com-
bination with standard agents used for the treatment of
advanced CRC is underway (NCT03428958). Although
this study is designed to determine the recommended Phase
IT dose and assess safety, promising signals of anti-cancer
activity have been observed in heavily pre-treated patients
who are refractory to, or have relapsed on, prior fluoropy-
rimidine therapy [10]. Data from this study also support that
NUC-3373 is associated with a lower incidence and severity
of typical fluoropyrimidine-related toxicities (neutropenia,
mucositis, diarrhea and hand-foot syndrome), compared to
historical data for 5-FU. Therefore, it is important to estab-
lish the underlying cellular and molecular mechanisms
responsible for these observations.

We hypothesized that differences in the levels of active
metabolites generated following 5-FU and NUC-3373
administration could lead to a more precise mode of action.
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Here, we assess the differences between 5-FU and NUC-
3373 in CRC in vitro, utilizing a model that mimics a short
infusion rather than a prolonged continuous infusion, and
discuss how these may contribute to an improved benefit-
risk profile of NUC-3373.

Materials and methods
Cell culture and reagents

HCT116 and SW480 cell lines were purchased from
ECACC and cultured in Dulbecco’s Modified Eagle Medium
(DMEM—Gibco) with 10% (v/v) fetal bovine serum and
1% (v/v) Penicillin/Streptomycin. Cells were incubated at
37 °C with 5% CO,. They tested negative for Mycoplasma
using the Minerva Biolabs ‘Venor GeM One Step’ PCR Kkit.

NUC-3373 was supplied as powder by NuCana plc, all
other compounds were obtained from Sigma Aldrich. NUC-
3373 and 5-FU were dissolved in DMSO to concentrations
of 40 mM and 10 mM. Uridine and thymidine were dis-
solved in distilled water to concentrations of 10 mM and
4.15 mM, respectively. All stock solutions were aliquoted
and stored at — 20 °C.

Cell growth assays

Cells were seeded in 96-well plates at a density of 500 cells
(HCT116) and 1500 cells (SW480) per well in a final vol-
ume of 200 uL/well in six experimental replicates and left to
settle for 48 h prior to treatment. CRC cells were incubated
with culture media containing increasing concentrations of
NUC-3373 or 5-FU, with or without 1 mM uridine or 33 uM
thymidine. After 24 h, drug-containing media was replaced
with fresh media. The ICs, for each experiment was deter-
mined at 96 h post-treatment, using a Sulforhodamine B
(SRB) assay[14]. Plates were scanned using BioTek 800 HT
plate reader (540 nm absorbance filter) and data analysis was
performed with Graphpad prism.

Western blot

2% 103 HCT116 cells and 3 x 10° SW480 cells were plated
in 10 cm dishes and left for 48 h prior to treatment with dif-
ferent concentrations of NUC-3373 or 5-FU for 6 h. Cells
were washed in ice-cold PBS and lysed in RIPA buffer sup-
plemented with cOmplete mini protease inhibitor (Roche),
aprotinin (Sigma Aldrich), and phosphatase inhibitor cock-
tails 2 & 3 (Sigma Aldrich). Protein concentration in each
lysate was determined by Bicinchoninic Acid assay using
Pierce BCA protein assay kit (Thermo Scientific, UK).
Lysates (25 pug) were resolved by SDS Polyacrylamide Gel
Electrophoresis, alongside Chameleon Duo protein ladder
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(LI-COR), then transferred to a PVDF membrane (Milli-
pore) overnight at 4 °C. The membrane was blocked with
50% (v/v) Odyssey Blocking Buffer (LI-COR) in PBS for 1 h
at RT. Antibodies for TS (Abcam #108995, 1:1000), 5-Actin
(CST #3700 s, 1:10,000), YH2AX (CST #9718, 1:1000)
and p-Chk1 (CST #2348, 1:1000) were diluted in 50%
(v/v) Odyssey Blocking Buffer in PBS prior to incubation
with the membrane. Next, membranes were incubated with
Licor IRDye 800CW donkey anti-rabbit and IRDye 680RD
donkey anti-mouse antibodies (1:10,000). After secondary
antibody incubation and washes, membranes were dried in
the dark and imaged using Odyssey® CLx Imaging System.

Metabolite analysis by LC-MS and LC-MS/MS
Sample preparation for intracellular metabolites

2% 10° HCT116 cells or 3 x 10° SW480 cells were plated in
10 cm dishes and left for 48 h prior to treatment with dif-
ferent concentrations of NUC-3373 or 5-FU for 6 h. Cells
were washed, trypsinized, spun down and the supernatant
discarded. The pellets were resuspended in 1 mL PBS and
transferred to an Eppendorf tube for another centrifugation
step. The PBS was discarded and pellets resuspended in
500 pL 80% ice-cold LC-MS grade methanol, vortexed and
incubated at — 80 °C for 20 min. Samples were spun down
at full speed for 5 min, 480 pL of supernatant transferred to
a fresh tube and stored at — 80 °C until LC-MS analysis.
Cell pellets were kept at — 20 °C for protein quantification.

Control matrix (cell supernatant) was prepared by extract-
ing untreated HCT116 and SW480 cells as above. Internal
standard solution containing '*C,, '"'N;-dATP, '"'N;-AMP
and NUC-1031 was prepared in 20% acetonitrile (ACN)
to a concentration of 20 uM, 200 pM and 2 nM respec-
tively. Calibration standards were prepared for FAUMP,
dUMP, FUTP and NUC-3373 in cell supernatant across
the range 5.00-2000 nM, 50.0-20,000 nM, 1- 400 nM and
0.05-20 nM respectively. 10 puL of internal standard solution
was added to each cell supernatant sample and calibration
standard. Samples were vortexed and evaporated to dryness
under a stream of nitrogen gas, then reconstituted in 75 uL
of 20% ACN and analyzed by LC-MS.

LC-MS analysis

LC-MS analysis carried out on Acquity H-Class UPLC sys-
tem coupled to Waters Xevo G2-XS Q-TOF. Analysis was
carried out by electrospray ionization (ESI) source operated
in either positive or negative ionization mode. Each sam-
ple was injected under three separate analytical conditions
and analyzed in either full scan TOF mode (50-800 m/z)
or by targeted analysis using multiple reaction monitoring
(MRM). All solvents and buffers were of LC-MS grade.

Chromatographic parameters can be found in supplementary
information.

Mass spectrometer

The eluent from the LC system was infused directly into the
ESI source. FUTP and FUDR were analyzed by an accurate
mass full scan method due to specificity problems. FAUMP,
dUMP, NUC-3373 and FUR were analyzed by targeted
MRM. The conditions and m/z for each analyte is detailed
in supplementary information (Table S2).

Calculations and normalization

Calibration lines were plotted linear 1/x* and analyte con-
centration was calculated either on analyte area or peak area
ratio with internal standard using MassLynx (version 4.2).
The concentration of each analyte was converted to pmol.
For each cell line, the protein content of a million cells was
established: HCT116 130 pg/10° cells; SW480 134 pg/10°
cells. Sample pellets (see sample preparation) were resus-
pended in 2% SDS and BCA was performed to determine
protein concentration in each sample. This was used as a sur-
rogate to calculate number of cells and results are reported
as pmol/10° cells. Areas under the curve were determined
on Graphpad Prism.

Flow cytometry

7.5% 10* HCT116 cells and 1.3x 10° SW480 cells were
plated in 6 cm dishes and left for 48 h prior to treatment
with different concentrations of NUC-3373 or 5-FU for
6 h. Cells were trypsinized and centrifuged at 1200 rpm for
5 min, washed with PBS and centrifuged again before being
re-suspended in 1 mL of ice-cold 70% ethanol and stored at
— 20 °C until staining for flow cytometric analysis. Samples
were labeled with DAPI (1:3700) in PBS. Flow cytometry
was performed using a CytoFlex (Beckman Coulter) and
data analyzed using CytExpert (ver 2.4). G1 peak was iden-
tified based on the first peak of DAPI fluorescence, and G2
was measured as double level of fluorescence.

Assay of dUTPase activity detected by EnzChek
pyrophosphate assay kit

The activity of purified dUTPase was measured using
EnzChek pyrophosphate assay kit. For dUTP and FAUTP
substrate kinetic determination the assays contained: 10 nM
dUTPase, 1 U purine nucleoside phosphorylase, 0.03 U inor-
ganic pyrophosphatase, 200 pM MESG substrate, 0-50 pM
of dUTP or 0-60 pM of FAUTP in reaction buffer (50 mM
Tris—HCI, 1 mM MgCl2, pH 7.5). For dUMP inhibition
study, dUTP concentration varied from 0-100 pM, dUTPase
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concentration was 20 nM and dUMP concentrations were
10 pM, 25 pM and 50 pM. For FAUMP inhibition, dUTP
concentration varied from 0 to 100 pM, 50 nM of dUTPase
was used when 10 pM of FAUMP was included, 100 nM of
dUTPase was used when 25 pM FAUMP was included, and
200 nM of dUTPase was used when 50 pM FAUMP was
included. The mixture without dUTPase was pre-incubated
for 10 min to reduce background before enzyme was added
to start reaction measurements. The reaction was performed
at RT for 15 min while absorbance was monitored at 360 nm.
Values were determined with reference to pyrophosphate
standards provided by the kit. Only reactions under initial
rate considered, data were fitted using a Michaelis Menten
Eq. (1) and an equation for competitive inhibition (2).

k., [S
kc{” = "max Et’ and v, = Cal[ ]

SRS 2

B kool S]
Ky (1 + ([11/K;)) + [S]

Vi 2
where k., is the turnover number, V. is maximum velocity,
E, is total enzyme concentration, [S] is the concentration of
substrate, K, is the Michaelis constant, [/] is the concentra-
tion of inhibitor, K; is the inhibition constant.

Data availability

The data generated in this study are available upon request
from the corresponding author.

Results

NUC-3373 causes a greater increase in TS complex
formation in CRC cells compared to 5-FU

TS ternary complex can be visualized on western blot as
an indicator of inhibition through a shift of TS to a higher
molecular weight at 38 kDa (free TS detected at 36 kDa).
This method was established by Johnston et al. (1991) and
confirmed by a number of research studies [15-17]. Two
human colorectal cell lines HCT116 (microsatellite insta-
ble, MSI) and SW480 (microsatellite stable, MSS) were
chosen based on their sensitivity to fluoropyrimidines and
treated with equimolar sub-ICs, doses of NUC-3373 or 5-FU
(0.1 pM to 25 pM) for 6 h (Table S1, Fig. S2). The dynam-
ics of TS binding were assessed over time by the ratio of
ternary TS complex to total TS (Fig. 1). In both cell lines,
NUC-3373 led to a higher proportion of bound TS protein
at low drug concentrations. Indeed, 10 pM of 5-FU was
required to achieve the same level of TS binding as 0.1 pM
of NUC-3373 in HCT116 cells and as 0.5 pM of NUC-
3373 in SW480 cells. The binding of TS by NUC-3373 was
almost maximal by 6 h and was sustained for at least 48 h
in both cell lines.

NUC-3373 generates higher levels of active
anti-cancer metabolite FAUMP compared to 5-FU

As inhibition of TS by FAUMP results in increased dUMP
and decreased dTMP [1, 18], intracellular nucleotide pools
were assessed and quantified over time using mass spec-
trometry following 6-h treatment with NUC-3373 or 5-FU.
NUC-3373 generated significantly higher levels of FAUMP
compared to 5-FU. Free FAUMP was barely detectable fol-
lowing treatment with 5-FU in HCT116 cells, with an area

bound TS (38 kDa)
free TS (36 kDa)

5-FU

B-actin (40 kDa)

bound TS (38 kDa)
free TS (36 kDa)

NUC-3373

Fig.1 NUC-3373 and 5-FU cause formation of the TS ternary com-
plex in CRC cells. Representative western blot images of TS expres-
sion at different timepoints in HCT116 (left) and SW480 (right) cells
treated with a range of 5-FU (top) or NUC-3373 (bottom) doses
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(0.1-25 uM). The binding of FAUMP to TS, causing inhibition of the
enzyme, is determined by the presence of an upper band on western
blot (unbound TS 36 kDa; bound TS 38 kDa). B-actin was used as a
loading control (n=2)
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under the curve (AUC) of 1.4 vs 114.3 at equimolar concen-
trations of 5-FU and NUC-3373, respectively and was only
detected at a very low-level following treatment with 5-FU
in SW480 cells, with AUC 6.36 vs 250.6 at 25 pM 5-FU and
NUC-3373, respectively (Fig. 2). It is important to note that
only free FAUMP was quantified, not FAUMP bound to TS.

NUC-3373 treatment resulted in a greater accumulation
of dUMP metabolites suggesting greater inhibition of TS.
The AUC was up to 120-times higher following treatment
with NUC-3373 than 5-FU, at equimolar concentrations.
However, while TS binding remained unchanged from
0.1 uM and up to 48 h, dUMP levels were dose-depend-
ent and decreased over time after NUC-3373 was removed
from the cell culture media. This suggests that new TS is
being synthesized but not necessarily bound by the remain-
ing intracellular FAUMP. Despite potential formation of
new TS, and disappearance of FAUMP at 48 h even at high

NUC-3373 doses, levels of dUMP remained at a minimum
concentration of 20 pmol/10° cells in SW480 cells treated
with 25 uM NUC-3373, hence validating a prolonged inhibi-
tion of TS, unlike 5-FU. Furthermore, while 5-FU treatment
led to generation of the metabolite FUTP in both cell lines,
it was not detectable following treatment with NUC-3373
(LLOQ=1 nM).

These results confirm that equimolar NUC-3373 leads to
greater S inhibition than 5-FU and, consequently, increased
levels of both dAUMP and FAUMP, which will be converted
to triphosphates that are likely to be misincorporated into
DNA, but none or little of the fluorouridine metabolite
FUTP which is misincorporated into RNA.

Thymidine supplementation rescued both cell lines
from NUC-3373-induced cytotoxicity with IC5,> 100 uM,
but it did not promote cell survival in 5-FU treated cells
(Table 1), supporting the hypothesis that NUC-3373 is

FAUMP dUMP FUTP
(A)
207 157 — NUC-3373
2. ts s — 5FU
£3 it it E
22 1] £t £5°
: 0 1'2 ZTI 3‘5 4‘8 0 12 24 36 48 h 0 |l2 le 3'5 ‘IS
Hours Hours Hours
104 150 104
g g - [
oo 2 % 3 § i % ‘=1':
: 0 1‘2 2" 3‘5 4‘3 l; 1'2 2“ 3'5 413 0 1'2 2“ 3‘6 4'8
Hours Hours Hours
(B) FAUMP duMmP FUTP
Treatment 5-FU NUC-3373 NUC-3373 5-FU NUC-3373
0.1uM - - - 72.2 (+16.1) - ]
3 0.5 uM - 3.48(:0.7) - 385.1 (£51.8) - -
G 2uM - 20.82(s5) | 7.66(:9.4) | 922(£229) 17 (+4) ;
10uM | 1.38(:0.8) | 114.3(¢14.4) | 278.5(x95) | 2184 (¢579) | 105.8 (+15.4) ]
0.5 uM - 5.2 (+1.7) 10.5(20) | 239.1(x46.1) | 4.14(20.6) -
8 2uM - 9.09(:0.9) | 16(+8.7) |603.1(x28.6) | 10.3(20.5) -
= 10uM | 2.64(£0.7) | 58.5(+7.7) | 447.8(£25) | 1918 (130) | 46.2 (+4.4) -
25uM | 6.36(x1.4) | 250.6(£23.9) | 1070(+70) | 2911 (¢350) | 75.7 (+4) -

Fig.2 NUC-3373 and 5-FU are activated in CRC cells and inhibit
TS. A Representative profile of intracellular metabolites related to
5-FU or NUC-3373 in HCT116 or SW480 cells treated with NUC-
3373 or 5-FU for 6 h. Complete set of data available in supplemen-
tary information. B AUC values for FdAUMP, dUMP and FUTP in
HCT116 and SW480 cells treated with a range of concentrations of

NUC-3373 or 5-FU. The data are expressed as (pmol x hour)/10°
cells + SD (n=3). Values were below the limit of quantification in
cells marked with—(LLOQ FdUMP: 5 nM; dUMP: 50 nM; FUTP:
1 nM). dTMP and FAdUTP could not be measured in any conditions
tested as the levels were below limit of detection
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Table 1 Thymidine rescues cells treated with NUC-3373 from death,
whereas uridine affects cell sensitivity to 5-FU

5-FU—ICs, (uM)  NUC-3373—ICs, (uM)

HTC116 control 19.7 (15.1-24.9) 22.3 (19.6-25.6)
HTC116+thymidine  15.8 (12.7-19.6) >100

HCT116 +uridine 27.3 (22.2-34.4) 22.9 (19.8-26.9)
SW480 control 44.6 67.9

SW480 + thymidine 34.8 >100

SW480 + uridine 67.7 62.8

Data are represented as mean from at least three independent experi-
ments, that each had six technical replicates (lower to upper 95% con-
fidence interval, when applicable), maximal dose 100 uM

a more potent inhibitor of TS and DNA synthesis than
5-FU. Uridine triacetate is recommended for patients with
severe side effects from 5-FU as it competes with FUTP
for incorporation in RNA and limits unwanted toxicities
[19, 20]. In our study, the addition of uridine resulted in
an increased ICs, for 5-FU but had no effect on NUC-
3373, indicating that misincorporation of FUTP into RNA
is more important for the mode of action of 5-FU when
administered over a short time period.

FUR in RNA
GV HCT116
10 10
g <
4 =
o 4
o o
E 3
© 5 o 5
5 -
x© [+ 4
2 2
0 Qo
24h 48h 24h 48h
B FUDR in DNA
(B) HCT116
0.50
z z
] &
g 2
3 3o
g 0.25 g
14 o
[=] a
= =]
w # # 'S
0.00
24h 48h

Fig.3 NUC-3373 mostly causes uracil misincorporation into DNA
and treatment with 5-FU results in incorporation of uracil in RNA.
HCT116 and SW480 cells were treated with 10-50 pM of 5-FU or
NUC-3373. Incorporation of FUTP in RNA (A) and FAUTP in DNA
(B) was determined with mass spectrometry, by measuring levels of
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NUC-3373 has a more DNA targeted mode of action
than 5-FU

FUTP is misincorporated in RNA during transcription and
FAUTP into DNA during replication and repair processes
[21]. Cells were treated for 24 h with 10-25 pM of NUC-
3373 or 5-FU for HCT116 or 25-50 pM for SW480 and
metabolites in the respective nucleic acids were quanti-
fied by mass spectrometry at 24 h and 48 h. Due to con-
cerns regarding stability of monophosphate nucleotides
for mass spectrometry analyses, a dephosphorylation step
was included following the hydrolysis of RNA and DNA;
therefore, the nucleosides fluorouridine (FUR) and fluoro-
deoxyuridine (FUDR) were used as surrogates for meas-
urement of FUTP and FAUTP incorporation [22], respec-
tively. Treatment with both 5-FU and NUC-3373 resulted
in incorporation of FUTP in RNA (Fig. 3A). However,
while FUR concentrations in 5-FU treated samples ranged
from 2.44 to 8.84 pmol/ug RNA, they were at a maximum
0.5 pmol/ug RNA for NUC-3373. In contrast, cells treated
with NUC-3373 demonstrated FUDR present in DNA, from
0.06 to 0.62 pmol/ug DNA, while no detectable signal was
observed in DNA from cells exposed to equimolar doses
of 5-FU (LLOQ=0.1 nM) (Fig. 3B). These results support
the hypothesis that a short infusion of 5-FU (<24 h) causes
FUTP generation, which is incorporated in RNA leading
to the neutropenia, mucositis and gastrointestinal toxicities

=3 5FU

SW480 Il NUC-3373

=)
=
o
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° °
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o
o
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o
8

FUR or FUDR. Data are represented as the amount (pmol) of FUR
per pg RNA and FUDR per pg DNA + SD (n=3). # FUDR levels
in 5-FU treated samples were below the lower limit of quantification
(LLOQ=0.1 nM)
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reported in patients. Conversely, NUC-3373 appears to have
a more DNA-targeted mechanism of action, with minimal
effects on RNA incorporation.

dUTPase knockdown and biochemical assays
confirm the DNA-mediated mode of action
of NUC-3373

Deoxyuridine triphosphate nucleotidohydrolase (dUTPase)
prevents misincorporation of uracil into DNA by converting
dUTP and FAUTP back into their monophosphate forms [23,
24]. Kinetic studies on dUTPase have suggested it is inhib-
ited by its products dUMP or FAUMP. This would directly
affect dUTP and FAUTP levels and therefore DNA incor-
poration [25]. To identify if product-mediated inhibition
was taking place and perform a direct comparison between
dUTP and FdUTP as substrates, we recombinantly produced
human dUTPase and measured its activity using a coupled
assay (Fig. 4A). dUTP was a better substrate than FAUTP
(fivefold higher specificity, k.,/Ky.qutp=0.8+0.4 pM
7 ko Kniraurp=0.-15+£0.06 pM ™! s71). Furthermore,
product inhibition occurred with both dUMP and FAUMP,
being more extensive with accumulation of dUMP (inhi-
bition constant 20-fold lower for FAUMP than dUMP,

(B)

[PPi released] (uM)

[dUTP or FAUTP] (uM)

Ki qump=5.8+1.4 pM and K, pump=0.62 +0.05 pM).
Taken together, dUTP is a preferred substrate over FAUTP,
and increased levels of both dUMP and FAUMP lead to
product inhibition of dUTPase and consequently to greater
incorporation of FAUTP into DNA.

High levels of dUTPase have been shown to negatively
impact cell sensitivity to 5-FU, which was reversed upon
silencing or blockade but only when cells were treated for 48 h
[26] or 72 h [27]. This is consistent with the requirement for
prolonged administration of 5-FU to cause uracil misincorpo-
ration into DNA. dUTPase expression was silenced in CRC
cell lines by siRNA targeting the gene DUT, with a non-target-
ing siRNA control. The knockdown was confirmed by western
blot at the time of treatment and validated up to 7 days post-
transfection, when the endpoint cytotoxicity assay was per-
formed (Fig. 4C, Fig. S4). SW480 cells expressed higher rela-
tive levels of dUTPase than HCT116 cells. This could explain
the similarities in DNA misincorporation despite higher levels
of dUMP and FAUMP in SW480 cells. Regardless of dUT-
Pase expression, NUC-3373 exerted cytotoxic activity in both
cell lines. Following knockdown, both cell lines were treated
with a range of 5-FU or NUC-3373 concentrations and ICs,
was determined 96 h post-treatment (Fig. 4D). A reduction
of 67 to 83% in the ICs, of NUC-3373 was observed in cells

-#%- 100 uM dUTP-dUMP
F+ 10 uM dUTP-dUMP
-®- 100 uM dUTP-FdUMP
-O- 10 uM dUTP-FdUMP

[dUMP or FAUMP] (1M)

1Cso (M)
C D
© HCT116 SW480 D) 5-FU NUC-3373
: H . f siNeg 13.7(10.4t0 17.7) 10.3(7.8t013.2)
siNeg  siDUT s:!\leg siDUT HCT116 °
> ' siDUT 9.9(8.2t011.9) 1.6(1.2t0 2.1)
dUTPase (22k Da) - e
siNeg 23.7(21.5t0 26.1) 33.7(29.9t038.2)
GAPDH (36 kDA) Sw480
siDUT 24.5(22.5t0 26.8) 11.1(8.8to 14.1)

Fig.4 Lack of dUTPase validates action of NUC-3373 on DNA. A
Activity assay for dUTPase using dUTP (filled circles) or FAUTP
(empty circles). Data were fitted to a hyperbolic Michaelis Menten
equation, yielding Ky qurp=3.2%1.8 pM, Ky pqurp=19.1£6.7 uM,
keaaurp=2.5%£0.3 pM, kg paurp=2.8+0.4 pM. B Inhibition assay
probing product inhibition with dUMP or FAUMP at Ky, 4;rp and 10
times Ky qup concentration of the substrate dUTP. Data were fitted
using a Morrison’s equation and plotted as relative activity. Experi-
ments were performed in triplicate and errors are shown as standard

error of the mean. C dUTPase expression was silenced by siDUT and
the efficacy of knockdown (72 h after transfection) was validated by
western blot. GAPDH was used as loading control. D The effect of
lack of dUTPase on sensitivity to NUC-3373 or 5-FU was assessed
by measuring the ICs, (uM), compared to non-targeting siRNA con-
trol. Data are represented as mean from two independent experi-
ments, each with six technical replicates (lower to upper 95% confi-
dence interval)
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transfected with DUT siRNA compared to cells transfected
with siRNA negative control (in SW480 and HCT116, respec-
tively), whereas knockdown did not affect sensitivity to 5-FU
in either cell line. This confirms that incorporation of ura-
cil in DNA is a key process underlying NUC-3373-induced
cytotoxicity.

TS inhibition and DNA incorporation cause cell cycle
arrest and DNA damage

Nucleotide analogs disrupt the cell cycle when integrated into
DNA, notably in S phase as they are usually misincorporated
during replication [28], but less so during repair. We investi-
gated the effect of 5-FU or NUC-3373 on the different phases
of the cell cycle (Fig. 5A; Fig. S7). The proportion of cells
in S-phase was greater following treatment with NUC-3373
compared to control and 5-FU at over a period of up to 48 h.
At the highest doses, 5-FU treatment increased the proportion
of cells in S-phase at 24 h, following which cells reverted to a
regular cell cycle by 48 h. This suggests that NUC-3373 has
a greater impact on DNA during replication than 5-FU and is
consistent with the DNA incorporation data.

S-phase arrest can either be resolved by the cell to
resume the cell cycle or it can induce strand breaks. Pro-
teins involved in DNA repair such as histone H2A histone
family member X (H2AX) and checkpoint kinase 1 (Chk-
1) are phosphorylated (y-H2AX and p-Chk1 respectively)
and recruited to sites of DNA damage and are the initiators
of downstream enzymes to restore DNA integrity [29]. To
determine whether 5-FU and NUC-3373 cause DNA damage
through the mechanisms described, expression of p-Chkl
and YH2AX were assessed over time in HCT116 and SW480
cells treated with sub-ICs, doses of 5-FU or NUC-3373
for 6 h. Both p-Chk1 and yH2AX were induced by NUC-
3373 even at the lowest dose, resulting in a dose-dependent
increase over time. The effect was more pronounced in
SW480 cells, and while the western blot for HCT116 did
not show a significant difference between the conditions,
we had previously reported an increase of YH2AX signal
48 h post-treatment in cells treated with 0.5 or 10 pM NUC-
3373 for 6 h [30]. Meanwhile, 5-FU had limited effect on
either protein at equimolar doses in both cell lines (Fig. 5B).
This further confirms that NUC-3373 causes DNA damage
through TS and DNA synthesis inhibition, whereas 5-FU
cytotoxicity is predominantly through an RNA-associated
mechanism when administered over a short time period.

Discussion
Thymidylate synthase is essential for conversion of dUMP

to dTMP, representing the de novo pathway of dTMP gen-
eration for DNA replication and repair [31], making it an
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attractive target for anti-cancer therapy. Fluoropyrimidines
have been developed to inhibit TS; however, these agents
have drawbacks. NUC-3373 was specifically designed
to overcome key limitations associated with 5-FU [7, 9].
The results of this study demonstrate that NUC-3373 gen-
erates substantially higher levels of the active anti-cancer
metabolite FAUMP than 5-FU, suggesting it is a more potent
inhibitor of TS. It is known that in vivo 5-FU is subject to
extensive degradation by DPD in the liver, with only 15%
of an administered 5-FU dose available to enter cancer cells
[2]. Thus, the results are particularly encouraging as NUC-
3373 and 5-FU were compared at equimolar concentra-
tions in these in vitro experiments, meaning that cells were
exposed to a higher percentage of 5-FU than they would
receive in vivo. Furthermore, NUC-3373 did not gener-
ate high concentrations of the metabolite FUTP, which is
known to be misincorporated into the RNA of both normal
and cancer cells and underlies many of the gastrointesti-
nal and hematological toxicities associated with 5-FU [32,
33]. These results are consistent with the observation that
patients treated with NUC-3373 alone or in combination
with oxaliplatin or irinotecan have experienced much lower
rates of FUTP-related toxicity [34, 35]. The inhibition of
TS combined with misincorporation of FAUTP in DNA and
subsequent DNA damage prove that, unlike 5-FU, NUC-
3373 is more effective at killing cells through targeting DNA
rather than RNA.

In this study, two human CRC cell lines were studied
based on their sensitivity to fluoropyrimidines. This allowed
investigation of the potential impact of basal TS levels, cell
replication rate, MMR and microsatellite status. TS levels
vary widely in the tumors of patients with CRC [36] and,
although the literature regarding TS as a predictive and
prognostic biomarker for 5-FU is inconclusive, some studies
show a correlation between TS expression and 5-FU activity
[36-39]. However, we have previously shown cell sensitiv-
ity to NUC-3373 is independent of TS expression in a panel
of CRC cell lines [38]. Patients receive 5-FU in combina-
tion with the folinic acid leucovorin to enhance the inhibi-
tion of TS by FAUMP, however, this did not reflect in our
in vitro assays. Similar findings had already been reported
by Dominijanni and Gmeiner [40] as they found that co-
treatment with leucovorin had no significant effect on 5-FU
cytotoxicity in HCT116 cells. Overall, it is not uncommon
for research studies on 5-FU to not use leucovorin in vitro
[16, 23, 26].

The difference observed in the dynamics of free and TS
ternary complex formation at equimolar doses of 5-FU and
NUC-3373 is due to the fact that 5-FU requires a complex
activation pathway which results in an unpredictable metab-
olite profile [2, 18]. Therefore, either higher doses of 5-FU
or prolonged treatment times are needed to achieve compara-
ble results to NUC-3373 in these experiments. The kinetics
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p-Chk1 (50 kDa)

YH2AX (17 kDa)

B-actin (40 kDa)

Fig.5 NUC-3373 induces a prolonged S-phase arrest and DNA
damage. A SW480 cells were treated with sub-ICs, doses of 5-FU
or NUC-3373 for 6 h and effect on the cell cycle was analyzed by
flow cytometry at different timepoints. Gates for how each phase of
a normal cell cycle (G1, S, G2/M) looks are represented in the cor-
responding control samples at 6 h and values are given in the table.

of activation of both agents was investigated using a short
6-h treatment period to mimic a short infusion of 5-FU to
compare with NUC-3373 which is administered as a short
infusion to patients. This resulted in an unequivocal differ-
ence between 5-FU and NUC-3373, which was consistent
in both cell lines. NUC-3373 generated more free FAUMP

p-Chk1 (50 kDa)

YH2AX (17 kDa)

B-actin (40 kDa)

Histograms and corresponding analysis from one representative
experiment (complete dataset in Fig. S7). B Representative western
blot images for yYH2AX and p-Chkl signals in HCT116 (left) and
SW480 (right) cells treated with a range of 5-FU or NUC-3373 doses
(0.5-25 pM), at 24 h and 48 h post-treatment. -actin was used as a
loading control (n=2)

and no detectable FUTP, whereas the opposite was observed
for 5-FU with barely detectable FAUMP. NUC-3373 also
caused a greater increase in dUMP levels, which was used
as a surrogate for TS inhibition, complementing the western
blot data. In both cell lines, supplementation with exogenous
thymidine rescued cytotoxicity caused by NUC-3373 but
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not by 5-FU, strongly indicating that NUC-3373 causes sig-
nificant TS inhibition. When the de novo pathway of dTMP
production is inhibited, cells can utilize the salvage pathway,
converting thymidine to dTMP, to overcome thymine deple-
tion [38]. On the contrary, supplementation with uridine, a
method approved by the US Food and Drug Administration
for patients who received an overdose or are exhibiting early-
onset severe toxicities following administration of 5-FU [18,
37, 41], induced a shift in IC5, of 5-FU but not NUC-3373,
implying further differences in the mode of action.

Upon entering S phase, TS translocates to the nucleus,
directing dTMP synthesis to the site of DNA replication;
however, TS ternary complex formation with FAUMP stops
this translocation. It was previously reported that misincor-
poration of uracil into DNA was heightened when de novo
dTMP synthesis was restricted to the cytoplasm [42], likely
due to reduced dTMP pools available in the nucleus. We
previously found that NUC-3373 induced cytoplasmic reten-
tion of TS [43]. While we could not measure dTMP levels,
we observed increased FUDR misincorporation into DNA,
leading to S-phase arrest in CRC cells and DNA damage,
which was less pronounced in cells treated with 5-FU.

Uracil misincorporation into DNA and RNA has been
investigated for decades, however, progress in analytical
instruments now allows for more precise measurements. A
recent study showed that HCT116 cells treated with 10 and
50 uM of 5-FU or FUDR for 24 h had similar levels of FUR
incorporation into RNA with the two compounds, suggesting
that FUDR is transformed back into 5-FU [22]. Furthermore,
they could not detect any FUDR in DNA at less than 50 uM
5-FU and 30 ug DNA, whereas in our work it was present in
as low as 4 ug DNA from cells treated with 10 uM of NUC-
3373 for 24 h. This confirms that FAUMP released intracel-
lularly by NUC-3373 accumulates and is further converted
to FAUTP. The same group also found that ribosomal RNA
(rRNA), the most abundant RNA species, is also affected
by 5-FU. They observed that 5-FU treatment results in ura-
cil incorporation in the ribosome, modifying its intrinsic
translational activity, leading to increased translation of pro-
teins involved in pathways controlling cell proliferation and
tumorigenesis [44]. Incorporation of FUR in rRNA was also
reported in samples from patients treated with 5-FU [45].
Therefore, fluorinated ribosomes induced by 5-FU treatment
may favor the emergence of resistant cellular phenotypes
and cause relapse. dUTPase minimizes misincorporation of
uracil in DNA by maintaining the intracellular dUTP pool
at an extremely low level [46, 47]. FAUTP is also a sub-
strate for dUTPase and therefore these two nucleotides are
often undetectable or present at very low concentrations in
cancer cells under physiological conditions, or following
treatment with 5-FU, as they are quickly converted to their
respective monophosphates [23, 24]. Expression of dUT-
Pase is heterogenous in tissues but increased expression is
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observed in various cancers, and it has been suggested that
higher expression results in resistance to 5-FU [23, 24].
However, we demonstrated that dUTPase can be inhibited
by its products dUMP and FAUMP, and that treatment with
NUC-3373 resulted in an excess of both metabolites in CRC
cell lines. This may explain why treatment with NUC-3373
resulted in FUDR being detected in DNA at similar levels
at equimolar doses in both cell lines, even though SW480
cells have higher dUTPase expression compared to HCT116.
Upon silencing dUTPase, NUC-3373-induced cytotoxicity
was more pronounced in HCT116 than SW480, suggest-
ing that dUTPase does not correlate with cell sensitivity
and other mechanisms are involved in rescuing cells from
death. Uracil DNA glycosylase (UDG) acts with dUTPase
to maintain DNA free from uracil. UDG is part of the base
excision repair (BER) pathway which removes a faulty base
and aims to replace with the right one, but if no dTMP is
available then it is likely to incorporate another uracil base
instead and perpetuate the cytotoxic effect of fluoropyrimi-
dine compounds [48, 49]. Yan et al. mapped cell lines based
on their sensitivity to FUDR and p53 status and found two
clusters: p53 wild-type were sensitive and p53 mutant were
resistant to FUDR [49]. HCT116 cells are p53 wild-type
and mismatch repair deficient, whereas SW480 cells have
a mutated form of p53 and are mismatch repair proficient.
These parameters may further explain differences in sensi-
tivity, despite misincorporation of similar levels of FAUTP
in their DNA. Wilson et al. showed that oxaliplatin-induced
p53 inhibited dUTPase activity, using HCT116 p53 wild-
type and HCT116 p53-/- cell lines as models [26]. NUC-
3373 is currently being investigated in combination with
oxaliplatin in the NuTide:302 study and this mechanism
could partially explain the synergy previously observed
between NUC-3373 and oxaliplatin in vitro. Up to 40% of
patients with CRC are p53 wild-type [50, 51] and could ben-
efit from this combination.

This study has demonstrated that in vitro, in addition to
being a more potent TS inhibitor than 5-FU, NUC-3373 has
a more DNA-targeted mode of action which may underly the
advantages observed over 5-FU, such as a shorter infusion
time and more tolerable safety profile. NUC-3373 may be
an attractive alternative to one of the most commonly used
chemotherapies for the treatment of colorectal and other
solid tumors. These hypotheses will be further evaluated
in a randomized phase 2 clinical study in which NUC-3373
will be compared against 5-FU in combination with agents
commonly used in CRC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00280-023-04528-5.

Author contributions JB, ALD, CMC and DJH, conception and design
of research; FGM performed preliminary experiments; JB, ALD, OJR,
YZ, PM, PT and GMZ performed experiments; JB, ALD, OJR, PM


https://doi.org/10.1007/s00280-023-04528-5

Cancer Chemotherapy and Pharmacology (2023) 91:401-412

411

and PT analyzed data; JB, ALD, CMC and DJH interpreted results of
experiments; JB, ALD and PT prepared figures; JB drafted manuscript;
JB, OJR, YZ, FGM, CMC and DJH edited and revised manuscript; all
authors read and approved the final version of the manuscript.

Declarations

Conflict of interest JB, OJR and FGM are full-time employed by
NuCana plc, ALD and DJH are part-time employed by NuCana plc,
YZ, GMZ and CMC are funded by research grant from NuCana
plc. PT is funded by IBiolC, CMC is funded by the Wellcome trust
(217078/2/19/Z).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Longley DB, Harkin DP, Johnston PG (2003) 5-Fluorouracil:
mechanisms of action and clinical strategies. Nat Rev Cancer
3:330-338

2. Diasio RB, Harris BE (1989) Clinical pharmacology of 5-fluoro-
uracil. Clin Pharmacokinet 16:215-237

3. Sara JD et al (2018) 5-fluorouracil and cardiotoxicity: a review.
Ther Adv Med Oncol. https://doi.org/10.1177/1758835918780140

4. Sasaoka S et al (2016) Evaluation of the association of hand-
foot syndrome with anticancer drugs using the US food and drug
administration adverse event reporting system (FAERS) and Japa-
nese adverse drug event report (JADER) databases. Yakugaku
Zasshi 136:507-515

5. Cordier PY et al (2011) 5-FU-induced neurotoxicity in cancer
patients with profound DPD deficiency syndrome: a report of two
cases. Cancer Chemother Pharmacol 68:823-826

6. Tsutani Y, Yoshida K, Sanada Y, Wada Y, Konishi K, Fukushima
M, Okada M (2008) Decreased orotate phosphoribosyltransferase
activity produces 5-fluorouracil resistance in a human gastric can-
cer cell line. Oncol Rep 20:1545-1551

7. Vande Voorde J et al (2011) The cytostatic activity of NUC-
3073, a phosphoramidate prodrug of 5-fluoro-2'-deoxyuridine,
is independent of activation by thymidine kinase and insensitive
to degradation by phosphorolytic enzymes. Biochem Pharmacol
82:441-452

8. Longley D, Johnston P (2005) Molecular mechanisms of drug
resistance. J Pathol 205:275-292

9. McGuigan C et al (2011) Phosphoramidate protides of the anti-
cancer agent fudr successfully deliver the preformed bioactive
monophosphate in cells and confer advantage over the parent
nucleoside. J Med Chem 54:7247-7258

10. Evans TRJ et al (2019) NuTide:302: a phase Ib study to assess
the safety, pharmacokinetics and clinical activity of the ProTide
NUC-3373 when combined with standard agents used in colorec-
tal cancer. J Clin Oncol 37:TPS719

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

. Blagden SP et al (2019) Abstract C059: inhibition of thymidylate

synthase by the ProTide NUC-3373: in vitro analysis and clinical
validation. Therap Agents: Other. https://doi.org/10.1158/1535-
7163. TARG-19-C059

Ghazaly E et al (2017) Interim pharmacokinetic (PK) and pharma-
codynamic (PD) data from the first-in-human study of NUC-3373,
a pyrimidine nucleotide analogue, in patients with advanced solid
tumors. Ann Oncol 28:v128

Berlin J et al (2021) A phase Ib study of NUC-3373, a tar-
geted inhibitor of TS, in combination with standard therapies in
advanced/metastatic colorectal cancer (NuTide:302). J Clin Oncol
39:93-93

Vichai V, Kirtikara K (2006) Sulforhodamine B colorimetric assay
for cytotoxicity screening. Nat Protoc 1:1112-1116

Johnston PG, Liang CM, Henry S, Chabner BA, Allegra CJ
(1991) Production and characterization of monoclonal antibod-
ies that localize human thymidylate synthase in the cytoplasm
of human cells and tissue. Cancer Res 51:6668-6676

Brody JR et al (2006) A proposed clinical test for monitoring
fluoropyrimidine therapy: detection and stability of thymidylate
synthase ternary complexes. Cancer Biol Ther 5:923-927
Kurasaka C, Nishizawa N, Ogino Y, Sato A (2022) Trapping of
5-fluorodeoxyuridine monophosphate by thymidylate synthase
confers resistance to 5-fluorouracil. ACS Omega 7:6046—-6052
Derissen EJB et al (2016) Exploring the intracellular pharma-
cokinetics of the 5-fluorouracil nucleotides during capecitabine
treatment. Br J Clin Pharmacol 81:949-957

Ma WW et al (2017) Emergency use of uridine triacetate for the
prevention and treatment of life-threatening 5-fluorouracil and
capecitabine toxicity. Cancer 123:345-356

Ison G et al (2016) FDA approval: uridine triacetate for the
treatment of patients following fluorouracil or capecitabine
overdose or exhibiting early-onset severe toxicities following
administration of these drugs. Clin Cancer Res 22:4545-4549
Wyatt MD, Wilson DM (2009) Participation of DNA repair in
the response to 5-fluorouracil. Cell Mol Life Sci 66:788-799
Machon C et al (2021) Study of intracellular anabolism of
5-fluorouracil and incorporation in nucleic acids based on an
LC-HRMS method. J Pharm Anal 11:77-87

Wilson PM, LaBonte MJ, Lenz HJ, Mack PC, Ladner RD (2012)
Inhibition of dUTPase induces synthetic lethality with thymi-
dylate synthase-targeted therapies in non-small cell lung cancer.
Mol Cancer Ther 11:616-628

Wilson PM et al (2008) Novel opportunities for thymi-
dylate metabolism as a therapeutic target. Mol Cancer Ther
9:3029-3037

Téth J, Varga B, Kovacs M, Malnasi-Csizmadia A, Vértessy BG
(2007) Kinetic mechanism of human dUTPase, an essential nucle-
otide pyrophosphatase enzyme. J Biol Chem 282:33572-33582
Wilson PM, Fazzone W, Labonte MJ, Lenz HJ, Ladner RD (2009)
Regulation of human dUTPase gene expression and p53-mediated
transcriptional repression in response to oxaliplatin-induced DNA
damage. Nucleic Acids Res 37:78-95

Hagenkort A et al (2017) dUTPase inhibition augments replication
defects of 5-Fluorouracil. Oncotarget 8:23713-23726

Ewald B, Sampath D, Plunkett W (2008) Nucleoside ana-
logs: molecular mechanisms signaling cell death. Oncogene
27:6522-6537

Woods D, Turchi JJ (2013) Chemotherapy induced DNA damage
response convergence of drugs and pathways. Cancer Biol Ther
14:379-389

Bré J et al (2022) NUC-3373 has a more targeted DNA mode of
action than 5-FU. Cancer Res. https://doi.org/10.1158/1538-7445.
AM?2022-1835

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/1758835918780140
https://doi.org/10.1158/1535-7163.TARG-19-C059
https://doi.org/10.1158/1535-7163.TARG-19-C059
https://doi.org/10.1158/1538-7445.AM2022-1835
https://doi.org/10.1158/1538-7445.AM2022-1835

412

Cancer Chemotherapy and Pharmacology (2023) 91:401-412

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Martin K, Schreiner J, Zippelius A (2015) Modulation of APC
function and anti-tumor immunity by anti-cancer drugs. Front
Immunol 6:29

De Gramont A et al (1997) Randomized trial comparing monthly
low-dose leucovorin and fluorouracil bolus with bimonthly high-
dose leucovorin and fluorouracil bolus plus continuous infusion
for advanced colorectal cancer: a French intergroup study. J Clin
Oncol 15:808-815

Saltz LB et al (2001) Irinotecan plus fluorouracil/leucovorin for
metastatic colorectal cancer: a new survival standard. Oncologist
6:81-91

Coveler AL et al (2021) A phase Ib study of NUC-3373 in combi-
nation with standard therapies in advanced/metastatic colorectal
cancer (NuTide:302). J Clin Oncol 39:93-93

Coveler A et al. (2022) NUC-3373, a ProTide transformation of
5-FU, in combination with oxaliplatin (NUFOX) or irinotecan
(NUFIRI) in patients with advanced colorectal cancer (CRC)
(NuTide:302). In: ESMO Congress

Peters GJ et al (2002) Induction of thymidylate synthase as a
5-fluorouracil resistance mechanism. Biochim Biophys Acta Mol
Basis Dis 1587:194-205

Danenberg PV (1977) Thymidylate synthetase—a target enzyme
in cancer chemotherapy. BBA Rev Cancer 473:73-92

Chu E, Allegra CJ (1995) The role of thymidylate synthase as an
RNA binding protein. BioEssays 18:191

Wong NACS et al (2001) Nuclear thymidylate synthase expres-
sion, p53 expression and SFU response in colorectal carcinoma.
BrJ Cancer 85:1937-1943

Dominijanni A, Gmeiner WH (2018) Improved potency of F10
relative to 5-fluorouracil in colorectal cancer cells with p53 muta-
tions. Cancer Drug Resist 1:48-58

FDA (2015) INDICATIONS AND USAGE VISTOGARD ®
is indicated for the emergency treatment of adult and pediatric
patients : following a fluorouracil or capecitabine overdose regard-
less of the presence of symptoms , or who exhibit early-onset ,
severe or life-threate. https://www.accessdata.fda.gov/drugsatfda_
docs/label/2015/2081590rig1s0001bl.pdf doi:accessdata.fda.gov.

@ Springer

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

MacFarlane AJ et al (2011) Nuclear localization of de Novo thy-
midylate biosynthesis pathway is required to prevent uracil accu-
mulation in DNA. J Biol Chem 286:44015-44022

McKissock FG, Um IH, Mullen P, Harrison DJ (2019) NUC-3373
induces a cytoplasmic translocation of thymidylate synthase in
colorectal cancer cell lines. Cancer Res. https://doi.org/10.1158/
1538-7445.AM2019-2082

Bash-Imam Z et al (2017) Translational reprogramming of colo-
rectal cancer cells induced by 5-fluorouracil through a miRNA-
dependent mechanism. Oncotarget 8:46219-46233

Therizols G et al (2022) Alteration of ribosome function upon
5-fluorouracil treatment favors cancer cell drug-tolerance. Nat
Commun 13:1-14

Grogan BC, Parker JB, Guminski AF, Stivers JT (2011) Effect of
thymidylate synthase inhibitors on dUTP and TTP pool levels and
the activities of DNA repair glycosylases on uracil and 5-fluoro-
uracil in DNA. Biochemistry 50:618-627

Traut TW (1994) Physiological concentrations of purines and
pyrimidines. Mol Cell Biochem 140:1-22

Ladner RD et al (2000) dUTP nucleotidohydrolase isoform
expression in normal and neoplastic tissues: association with sur-
vival and response to 5-fluorouracil in colorectal cancer. Cancer
Res 60:3493-3503

Yan Y, Qing Y, Pink JJ, Gerson SL (2018) Loss of uracil DNA
glycosylase selectively resensitizes p5S3-mutant and -deficient
cells to 5-FdU. Mol Cancer Res 16:212-221

Nakayama M, Oshima M (2019) Mutant p 53 in colon cancer. J
Mol Cell Biol 11:267-276

Network TCGA (2012) Comprehensive molecular characteriza-
tion of human colon and rectal cancer. Nature 487:330-337

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/208159Orig1s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/208159Orig1s000lbl.pdf
https://doi.org/10.1158/1538-7445.AM2019-2082
https://doi.org/10.1158/1538-7445.AM2019-2082

	The novel anti-cancer fluoropyrimidine NUC-3373 is a potent inhibitor of thymidylate synthase and an effective DNA-damaging agent
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Cell culture and reagents
	Cell growth assays
	Western blot
	Metabolite analysis by LC–MS and LC–MSMS
	Sample preparation for intracellular metabolites
	LC–MS analysis
	Mass spectrometer
	Calculations and normalization

	Flow cytometry
	Assay of dUTPase activity detected by EnzChek pyrophosphate assay kit
	Data availability

	Results
	NUC-3373 causes a greater increase in TS complex formation in CRC cells compared to 5-FU
	NUC-3373 generates higher levels of active anti-cancer metabolite FdUMP compared to 5-FU
	NUC-3373 has a more DNA targeted mode of action than 5-FU
	dUTPase knockdown and biochemical assays confirm the DNA-mediated mode of action of NUC-3373
	TS inhibition and DNA incorporation cause cell cycle arrest and DNA damage

	Discussion
	Anchor 27
	References




