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The clinical stage anti-cancer agent PR-104 has potential utility as a cytotoxic prodrug for exogenous
bacterial nitroreductases expressed from replicating vector platforms. However substrate selectivity is
compromised due to metabolism by the human one- and two-electron oxidoreductases cytochrome
P450 oxidoreductase (POR) and aldo-keto reductase 1C3 (AKR1C3). Using rational drug design we devel-
oped a novel mono-nitro analog of PR-104A that is essentially free of this off-target activity in vitro and
in vivo. Unlike PR-104A, there was no biologically relevant cytotoxicity in cells engineered to express
AKR1C3 or POR, under aerobic or anoxic conditions, respectively. We screened this inert prodrug analog,
SN34507, against a type I bacterial nitroreductase library and identified E. coli NfsA as an efficient bioac-
tivator using a DNA damage response assay and recombinant enzyme kinetics. Expression of E. coli NfsA
in human colorectal cancer cells led to selective cytotoxicity to SN34507 that was associated with cell
cycle arrest and generated a robust ‘bystander effect’ at tissue-like cell densities when only 3% of cells
were NfsA positive. Anti-tumor activity of SN35539, the phosphate pre-prodrug of SN34507, was
established in ‘mixed’ tumors harboring a minority of NfsA-positive cells and demonstrated marked
tumor control following heterogeneous suicide gene expression. These experiments demonstrate that
off-target metabolism of PR-104 can be avoided and identify the suicide gene/prodrug partnership of
E. coli NfsA/SN35539 as a promising combination for development in armed vectors.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Gene-directed enzyme prodrug therapy (GDEPT) is an approach
whereby cancer tropic vectors such as replication-competent
viruses or bacteria are employed to deliver therapeutic genes to
the tumor microenvironment. The exogenous gene typically intro-
duces a new catalytic function into the tumor microenvironment
that can confer conditional sensitivity to otherwise inert prodrugs
[1]. The most widely studied nitroaromatic enzyme/prodrug
combination for GDEPT is the nitroreductase (NTR) from
Escherichia coli, NfsB, in combination with the prodrug CB1954
(5-(aziridin-1-yl)-2,4-dinitrobenzamide); see review [2] and
references therein. Although efficacy was demonstrated with this
combination in cell culture models [3,4] and tumor xenografts
using replication-defective viruses [5,6], to date this combination
has demonstrated limited utility in human clinical trials. Poor
aqueous solubility of CB1954 [7], modest kinetics of CB1954 reduc-
tion by NfsB [8], and dose-limiting hepatotoxicity in humans [9]
are thought to be possible reasons for the lack of efficacy observed.

The prodrug PR-104 (Fig. 1A), (2-((2-bromoethyl)(2-((2-hydro
xyethyl)carbamoyl)-4,6-dinitrophenyl)amino) ethyl methanesul-
fonate phosphate ester) represents an alternative nitroaromatic
substrate for NTRs. PR-104 is a water-soluble phosphate ester
‘pre-prodrug’ which undergoes facile conversion to the corre-
sponding lipophilic alcohol PR-104A in plasma, and was initially
designed and optimized as a hypoxia-activated prodrug (HAP) with
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Fig. 1. Rationale for design of the prodrug SN34507: (A) Schematic of pre-prodrug PR-104 or SN35539 conversion to prodrug PR-104A and SN34507, respectively, with
subsequent reduction to cytotoxic hydroxylamine or amine metabolites by up to three independent metabolic pathways; (B) Binding model of PR-104A in the active site of
human aldo-keto reductase 1C3 indicating potential for hydrogen-bond formation between the ortho nitro group and tyrosine-24 residue (Figure generated with PyMol
(Schrodinger)).
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a bystander effect (diffusion of active metabolites from the cell of
origin [10]). One-electron reduction of the para nitro group on
PR-104A (relative to the nitrogen mustard) by human one-
electron reductases such as cytochrome P450 oxidoreductase
(POR) and methionine synthase reductase (MTRR) [11,12] creates
a nitro radical anion intermediate. The radical anion is back-
oxidized in the presence of molecular oxygen or, in the absence
of oxygen (anoxia), will undergo further electron addition to form
the DNA alkylating hydroxylamine (PR-104H) or amine (PR-104M).
PR-104H and PR-104M can cause inter-strand DNA crosslinks with
disruption of the replication fork upon mitosis, the most likely
mechanism of toxicity [13,14]. Hypoxia selectivity was demon-
strated in a range of cancer cell lines, with hypoxia cytotoxicity
ratios (HCR; aerobic IC50 value divided by anoxic IC50 value) rang-
ing from 5 to 100-fold [10]. However despite clear evidence for
hypoxia-selective activation, atypical aerobic sensitivity of some
cell lines to PR-104A suggested the presence of an aerobic reduc-
tase. The human oxidoreductase AKR1C3 (aldo-keto reductase
member 1C3; P42330) was subsequently shown to reduce
PR-104A in an oxygen independent (two-electron) manner by
bypassing the formation of the oxygen-sensitive nitro radical inter-
mediate, and is now accepted as the major determinant of aerobic
PR-104A sensitivity [15].

AKR1C3 is a type 2 3a-HSD (hydroxysteroid dehydrogenase)
and type 5 17b-HSD/prostaglandin F synthase [16], and is
expressed at high levels in CD34+ myeloid progenitor cells [17].
Expression of AKR1C3 in these cells is a likely explanation for the
underlying mechanism of the myelosuppression observed in
humans after treatment with high doses of PR-104. Initial Phase I
studies of PR-104 in patients with solid tumors determined that
the primary dose-limiting toxicity was myelosuppression, predom-
inantly neutropenia and thrombocytopenia, with delayed onset
that was sometimes prolonged or irreversible [18,19]. This toxicity
restricted the plasma exposure of PR-104A in humans to approxi-
mately one-third of the levels achievable in mice; mean plasma
AUC of 39 lM-h is recorded in humans at 1100 mg/m2 [18,19],
compared to 120 lM-h in mice at 2144 mg/m2 [20]. The inability
of PR-104 to achieve sufficiently high plasma exposures in humans
has limited its clinical utility in solid tumors.

Nevertheless the improved potency and bystander effect of
PR-104A relative to CB1954 make it a potential candidate for
GDEPT. PR-104A demonstrated a 9-fold improvement in
anti-proliferative activity when compared to CB1954 in
NfsB-expressing cells [21], and there is strong evidence for larger
bystander effects from the dinitrobenzamide mustard class of
compounds at tissue-like cell densities [22,23]. This evidence,
taken together with the large therapeutic ratio demonstrated for
PR-104A in vitro (WT:NfsB IC50 ratio of 2300-fold [21]), suggests
that PR-104A remains a viable candidate for nitroreductase-
based GDEPT. Consistent with this rationale, PR-104 has been eval-
uated in pre-clinical models with considerable success [24].

Ideally a GDEPT prodrug should be an exclusive substrate for a
vector-encoded enzyme. PR-104A is subject to aerobic metabolism
by human AKR1C3 and hypoxic metabolism by various one-
electron oxidoreductases, which may limit the therapeutic speci-
ficity of the prodrug for NTR-armed vectors. In this study we have
used rational drug design to develop more selective GDEPT
prodrugs. We hypothesized that elimination of the ortho nitro of
PR-104 would reduce the ability of AKR1C3 to recognize the dinitro
motif. We also predicted that, in the absence of the electron-
withdrawing effect of the ortho nitro group, the one-electron affin-
ity (E(1)) of the remaining (para) nitro group would be lowered
below that required for metabolism by human oxidoreductase
enzymes [25], while retaining capacity for two-electron reduction
by bacterial NTR enzymes [26]. The use of a single nitro group as
the ‘‘bioreductive switch” should also provide more reactive/cyto-
toxic hydroxylamine and amine metabolites than PR-104H and PR-
104M, as the residual deactivating influence (electron withdrawing
nature) of the ortho nitro group would be absent. Based on the
above hypotheses, we reasoned that replacement of the ortho nitro
group of PR-104A with hydrogen would provide a suitable prodrug
for selective activation by bacterial NTR enzymes. Here we report
the novel PR-104A analog SN34507, and its water-soluble ‘pre-
prodrug’ SN35539. We also identify the major E. coli NTR NfsA as
an effective activating enzyme of SN34507 and demonstrate signif-
icantly improved therapeutic activity of this enzyme/prodrug
combination over that of NfsA/PR-104 in an HCT116 colorectal
cancer xenograft model.

2. Methods and materials

2.1. Chemicals

PR-104A was synthesized, purified and stored as previously
reported [27,28]. PR-104 was supplied by Proacta, Inc. SN34037
was synthesized as previously reported [29].

2.2. Generation of a PR-104A binding model for AKR1C3

A three dimensional model of PR-104A was generated using the
SKETCHER module followed by CONCORD(v.6.1.3) implemented
within the SYBYL(v8.0.3) molecular modeling package (TRIPOS, St
Louis, MO). A single low energy conformer was then generated
by OMEGA(v2.2.1; OpenEye Scientific Software, Sante Fe, NM)
using the MMFF94s forcefield, with the dielectric set at 80, the
maximum number of conformers generated set to 30,000 and
RMS set at 1. The low energy PR-104A conformer was then docked
into the active site of the AKR1C3 enzyme with flufenamic acid
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bound (PDB code 1S2C) using GOLD(v4.1.2) [30]. The AKR1C3 flufe-
namic acid structure was prepared for molecular docking by
removing all water atoms and adding hydrogen atoms using
SYBYLv8.0.3. Molecular docking was performed using the Gold-
score fitness function. The docking site was defined as a 20 Å cavity
centered on the carbon atom of the hydride transfer site in the
nicotinamide ring of the NADP co-factor. The search efficiency
was set at 200% and 20 Genetic Algorithm runs were performed
with all poses kept. Both protein and ligand atom types were auto-
matically defined, the option to use a ring template was enabled,
and pyramidal nitrogen atoms and amide bonds were allowed to
flip. The soft potentials 1 option was applied to phenylalanine
306, tryptophan-227 and phenylalanine-311. Only poses that pre-
dicted an interaction with the oxyanion hole were considered
further.

2.3. Synthesis of SN34507 and SN35539

The prodrug SN34507 was prepared from commercially
available 2-fluoro-5-nitrobenzoic acid in 5 steps. A further 2 steps
provided phosphate pre-prodrug SN35539.

2.3.1. 2-Fluoro-5-nitro-N-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)
benzamide (2)

A stirred solution of 2-fluoro-5-nitrobenzoic acid 1 (Matrix
Scientific, USA) (4.56 g, 24.63 mmol) in SOCl2 (Scharlau Chemicals,
Spain) (50 mL) and DMF (Acros Organics, USA) (3 drops) was
heated under reflux for 4 h. Excess SOCl2 was removed by distilla-
tion under reduced pressure and the residue was dissolved in THF
(Acros Organics, USA) (30 mL), cooled to �10 �C and treated with
2-((tetrahydro-2H-pyran-2-yl)oxy)ethanamine (Sigma Aldrich,
Germany) (3.93 g, 27.10 mmol) then warmed to room temperature
for 30 min. The solvent was evaporated and the residue dissolved
in EtOAc (Macron Fine Chemicals, USA), washed with water (3�)
and brine, dried with Na2SO4 (Scharlau Chemicals, Spain) and con-
centrated under reduced pressure. The crude product was purified
by chromatography on silica eluting with EtOAc/Hexane (1:1)
(Macron Fine Chemicals, USA) to give the amide 2 (3.17 g, 41%)
as a colorless oil. 1H NMR [(CD3)2SO] d 8.67 (br, 1H), 8.42–8.38
(m, 2H), 7.64–7.59 (m, 1H), 4.62 (t, J = 3.5 Hz, 1H), 3.55–3.41 (m,
5H), 1.79–1.70 (m, 1H), 1.66–1.60 (m, 1H), 1.53–1.41 (m, 5H).
HRMS(ESI) calcd for C14H17FN2NaO5 [M+Na]+ m/z 335.1014: found
335.1014.

2.3.2. 2-(Bis(2-hydroxyethyl)amino)-5-nitro-N-(2-((tetrahydro-2H-
pyran-2-yl)oxy)ethyl) benzamide (3)

Amide 2 (3.17 g, 10.15 mmol) was dissolved in dioxane (Acros
Organics, USA) (150 mL) and treated with Et3N (J.T.Baker Chemi-
cals, The Netherlands) (4.24 mL, 30.45 mmol) and diethanolamine
(Sigma Aldrich, Germany) (3.89 mL, 40.60 mmol). The reaction
mixture was heated to 55 �C overnight then cooled to room tem-
perature, and the solvent was evaporated. The residue was dis-
solved in EtOAc, washed with water (3�) and brine, dried with
Na2SO4 and concentrated under reduced pressure. The crude pro-
duct was purified by chromatography on silica eluting with
EtOAc/Hexane (3:1) to give diol 3 (3.51 g, 87%) as a yellow gum.
1H NMR [(CD3)2SO] d 8.71 (t, J = 5.5 Hz, 1H), 8.10–8.06 (m, 2H),
7.17 (d, J = 9.0 Hz, 1H), 4.73 (t, J = 5.3 Hz, 2H), 4.62–4.60 (m, 1H),
3.80–3.72 (m, 2H), 3.57–3.49 (m, 5H), 3.47–3.40 (m, 7H),
1.77–1.70 (m, 1H), 1.66–1.61 (m, 1H), 1.50–1.46 (m, 4H).

2.3.3. ((4-Nitro-2-((2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)carbamoyl)
phenyl)azanediyl)bis(ethane-2,1-diyl) dimethanesulfonate (4)

A solution of diol 3 (6.01 g, 15.12 mmol) in CH2Cl2 (180 mL) was
cooled to 0 �C and treated with Et3N (7.38 mL, 52.93 mmol) fol-
lowed by methanesulfonyl chloride (Acros Organics, USA)
(4.40 mL, 45.36 mmol). The reaction mixture was warm to room
temperature for 30 min, then washed with water (3�), dried with
Na2SO4 and concentrated under reduced pressure. The residue was
purified by chromatography on silica eluting with CH2Cl2/MeOH
(20:1) (Macron Fine Chemicals, USA) to give bis-mesylate 4
(8.04 g, 96%) as a yellow gum. 1H NMR [(CD3)2SO] d 8.73
(t, J = 5.5 Hz, 1H), 8.15–8.10 (m, 2H), 7.27 (d, J = 9.2 Hz, 1H), 4.32
(t, J = 5.3 Hz, 4H), 3.82–3.74 (m, 6H), 3.56–3.40 (m, 5H), 3.13
(s, 6H), 1.76–1.71 (m, 1H), 1.68–1.61 (m, 1H), 1.50–1.47 (m, 4H).
2.3.4. ((2-((2-Hydroxyethyl)carbamoyl)-4-nitrophenyl)azanediyl)bis
(ethane-2,1-diyl) dimethanesulfonate (5)

A solution of bis-mesylate 4 (3.03 g, 5.47 mmol) in dry MeOH
(Macron Fine Chemicals, USA) (100 mL) was treated with methane-
sulfonic acid (Sigma Aldrich, Germany) (17.8 mL, 20.37 mmol). The
reaction mixture was stirred at room temperature for 20 min and
the solvent was evaporated. The residue was dissolved in EtOAc,
washed with water (3�), dried with Na2SO4 and concentrated
under reduced pressure. The crude product was purified by chro-
matography on silica eluting with CH2Cl2/MeOH (19:1) to give
alcohol 5 (1.92 g, 75%) as a yellow gum. 1H NMR [(CD3)2SO] d
8.73 (t, J = 5.5 Hz, 1H), 8.15–8.10 (m, 2H), 7.27 (d, J = 9.2 Hz, 1H),
4.32 (t, J = 5.3 Hz, 4H), 3.82–3.74 (m, 6H), 3.56–3.40 (m, 5H), 3.13
(s, 6H), 1.76–1.71 (m, 1H), 1.68–1.61 (m, 1H), 1.50–1.47 (m, 4H).
HRMS(ESI) calcd for C15H23N3NaO10S2 [M+Na]+ m/z 492.0717:
found 492.0720.
2.3.5. 2-((2-Bromoethyl)(2-((2-hydroxyethyl)carbamoyl)-4-nitroph-
enyl)amino)ethyl methanesulfonate (SN34507)

To a solution of alcohol 5 (8.00 g, 17.04 mmol) in acetone
(240 mL) was added LiBr (Sigma Aldrich, Germany) (1.48 g,
17.04 mmol). The reaction mixture was stirred overnight at room
temperature before the solvent was removed. The residue was dis-
solved in EtOAc, washed with water (2�), dried with Na2SO4 and
concentrated under reduced pressure. The crude product was puri-
fied by flash column chromatography on silica gel eluting with
CH2Cl2/MeOH (20:1) to give SN34507 (3.74 g, 48%) as a yellow
gum. 1H NMR [(CD3)2SO] d 8.65 (t, J = 5.6 Hz, 1H), 8.14–8.09 (m,
2H), 7.22 (d, J = 9.1 Hz, 1H), 4.75 (br, 1H), 4.31 (t, J = 5.4 Hz, 2H),
3.80–3.74 (m, 5H), 3.65–3.53 (m, 5H), 3.13 (s, 3H). HRMS(ESI) calcd
for C14H21BrN3O7S [M+H]+ m/z 454.0278: found 454.0273.
2.3.6. 2-((2-Bromoethyl)(2-((2-((di-tert-butoxyphosphoryl)oxy)
ethyl)carbamoyl)-4-nitrophenyl)amino)ethyl methanesulfonate (6)

To a stirred solution of SN34507 (2.61 g, 5.76 mmol) in DMF
(2 mL) at 10 �C, was added 1H-tetrazole (Sigma Aldrich, Germany)
(61.9 mL, 26.50 mmol; 3% w/w solution in MeCN), followed by
di-tert-butyl diisopropylphosphoramidite (Chem-Impex Interna-
tional, USA) (95%, 7.68 mL, 23.05 mmol) dropwise. The mixture
was stirred at room temperature for 4 h, then cooled to 5 �C and
treated with m-CPBA (Sigma Aldrich, Germany) (70%, 7.46 g,
43.21 mmol) portion wise, before being warmed to room temper-
ature for 2 h. The reaction was then concentrated and the residue
dissolved in EtOAc, washed with 10% aqueous Na2S2O5 (Scharlau
Chemicals, Spain), 5% aqueous NaHCO3 (Scharlau Chemicals, Spain)
and water before being dried with Na2SO4 and concentrated in
vacuo. The crude product was purified by chromatography on silica
eluting with EtOAc/Hexane (1:1) to give phosphate ester 6 (1.45 g,
39%) as a yellow gum. 1H NMR [(CD3)2SO] d 8.84 (t, J = 5.6 Hz, 1H),
8.13 (2d, J = 2.8 Hz, 1H), 8.09 (d, J = 2.8 Hz, 1H), 7.23 (d, J = 9.3 Hz,
1H), 4.32 (t, J = 5.4 Hz, 2H), 4.00 (q, J = 6.3 Hz, 2H), 3.80–3.74 (m,
4H), 3.64 (t, J = 6.7 Hz, 2H), 3.51 (q, J = 5.6 Hz, 2H), 3.14 (s, 3H),
1.42 (s, 18H). HRMS(ESI) calcd for C22H37BrKN3O10PS [M+K]+ m/z
684.0752: found 684.0740.
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2.3.7. 2-((2-Bromoethyl)(4-nitro-2-((2-(phosphonooxy)
ethyl)carbamoyl)phenyl)amino)ethyl methanesulfonate (SN35539)

A stirred solution of phosphate ester 6 (1.45 g, 2.24 mmol) in
CH2Cl2 (30 mL) was treated with TFA (10 mL) at room temperature
with stirring for 1 h, then concentrated under reduced pressure to
remove excess TFA. The resulted yellow residue was dissolved in
EtOAc and evaporated to dryness to give SN35539 (1.20 g, 100%)
as a yellow gum. 1H NMR [(CD3)2SO] d 8.86 (t, J = 5.6 Hz, 1H),
8.15–8.11 (m, 2H), 7.24 (d, J = 9 Hz, 1H), 4.32 (t, J = 5.4 Hz, 2H),
4.07–4.02 (m, 2H), 3.79-3.74 (m, 4H), 3.65 (t, J = 6.7 Hz, 2H),
3.51 (q, J = 5.5 Hz, 2H), 3.13 (s, 3H). HRMS(ESI) calcd for
C14H21BrKN3O10PS [M+K]+ m/z 571.9500: found 571.9451.

2.4. Preparation and storage of stock solutions

For in vitro studies, prodrug stocks and AKR1C3 inhibitor
(SN34037) were dissolved in DMSO (Acros Organics, USA) (0.1 M)
and stored at �80 �C. For in vivo studies, PR-104 (as sodium salt
lyophilized with mannitol) (Proacta Inc, USA) was reconstituted
in 2 mL water and diluted in PBS. SN35539 free acid was dissolved
in phosphate-buffered saline containing two equivalents of
NaHCO3. Dosing solutions were prepared fresh, held at room tem-
perature in amber vials, and used within three hours. cLogP values
of the prodrugs were calculated using ChemBioDraw Ultra Version
13.0.

2.5. Cell lines and candidate gene expression

HCT116WT cells were purchased from the ATCC (Manassas, VA,
USA). HCT116 cell lines over-expressing AKR1C3 [15], POR [12] and
E. coli NfsA [21] had been previously generated and validated for
candidate gene expression as described. Frozen stocks were con-
firmed to be mycoplasma free by PCR enzyme-linked immunosor-
bent assay (ELISA) (Roche Diagnostics Corp, Basel, Switzerland).
Neoplastic cell lines were cultured in a-minimal essential medium
using a humidified incubator (37 �C, 5% CO2) as previously
described [10,23] for a maximum of 12 weeks. Harvested cells
were counted using an electronic particle counter (Z2 Coulter
Particle Analyzer, Beckman Coulter, Florida, USA).

2.6. Measurement of one-electron reduction potential

The E(1) value of SN34507 was determined by measuring the
fast formation of the redox equilibrium (650 ls) between it and
methyl viologen (Acros Organics, USA) as the redox indicator (E
(1) = �447 ± 7 mV), following pulse radiolysis (2.5 Gy in 200 ns)
of deaerated solutions containing tert-butanol (0.2 M) and phos-
phate buffer (2.5 mM, pH 7).

2.7. Anti-proliferative (IC50) assay

The anti-proliferative IC50 was determined as the concentration
of prodrug required for 50% inhibition of cell growth, following a
four hour drug exposure and five days regrowth in the absence
of drug. Assays were performed under oxic or anoxic conditions
as described previously [10,31], the latter using a 5% H2/palladium
catalyst scrubbed Bactron anaerobic chamber (Sheldon Manufac-
turing, OR, USA) to achieve severe anoxia (<10 ppm O2 gas phase)
during prodrug exposure. Total exposure of cells to anoxia did
not exceed 6 h.

2.8. 3D multicellular bystander assay

Multicellular layers (MCLs) were grown and bystander effect
assays were performed as previously reported [23]. The drug con-
centration required for 10% survival relative to untreated controls
(C10) was calculated by interpolation. Bystander effect efficiency
(BEE) was calculated using the previously reported equation;
[logC10(T) � logC10(TA)/logC10(T) � logC10(A)], where C10(T) is the
C10 for target cells in MCLs grown from targets alone, C10(TA) is
the C10 for targets grown in co-culture with activators and the
C10(A) is the C10 for activators in the co-cultures [32].

2.9. Statistical analysis 3D

All cell viability data were tested for significance by unpaired
Student’s t-test following confirmation each of the two samples
being compared followed a normal distribution (Shapiro-Wilk nor-
mality test) (SigmaStat version 4.0 integrated with SigmaPlot ver-
sion 12; Systat software, CA, USA). Significance of tumor growth
delay (time for untreated control versus treated tumor population
to exceed four-times intial treatment volume; RTV4) was evalu-
ated by Log rank P-test (SigmaStat version 4.0 integrated with Sig-
maPlot version 12; Systat software, CA, USA).

2.10. Animal husbandry

Specific pathogen-free homozygous NIH-III (NIH-Lystbg Foxn1nu

Btkxid) nude mice were obtained from Charles River Laboratories
(Wilmington, MA, USA), bred in the Vernon Jansen Unit (University
of Auckland), and supplied at 7–9 weeks of age. Mice were housed
in groups of 66 in Techniplast microisolator cages with a 12 h
light/dark cycle, and were fed a standard rodent diet (Harlan
Teklad diet 2018i) and water ad libitum. All animals were uniquely
identifiable by ear tag number and weighed 18–25 g at the time of
the experiment. All animal protocols were approved by the Univer-
sity of Auckland Animal Ethics Committee.

2.11. Tumor growth delay

The maximum tolerated dose of SN35539 was determined
using a fixed 8-step logarithmic scale with 1.33-fold dose incre-
ments as required. A conservative starting dose was determined
from related compounds. Animals were promptly culled if body
weight loss exceeded 20% or if there were clinical signs of severe
morbidity. The MTD was defined as the highest dose at which all
animals survived with no unacceptable morbidity and mean body
weight loss did not exceed 15%.

Tumors were inoculated onto the flanks of female NIH-III nude
mice by subcutaneous injection of 107 cells. Tumor-bearing mice
were randomized to treatment groups when tumors reached treat-
ment size (300–350 mm3) and injected with a single intraperi-
toneal dose of prodrug or vehicle. Tumor size and body weights
were measured 2–3 per week. Tumor volume was calculated as p
(Lxw2)/6 where L is the major axis and w is the perpendicular
minor axis. Animals were culled when the tumor volume had
increased four-fold relative to pre-treatment volume (RTV4, sur-
vival endpoint) or if body weight loss exceeded 20% of the pre-
treatment value. Kaplan Meier plots were constructed to calculate
median time to endpoint. Treatment efficacy was assessed by com-
paring the median survival time with untreated animals using the
Log-rank test P-test (SigmaStat version 4.0 integrated with Sigma-
Plot version 12; Systat software, CA, USA).

2.12. Core NTR over-expression library

The 58-membered candidate NTR gene over-expression library
in E. coli strain SOS-R2 was as described in [21], with the addition
of 11 additional NTR candidates. The additional NTRs included
eight NfsA homologs from Bacillus coagulans (ATCC 7050), Bacillus
thuringiensis serovar konkukian (str. 97-27), Erwinia carotovora
subsp. atrosepticum (SCRI1043), Lactobacillus sakei subsp. sakei



Table 1
Primers for amplification and cloning of previously unpublished NTR candidate genes.

Primer Sequence (50 ? 30)

Nitroreductase specific primer for amplification and cloning into pUCX and
pET28a+

NfsA_Eca_Fw GGGGCATATGATACCAACTATTGATTTGCTACA
NfsA_Eca_Rv GGGGCTCGAGCTAGCGTATCGCCCATCCTTGTTG
NfsA_Bc_Fw GGGGCATATGAATACTATCATTGAAACGATTCTC
NfsA_Bc_Rv GGGGGTCGACTTACTTTTTATCAAACCCTTGCGT
NfsA_Np_Fw GGCATATGCCTTTACAGATGGAA
NfsA_Np_Rv GGGTCGACTTACAGTAGCTTGAA
NfsA_Bt_Fw GGGGCATATGAATGAAATGATACATAAAATGGAG
NfsA_Bt_Rv GGGGGTCGACTCATTTCTTATTTAATCCTCTCTCAT
NfsA_Ls_Fw GGGGCATATGTCTGATTTAATCGCACAAATGCAAC
NfsA_Ls_Rv GGGGGTCGACTTATGCTAATGTAAACCCCTGTTTCTT
NfsA_Ms_Fw GGGGCATATGACGGTCATCGCGCGCTACGCAGACGTCGAT
NfsA_Ms_Rv GGGGCTCGAGTCAGCGGATTCCCAGGCCCAACCGCTCG
NfsA_Lw_Fw GGGGCATATGAATCAGGCGATAGATGCCATTTT
NfsA_Lw_Rv GGGGGTCGACTTATTTTTGATTTAAATGTTGC
Frp2_Vh_Fw GGGCATATGAACAATACGATTGAAA
Frp2_Vh_Rv GGGGTCGACTTAGCGTTTTGCTAGCC
Ycak_Pa_Fw GGGGCATATGGTTGAAACCGCCAAGACC
Ycak_Pa_Rv GGGGGTCGACCTAGACCTGGCTGCCGAGCT

Underlined text indicates restriction sites.

180 A.M. Mowday et al. / Biochemical Pharmacology 116 (2016) 176–187
(23K), Listeria welshimeri (ATCC 35897), Mycobacterium smegmatis
(str. MC2 155), Nostoc punctiforme (PCC 73102), and Frp cloned
from a different Vibrio harveyi (KCTC 2720) strain than that previ-
ously published (and herein referred to as Frp2_Vh). The remaining
additional NTRs were KefF and YcaK from E. coliW3110, previously
published in [33], and a previously unpublished YcaK homolog
from Pseudomonas aeruginosa PAO1. Gene specific primers for all
previously unpublished NTR candidates are listed in Table 1.

2.13. Bacterial SOS and IC50 assays

Screening of the NTR library for enzymes able to reduce
SN34507 was carried out in E. coli strain SOS-R2 as previously
described in full [21]. SOS-R2 is a specialized E. coli screening strain
that contains gene knockouts of the NTRs nfsA, nfsB, nemA, azoR and
the export pump tolC. It contains a genomic copy of the lacZ repor-
ter gene under control of a SOS promoter sfiA meaning the DNA
damage experienced by this reporter strain leads to a quantifiable
increase in b-galactosidase expression. The SOS assay was carried
out as previously described [21]. Briefly, in microtiter plate format
NTR over-expression was induced and exponential growth phase
bacteria were exposed to 10 lM of SN34507 for 4 h. Following
this an aliquot of cell culture was incubated with reaction
buffer containing ortho nitrophenyl-b-galactosidase to measure
b-galactosidase levels and thus infer the DNA damage present in
each individual NTR over-expression strain as a consequence of
reduction of SN34507 to its DNA damaging metabolites.

For the bacterial IC50 assays, overnight cultures of SOS-R2 were
inoculated from glycerol stocks into individual microtiter plate
wells containing 200 lL of LB media supplemented with
100 lg mL�1 ampicillin and 0.4% glucose, and grown at 30 �C shak-
ing at 200 rpm for �16 h. The next morning 50 lL of overnight cul-
tures was used to inoculate 1 mL of assay media (LB supplemented
with 100 lg mL�1 ampicillin, 0.2% glucose and 50 lM IPTG) in indi-
vidual 15 mL Falcon tubes. These were incubated at 30 �C, 200 rpm
for 2.5 h, after which 30 lL aliquots of culture were added to indi-
vidual wells of a 384 well microplate, each containing 30 lL of
assay media supplemented with SN34507 at twice the desired final
concentration (spanning 0–1000 lM in a serial dilution). In each
independent experiment cultures were assayed in duplicate. The
turbidity of the cultures (OD600) was measured, the plate returned
to 30 �C, 200 rpm for 4 h and then the OD600 was measured again.
Relative increases in OD600 for drug containing vs non-drug
containing wells were then used to calculate percentage growth
inhibition for each over-expression strain. The IC50 value (drug
concentration at which growth inhibition was 50% that of the
unchallenged control) was calculated using Graphpad Prism 6
(GraphPad Software Inc. La Jolla, CA, USA).

2.14. Enzyme kinetics

Recombinant His6-tagged NTRs were purified by nickel-affinity
chromatography (Novagen, Merck, Darmstadt, Germany). FMN
cofactors were reconstituted and proteins were desalted,
quantified, assessed for purity and stored as previously described
[21]. The extinction co-efficient of SN34507 at 400 nm
(e = 13,400 M�1 cm�1) was measured as previously described for
PR-104A and steady-state enzyme kinetics for purified NTRs were
assessed as previously described [21] over a SN34507 concentra-
tion range of 5–1000 lM.

2.15. Cell cycle analysis

WT and NfsA-expressing HCT116 cells were exposed to 0.05 lM
of prodrug for four hours before washing and recovery in drug free
media for 24 h. Cells were then fixed in ice cold pure methanol for
30 min at �20 �C and stained with propidium iodide solution
(20 lg/mL) containing RNAse (100 lg/mL). Analysis of cells was
performed on a flow cytometer (Becton Dickinson FACscan flow
cytometer) and curves were fitted using ModFit LT software (Verity
Software House).
3. Results

3.1. Drug design rationale for SN34507

Using the X-ray crystallographic data for AKR1C3 with flufe-
namic acid bound [34], potential binding modes for PR-104A were
predicted by molecular docking studies, and some located the
para-nitro group of PR-104A in the oxyanion hole within 3 Å of
the bound NADP cofactor, consistent with the potential for
tyrosine-55 mediated hydride transfer and observation of exclu-
sive reduction of the para-nitro by recombinant AKR1C3 [15].
The ancillary ortho nitro group of PR-104A was directed toward
the side chain hydroxyl of tyrosine-24, consistent with the absence
of nitroreduction at this site by AKR1C3 (Fig. 1B). In our preferred
binding mode, the mustard arms are predicted to pack against the
indole side chain of tryptophan-227, while the carboxamide arm
binds in part of the main active site pocket termed subpocket 1
adjacent to phenylalanine-311.

The potential for an interaction between the ancillary ortho
nitro and tyrosine-24 prompted us to hypothesize that its elimina-
tion on the PR-104A scaffold might minimize contacts within the
active site, and reduce the ability of AKR1C3 to recognize the PR-
104A dinitro motif. The novel GDEPT prodrug SN34507 was thus
created by substituting the ortho nitro group of PR-104 with hydro-
gen (Fig. 1A). Simplifying the PR-104A prodrug scaffold to a single
para-nitro group was also hypothesized to lower the one-electron
affinity (E(1)) of the remaining (para) nitro group below that
required for metabolism by human oxidoreductase enzymes such
as POR, as well as providing more reactive/cytotoxic hydroxy-
lamine and amine metabolites. We synthesized SN34507 (and its
corresponding phosphate ester pre-prodrug SN35539) as described
(Fig. 2).



NO2

F

NO2

N O

H
N

Y Y

X
O

1: X = Ha, b

a) SOCl2, DMF, 80 oC; b) H2N(CH2)2OTHP, THF, -10 oC to RT; c) diethanolamine, dioxane, Et3N, 55 oC; d) MsCl,
Et3N, DCM, 0 oC; e) MsOH, MeOH; f) 1 eq LiBr, acetone; g) di-tert-butyl-N,N-diisopropylphosphoramidite, 1H-
tetrazole, DMF, 5 oC to RT thenm-CPBA, 0 oC; h) TFA, DCM, 5 oC to RT

c
OR

3: Y = OH, R = THP

NO2

N O

H
N

Br OMs

OR
f

SN34507: R = H
2: X = NH(CH2)2OTHP 4: Y = OMs, R = THP

5: Y = OMs, R = H
6: R = P(O)(OtBu)2

SN35539: R = P(O)(OH)2

d

e

g

h
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3.2. SN34507 is not a biologically relevant substrate for human
AKR1C3

To test whether SN34507 was cytotoxic in the presence of
human AKR1C3, the sensitivity of HCT116 WT cells (WT cells)
and HCT116 cells overexpressing AKR1C3 (AKR1C3 cells) to
SN34507 or PR-104A was examined under aerobic conditions using
a low cell density anti-proliferative IC50 assay. The WT IC50 values
for SN34507 and PR-104A were comparable, being 111 ± 6 lM and
70 ± 11 lM respectively. AKR1C3 over-expression in this cell line
increased the anti-proliferative effect of PR-104A by 87.3-fold,
but had minimal effect on SN34507 (2.9-fold). To confirm elevation
in AKR1C3 catalytic activity was responsible for cellular hypersen-
sitivity to PR-104A, pharmacological inhibition of AKR1C3 was
achieved with the morpholylurea SN34037 [29]. This provided
essentially complete cytoprotection of AKR1C3 cells from
PR-104A exposure, suppressing the observed 87-fold sensitization
effect (WT:AKR1C3 IC50 ratio) to 1.7-fold (Fig. 3a). In contrast, the
effect of AKR1C3 inhibition on SN34507 treated cells was minor
(2.9-fold sensitivity modified to 1.3-fold, Fig. 3a), although this dif-
ference achieved significance (P = 0.023, Student’s t-test) suggest-
ing the possibility of trace activation. The AKR1C3 inhibitor itself
had no demonstrable anti-proliferative effect on WT cells (data
not shown). Other AKR1C family members (AKR1C1, AKR1C2,
and AKR1C4) were unable to sensitize cells to PR-104A or
SN34507 under these conditions (Fig. 3b).

A limitation of low cell density anti-proliferative assays is that a
portion of intracellular cytotoxic drug metabolites may be lost into
the extracellular media through passive diffusion and thereby con-
found the absolute IC50 value. Therefore multi-cellular layer (MCL)
culture models were employed to investigate cytotoxic potency at
tissue-like cell densities, ensuring all local metabolite redistribu-
tion contributes to the overall pharmacodynamic endpoint (loss
of clonogenic viability). After prodrug exposure (10 lM), 100%
WT MCLs demonstrated similar cell plating efficiencies (0.82 and
0.70 for PR-104A and SN34507 respectively, P = 0.12, Student’s
t-test). In 100% AKR1C3 MCLs, treatment with 10 lM PR-104A pro-
duced a >104-fold decrease (4.06 log cell kill) in plating efficiency,
in contrast to SN34507 treatment which produced a 1.1-fold
decrease in plating efficiency (Fig. 3c). Notably, the plating efficien-
cies for 100% WT and 100% AKR1C3 MCLs treated with SN34507
were not significantly different (P = 0.90, Student’s t-test). Collec-
tively, the in vitro data indicate that PR-104A is bioactivated by
AKR1C3 under aerobic conditions while the prodrug analog
SN34507 is essentially free of this activity.

To test whether AKR1C3 metabolism in vivo was biologically
relevant for SN34507 activity we determined the role of AKR1C3
in the anti-tumor efficacy of the phosphate ‘pre-prodrugs’ PR-104
or SN35539 (Fig. 1A). Each pre-prodrug was administered as a sin-
gle intraperitoneal injection at the maximum tolerated dose of
1330 lmol/kg in a growth delay assay using subcutaneous
HCT116 tumor xenografts engineered to over-express AKR1C3.
Tumors treated with SN35539 grew at a similar rate to the vehicle
treated (control) tumors, while significant tumor control was
observed following PR-104 treatment (Fig. 3d). The median time
to endpoint (four times the original treatment volume, RTV4) for
the control and SN35539 treated groups was 12 days (P = 0.70,
Log-rank test). A significant increase to 44 days was observed in
the PR-104 treated group (P = 0.001 compared to untreated
tumors, Log-rank test). The in vivo data further support the conclu-
sion that AKR1C3 does not play a biologically relevant role in sen-
sitivity to the prodrug SN34507.

3.3. SN34507 is not significantly activated under anoxic conditions

The one-electron reduction potential of SN34507 was deter-
mined by pulse radiolysis. Observations at 600 nm for 3 mixtures
of compound and indicator, gave K = 0.16 ± 0.05 which, on apply-
ing the Nernst equation and allowing for ionic strength effects,
yielded the value E(1) = �503 ± 10 mV for SN34507. To determine
whether anoxic metabolism had been minimized, HCT116WT cells
or POR over-expressing HCT116 cells (POR cells) were exposed to
SN34507 under anoxic or aerobic conditions. Anti-proliferative
IC50 assays were used to calculate hypoxia cytotoxicity ratios.
The HCR for PR-104A increased significantly from 18-fold in WT
cells to 126-fold in POR cells (P = 0.048, Student’s t-test), as
expected. In contrast there was minimal anoxic selectivity for
SN34507 in either WT or POR cells (1.2-fold and 2.4-fold respec-
tively, P = 0.12, Student’s t-test), indicating that SN34507 lacks sig-
nificant anoxia-selective anti-proliferative activity and is a poor
single-electron acceptor (Fig. 4). Collectively these data indicate
the low electron affinity of SN34507 eliminates the majority of
reduction by human one-electron reductases such as POR.

3.4. Use of a bacterial screen to identify nitroreductase enzymes that
activate SN34507

After confirming that SN34507 was not a significant substrate
for the major one- and two-electron reductases POR and AKR1C3,
we next sought to identify a suitable exogenous two-electron (type
I) nitroreductase to bioactivate SN34507. A multi-family bacterial
oxidoreductase gene library [21], including several novel candi-
dates (Table 1) was challenged with SN34507, and the level of
SOS induction for each NTR was measured (Fig. 5).

The seven E. coli NTR strains that induced the greatest SOS
response to SN34507 (i.e., those expressing Salmonella typhi NfsA,
E. coli NfsA, Citrobacter koseri NfsA, Listeria welshmerii NfsA, Enter-
obacter sakazakii NfsA, Vibrio harveyi Frp and Vibrio fischeri FRase)
were taken forward into anti-proliferative bacterial IC50 assays to
confirm that levels of SOS induction were predictive of cytotoxic
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potential. Four other members of the library (E. coli NfsB, NemA,
AzoR, MdaB) were included for diversity. The calculated IC50 values
(i.e. the concentration of SN34507 that yielded 50% turbidity rela-
tive to an unchallenged control) are presented in Table 2. NfsA
family members were confirmed as the preferred bacterial NTR
enzymes for SN34507, demonstrating IC50 values of <400 lM
(range; 282–395 lM).

Based on the results of the IC50 screen, three NTRs were selected
for expression and purification as His6-tagged recombinant pro-
teins; S. typhi NfsA, E. coli NfsA and C. koseri NfsA. Apparent
SN34507 kinetic parameters were calculated for each enzyme by
measuring reaction rates at varying substrate concentrations and
a fixed concentration of NADPH (the preferred electron donor for
each enzyme) (Table 3). The kcat/Km was greatest for E. coli NfsA,
identifying this NTR as a promising NTR candidate for SN34507
activation.

3.5. E. coli NfsA is an efficient activator of SN34507 in vitro and in vivo

The possible utility of the E. coli NfsA/SN34507 enzyme/prodrug
combination was investigated in a human cell line model, using
previously generated HCT116 cells over-expressing E. coli NfsA
[21]. Initially, anti-proliferative potency of SN34507 was compared
to PR-104A following four hour drug exposure under aerobic con-
ditions (Fig. 6a). Both PR-104A and SN34507 prodrugs were highly
active against the NfsA cell line with anti-proliferative IC50 values
of 0.025 ± 0.004 lM and 0.065 ± 0.015 lM respectively, confirming
SN34507 as a suitable prodrug substrate for E. coli NfsA in vitro.

The four and six electron reduction products of PR-104A (PR-
104H and PR-104M, respectively) are known to alkylate DNA, caus-
ing cross-linking of DNA strands and preventing uncoiling of the
DNA double helix [10,14]. DNA replication is subsequently arrested
at the G2/M DNA damage checkpoint, with cell death occurring
when cross-links are not repaired. To test whether that the anti-
proliferative effect of SN34507 was occurring via a similar mecha-
nism of cell cycle arrest, WT and NfsA cells were exposed to
equimolar concentrations (0.05 lM) of PR-104A or SN34507 before
recovery and subsequent cell cycle analysis (Fig. 6b). Following
treatment WT cell cycle redistribution was unchanged, with
G2/M population similar to the untreated control cells (21% and
25%, respectively). However with the NfsA cells, the percentage
of cells in G2/M increased from 14% (control) to 26% and 64% for
PR-104A and SN34507 treated cells, respectively. This indicates
that NfsA-mediated activation of SN34507 results in arrest of
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Table 2
Growth inhibition of NTR-overexpressing SOS-R2 after a four hour challenge with
increasing concentrations of SN34507.

Source Family IC50 (lM)

E. coli NfsA 308 ± 23
S. typhi NfsA 282 ± 16
C. koseri NfsA 330 ± 13
L. welshmerii NfsA 348 ± 35
E. sakazakii NfsA 351 ± 11
V. harveyi Frp 395 ± 35
E. coli NfsB 474 ± 26
V. fischeri FRase 480 ± 48
E. coli MdaB >1000
E. coli Azo >1000
E. coli NemA >1000
– Empty >1000

Table 3
Bacterial nitroreductase recombinant enzyme steady state kinetics.

NTR Km
a (lM) kcat

a (s�1) kcat/Km
b

E. coli NfsA 358 ± 44 3.0 ± 0.15 8.4
S. typhi NfsA 14 ± 2.1 0.086 ± 0.0036 6.1
C. koseri NfsA 507 ± 71 1.39 ± 0.1 2.7

a Apparent kinetic parameters as measured at 300 lM NADPH.
b (mM�1 s�1).
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DNA replication and accumulation of cells at the G2/M DNA dam-
age checkpoint, as previously seen for PR-104A.

To model the ability of SN34507 to penetrate tumor tissue,
become metabolically activated by NfsA-expressing cells and
subsequently redistribute from these ‘activator’ cells to sterilize
neighboring NfsA negative ‘target’ (WT) cells, intimate mixtures
of 3% HCT116 NfsA + 97% HCT116 WT cells were grown in 3D
MCL models (Fig. 7a). Under these tissue-like densities SN34507
was more selective for activator cells than was PR-104A, as deter-
mined by the ratio of potencies against NTR negative targets (T)
grown without activators and the activators (Ac) in co-cultures
PR-104A SN 34507
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Fig. 6. E. coli NfsA-dependent activation of SN34507 and PR-104A in low density cell line
prodrugs PR-104A and SN34507 against the HCT116 WT cell line and its E. coli NfsA-e
HCT116 WT and NfsA cells following exposure to either PR-104A or SN34507 (0.05 lM)
(T/Ac ratio of 464 for SN34507 versus 250 for PR-104A), indicating
a greater therapeutic ratio for SN34507 at physiologically relevant
cell densities. PR-104A was modestly more dose-potent than
SN34507 against NfsA-positive activators in MCL co-cultures (Acti-
vator C10 values of 0.12 and 0.59 lM respectively) (Fig. 7b).

The increase in sensitivity of the target cells in the presence of
3% activator cells was greater for PR-104A than SN34507, as
demonstrated by the increased left-shift of the target cell survival
curves in the presence of NfsA activator cells (gray filled circles,
Fig. 7). This indicates that the active metabolites of PR-104A have
superior tissue diffusion properties over those of SN34507, and
thus possess an enhanced bystander cell killing ability. The magni-
tude of this phenomenon (the bystander effect efficiency, BEE) was
calculated from the C10 values as previously described. Under these
conditions, PR-104A provided a BEE of 68%, whereas the BEE value
for SN34507 was approximately half this value, 38%, under identi-
cal conditions. Prodrug partition coefficients (LogD7.4) for PR-104A
and SN34507 were calculated to be 1.0 and 0.73 respectively, indi-
cating PR-104A and associated metabolites are more lipophilic
than SN34507. Moreover the reactivity of SN34507 reduced
metabolites will be greater due to the absence of the electron with-
drawing ortho nitro. Both of these aspects are likely to contribute
to the reduced bystander effect observed for SN34507 relative to
PR-104A.

We have previously used mixed xenograft models expressing a
minority of NTR positive cells to compare efficacy of prodrugs for
gene therapy [22,35], as this necessitates the presence of a robust
prodrug bystander effect (cytotoxic metabolite redistribution) to
achieve an anti-tumor growth delay and mimics heterogeneous
vector distribution. Using this methodology we compared the anti-
tumor activity of PR-104 and SN35539 in vivo using xenografts
grown from 100% HCT116 WT (Fig. 8a) or from mixtures contain-
ing 30% NfsA cells (Fig. 8b). Tumor-bearing mice were treated with
a single IP dose of prodrug and the tumor size was monitored.
SN35539 was administered at the MTD of 1330 lmol/kg and
PR-104 was administered at 388 lmol/kg, the mouse equivalent
dose that provides a plasma AUCinf (39 lM-h) comparable to the
human three-weekly (q3w) MTD of 1100 mg/m2 [19,20].
U
nt

re
at

ed

P
R

-1
04

A

S
N

 3
45

07

U
nt

re
at

ed

P
R

-1
04

A

S
N

 3
45

07

0

20

40

60

80

100

120

G1/G0 
S 
G2/M 

HCT116 WT HCT116 NfsA

(b)
cultures: (a) Relative anti-proliferative activity (IC50 value (lM), mean ± sem) of the
xpressing isogenic cell line under aerobic conditions; (b) Cell cycle distribution of
under aerobic conditions.



SN 34507 concentration (µM)
0.001 0.01 0.1 1 10 100 1000

Su
rv

iv
in

g 
fr

ac
tio

n 
(%

)

0.01

0.1

1

10

100

PR-104A concentration (µM)
0.001 0.01 0.1 1 10 100 1000

Su
rv

iv
in

g 
fr

ac
tio

n 
(%

)

0.01

0.1

1

10

100

T
Tc

Ac

(a) (b)
Fig. 7. E. coli NfsA-dependent bystander effects of SN34507 and PR-104A in tissue-like multicellular cultures: (a) SN34507 dose-dependent clonogenic killing of NfsA-positive
‘activator’ (Ac) cells (s), WT ‘target’ (T) cells (d) and target cells (Tc) in the presence of 3% activators ( ) under hyperoxic conditions; (b) PR-104A dose-dependent clonogenic
killing of NfsA-positive ‘activator’ (Ac) cells (s), WT ‘target’ (T) cells (d) and target cells (Tc) in the presence of 3% activators ( ) under hyperoxic conditions. Data are the
average of three independent experiments ± SD.

A.M. Mowday et al. / Biochemical Pharmacology 116 (2016) 176–187 185
As expected, tumors lacking NfsA-expressing cells (100% WT
tumors) displayed minimal sensitivity to either prodrug, with a
non-significant increase in median survival for either agent
(P = 0.90, Log-rank test). Mixed tumors composed of 30% NfsA/70%
WT cells (±4.4% as determined by ex-vivo expression analysis)
were sensitive to both agents. Treatment with PR-104 increased
median survival by 8 days, with a tumor growth delay of 150%
(P < 0.001, Log-rank test). Treatment with SN35539 provided a
325% tumor growth delay (P < 0.001, Log-rank test), with gain in
median survival being significantly greater than PR-104 treated
tumors (8 vs 26 days, P < 0.001, Log-rank test). The body weight
loss associated with each treatment was minimal (<10% of pre-
treatment weight, data not shown).

4. Discussion

An ideal GDEPT prodrug is substantially less cytotoxic than its
corresponding active metabolite(s) and is a unique substrate for
the chosen prodrug activating enzyme under physiological condi-
tions. PR-104 is a clinical stage nitroaromatic prodrug that is
demonstrably more active than the prototypical NTR prodrug
CB1954 in gene therapy models [24]. Nevertheless, several mecha-
nisms of PR-104A activation including hypoxia-selective metabo-
lism [10], aerobic activation by AKR1C3 [15] and oxygen-
insensitive non-CYP450 hepatic enzymes [36], indicate this pro-
drug lacks selectivity for NTRs in the systemic setting. In order to
generate an NTR-specific prodrug for gene therapy applications,
the chemical structure of PR-104A was modified to minimize acti-
vation by endogenous human enzymes. Rational design led to the
synthesis of the prodrug SN34507, an analog of PR-104A lacking
the ancillary ortho nitro moiety predicted to reduce recognition
by the AKR1C3 active site. Additionally, the potential for ortho nitro
reduction leading to intramolecular cyclization of the activate
metabolite to form non-cytotoxic by-products (as seen for
PR-104A [10]) is negated. Loss of AKR1C3-dependent cytotoxicity
was confirmed in 2D anti-proliferative IC50 assays, 3D multi-
cellular layer assays and tumor bearing murine models (Fig. 3).
Suggestion of residual activity in low cell density assays did not
result in biologically meaningful activity in high cell density MCL
and tumor models, with no evidence of AKR1C3 driven antitumor
activity.

Removal of the electron withdrawing ortho nitro group on the
PR-104A scaffold lowered the one-electron reduction potential
(E(1)) of the remaining para nitro ‘switch’ to �503 ± 10 mV for
SN34507. This value indicates net reductive metabolism by one-
electron oxidoreductases under anoxic conditions will be minimal
as single-electron transfer to SN34507 is not thermodynamically
favorable [37]. This was confirmed by the absence of hypoxia-
selective cytotoxicity for SN34507 (Fig. 4a) and the minimal influ-
ence of high level POR expression (Fig. 4b). In contrast, the more
electron affinic substrate PR-104A (E(1) = �366 mV) is a known
substrate for one-electron oxidoreductases such as cytochrome
P450 oxidoreductase (POR) [11].

Following the generation of an analog of PR-104A resistant to
reduction by key human one- and two-electron reductases, an
optimal bacterial NTR needed to be identified that could activate
SN34507. We utilized a library of bacterial nitroreductases
expressed in a modified E. coli reporter strain to probe for active
enzymes that would yield DNA damaging species following expo-
sure to SN34507 [21]. Twenty-five enzymes (44%) from the 58
member NTR library catalyzed a DNA damage-mediated ‘SOS
response’ after exposure to SN34507; all were members of the
NfsA or NfsB families. The proportion of active NTRs was lower
than seen historically for PR-104A (72%; 34 of 47 active NTRs),
which was also a prodrug substrate for AzoR and MdaB family
members [21]. Following measurement of the steady state kinetic
parameters, the major NTR from E. coli NfsA was selected as the
preferred bacterial NTR for SN34507 bioactivation. E. coli NfsA
has previously been identified as a prodrug activating enzyme for
the prototypical NTR prodrug CB1954 [33,38,39], and PR-104A
[21]. Expression of E. coli NfsA in HCT116 colon carcinoma cells
confirmed the activation of prodrug SN34507 leading to loss of
proliferative potential mediated through a G2/M cell cycle block,
as reported for PR-104A (Fig. 6). These data are consistent with
the conclusion that the mechanism of action of SN34507 is analo-
gous to PR-104A, with DNA inter-strand crosslink formation giving
rise to replication arrest as a consequence of stalled replication
forks [14].

In high cell-density (3D) culture models, SN34507 generated a
respectable bystander effect (38% efficiency) and exhibited a
464-fold differential in clonogenic cell kill (C10) between activator
and target cell populations (T/Ac; Fig. 7a). While PR-104A demon-
strated a bystander effect approaching twice that of SN34507
(BEE of 68%) this was associated with poorer selectivity for
NfsA-positive cells (T/Ac C10 ratio of 250). Of note, PR-104A is more
lipophilic than SN34507, a physiochemical property associated
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with improved bystander efficiency [32,35]. However, lipophilicity
(LogD7.4) is a fundamental characteristic that influences multiple
properties of pharmaceutical agents including absorption, distribu-
tion, metabolism, excretion and toxicology (ADMET), with less
lipophilic compounds typically possessing more favorable ADMET
properties [40–42]. In addition to the consideration of their relative
partition-coefficients, the major reduced metabolites of PR-104A
are predicted to be less reactive than those of SN34507 (due to
the presence of the additional electron withdrawing nitro group)
and thus are anticipated to diffuse further.

NfsA-dependent SN34507 potency and bystander effect arising
from the diffusion of activated metabolites can only partially
define the therapeutic utility of a GDEPT prodrug. Overall
anti-tumor activity will also depend on the efficiency of metabolic
activation at tolerated prodrug doses, determined in part by host
toxicokinetics. The original pre-clinical testing of PR-104 was con-
ducted in murine, rat and dog models [10,20], which lack a func-
tional AKR1C3 ortholog capable of activating PR-104A [43]. This
evolutionary divergence underlies the non-predictive nature of
preclinical toxicology models with respect to PR-104 toxicology
in humans (Abbattista, Guise et al., manuscript in preparation).
Consequently, when evaluating efficacy in the ‘mixed’ NfsA/WT
xenograft model PR-104 was administered at the ‘‘human
equivalent dose” (HED) which provides a murine plasma exposure
of PR-104A identical to that achieved in human Phase I clinical tri-
als. While the achievable plasma exposure of SN34507 in humans,
following administration of SN35539, is currently unknown, it is
reasoned that the murine MTD will be representative of the human
MTD, since SN34507 is not subject to extensive activation by
endogenous reductases, the major source of toxicokinetic
discrepancy between species. Consistent with this rationale, the
(non-bioreductive) nitrogen mustard melphalan (L-PAM) achieves
equivalent plasma exposure in murine and human subjects at their
respective maximum tolerated doses [44]. Treatment with
SN35539 significantly increased median survival over both control
and PR-104 treated tumors (P < 0.001, Log-rank test), indicating
adequate prodrug penetration, metabolism and subsequent
metabolite redistribution sufficient to eliminate the majority of
NfsA naïve cells. Single-dose PR-104 displayed modest
NfsA-dependent anti-tumor activity compared to untreated con-
trol tumors (P < 0.001, Log-rank test), but the possibility of activity
attributable to one-electron reductases or induction of AKR1C3
activity cannot be excluded.

This study identifies the suicide gene/prodrug partnership of
E. coli NfsA/SN35539 (SN34507) as a promising combination for
development in virus-directed enzyme/prodrug therapy (VDEPT)
or bacteria-directed enzyme/prodrug therapy (BDEPT). The inclu-
sion of prodrug activating capability in tumor-tropic replicating
vectors can enhance the ability to directly kill cancer cells as
demonstrated with E. coli NfsB/SN28343 for VDEPT [22] and
E. coli NfsB/PR-104 for CDEPT [24]. Of significant interest is the
potential of armed replicating vectors as immunotherapy enhanc-
ing agents. Examples include the recent FDA approval of the HSV-1
derived product talimogene laherparepvec (T-VEC) in unresected
stage IIIB/IV melanoma. Tumor-targeted prodrug mediated cell
death should enhance vector derived danger signals, providing a
more efficient antitumor immune response [45]. There is a need
for highly selective suicide gene/prodrug combinations suitable
for application in this context. Eliminating off-target enzyme activ-
ities associated with endogenous activation of the clinical stage
prodrug analog PR-104 has provided the novel prodrug SN35539,
suitable for combination with E. coli NfsA to achieve much greater
systemic selectivity.
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