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1. Introduction

ABSTRACT

CEN-209 (SN30000) is a second-generation benzotriazine di-N-oxide currently in advanced preclinical
development as a hypoxia-activated prodrug (HAP). Herein we describe the DNA repair-, hypoxia- and
one-electron reductase-dependence of CEN-209 cytotoxicity. We deployed mutant CHO cell lines to
generate DNA repair profiles for CEN-209, and compared the profiles with those for other HAPs. Hypoxic
selectivity of CEN-209 was significantly greater than PR-104A and the nitro-chloromethylbenzindoline
(nCBI/SN29428) and comparable to tirapazamine and TH-302. CEN-209 was selective for homologous
recombination (HR) repair-deficient cells (Rad51d /"), but less so than nitrogen mustard prodrugs TH-
302 and PR-104A. Further, DNA repair profiles for CEN-209 differed under oxic and hypoxic conditions,
with oxic cytotoxicity more dependent on HR. This feature was conserved across all three members of
the benzotriazine di-N-oxide class examined (tirapazamine, CEN-209 and CEN-309/SN29751).
Enhancing one-electron reduction of CEN-209 by forced expression of a soluble form of NADPH:cy-
tochrome P450 oxidoreductase (sSPOR) increased CEN-209 cytotoxicity more markedly under oxic than
hypoxic conditions. Comparison of oxygen consumption, H,O, production and metabolism of CEN-209
to the corresponding 1-oxide and nor-oxide reduced metabolites suggested that enhanced oxic
cytotoxicity in cells with high one-electron reductase activity is due to futile redox cycling. This study
supports the hypothesis that both oxic and hypoxic cell killing by CEN-209 is mechanistically analogous
to tirapazamine and is dependent on oxidative DNA damage repaired via multiple pathways. However,
HAPs that generate DNA interstrand cross-links, such as TH-302 and PR-104, may be more suitable than
benzotriazine di-N-oxides for exploiting reported HR repair defects in hypoxic tumour cells.

© 2011 Published by Elsevier Inc.

(nCBI) SN29428 [7] (see Table 1 for structures). PR-104 and TH-
302, both currently undergoing clinical evaluation, are thought to

Pathological hypoxia, which arises through dysfunction of
tumour vasculature, is a potential limiting factor for all major
cancer treatment modalities and at the same time an attractive
target because it is more severe in tumours than normal tissues [1-
3]. A number of strategies for exploiting tumour hypoxia are now
in clinical or preclinical development, with the majority employing
relatively inert prodrugs that undergo selective one-electron
reduction under hypoxia to release DNA-reactive cytotoxins
[3,4]. Hypoxia-activated prodrugs (HAPs) currently in develop-
ment include the dinitrobenzamide mustard PR-104 (a phosphate
pre-prodrug of PR-104A) [5], the nitroimidazole mustard TH-302
[6], and nitro derivatives of the duocarmycin class of DNA minor
groove alkylators such as the nitro-chloromethylbenzindoline
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act primarily by hypoxia-selective release of potent DNA cross-
linking metabolites [8,9].

The most thoroughly investigated HAP is tirapazamine (TPZ),
a benzotriazine di-N-oxide that undergoes oxygen-inhibited
reduction to reactive free radicals [10,11] which induce
oxidative DNA damage [12-14]. TPZ showed promising indica-
tions of activity in early clinical trials [15,16] but did not extend
overall survival in combination with cisplatin and radiotherapy
for advanced head and neck cancers in a recent phase III study
[17]. Besides the lack of selection for patients with hypoxic
tumours [18] and sub-optimal radiotherapy in the latter study
[19], another factor likely to have contributed to the failure of
TPZ is that metabolic consumption of the prodrug during
diffusion prevents it accessing the most severely hypoxic cells in
sufficient concentrations to exert optimal therapeutic effects
[20]. To address this problem, we recently identified CEN-209
(SN30000) as an improved second-generation TPZ analogue,
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Table 1

Hypoxia-activated prodrugs, effector cytotoxins and reference compounds used in this study. Chemical classes, proposed mechanism of action and active cytotoxins (where
investigated) for each prodrug are indicated. Chemical structures for the five prodrugs are show below.

Prodrug Chemical class

Active cytotoxin DNA lesions

Benzotriazine di-N-oxide
Benzotriazine di-N-oxide
2-Nitroimidazole mustard
Dinitrobenzamide mustard
Nitro-chloromethylbenzindoline

Tirapazamine
CEN-209 (SN30000)
TH-302

PR-104A

nCBI (SN29428)

- Oxidative DNA damage
- Oxidative DNA damage?
Mechlorethamine® DNA cross-linking
PR-104H, chlorambucil® DNA cross-linking

aCBI Minor groove alkylation
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Tirapazamine TH-302 ©
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R=NO,; PR-104A
R=NHOH; PR-104H

¢ By analogy with tirapazamine.

CEN-209 (SN30000)

CH

sobd

R=NO,; nCBI (SN29428)
R=NH,; aCBI

b Mechlorethamine and chlorambucil are close analogues of the active metabolites of TH-302 and PR-104A, respectively, and were used as reference compounds in that

context.

using a spatially-resolved pharmacokinetic/pharmacodynamic
model that explicitly considers extravascular transport during
lead optimisation [21]. CEN-209 showed a higher diffusion
coefficient than TPZ in multicellular layer cultures, indicating
superior tissue penetration properties, and higher hypoxic
selectivity and potency in tissue culture along with improved
activity in xenograft models. CEN-209 is scheduled to begin
phase I clinical evaluation through Centella Therapeutics and
Cancer Research UK in 2012.

Recent studies highlight a potentially important determinant of
sensitivity to HAPs that generate DNA-reactive metabolites as their
cytotoxic effectors. The homologous recombination (HR) repair
pathway, required for error-free resolution of DNA double-strand
breaks, has a central role in the repair of most replication-
associated lesions induced by chemotherapy [22]. As a conse-
quence cells deficient in HR, such as those harbouring mutations in
the breast cancer susceptibility genes BRCA1 and BRCA2, are
hypersensitive to compounds that damage DNA replication forks
[23]. This is of particular interest in the context of clinical
development of HAPs because chronic hypoxia itself suppresses HR
repair by down-regulating expression of key HR proteins including
BRCA1 and RAD51 [24-26] with attendant increases in sensitivity
to radiation and DNA-damaging cytotoxins [25]. Simultaneously
targeting hypoxia and loss of HR may therefore provide an avenue
for enhancing the therapeutic index of HAPs. Selectivity for HR
deficiency under hypoxia in various cellular models has been
described for TPZ [27], PR-104A [9], and TH-302 [28]. However, no
such study has been undertaken for CEN-209 and no quantitative
comparison of the potential for HAPs across different chemical
classes to exploit HR defects has been reported.

In the present study we deploy well-characterised CHO cell
lines with loss-of function mutations in the HR (Rad51d), base
excision repair (Xrcc1), nucleotide excision repair (Ercc1, Xpf, Ercc2),

non-homologous end joining (Prkdc) and Fanconi anaemia (FancG)
pathways to describe the dependence of CEN-209 cytotoxicity on
DNA repair in oxic and hypoxic cells and compare this with TPZ, TH-
302, PR-104A and nCBI. We performed short term drug exposures
under oxia and hypoxia to isolate the prodrug activation component
of HAP sensitivity independent of down-regulation of HR repair and
other changes in cellular phenotype that occur in chronically
hypoxic cells. We demonstrate that CEN-209 shares a common
mechanism of action with TPZ but that these benzotriazine-di-N-
oxides are less dependent on HR repair than the nitrogen mustard
chemotypes, particularly under hypoxia. By relating cytotoxicity of
CEN-209 to its bioreductive metabolism, we present evidence that
the mechanisms of cell killing by CEN-209 differ under oxic and
hypoxic conditions, in cells with high one-electron reductase
activity, as a result of futile redox cycling in the presence of oxygen.

2. Methods
2.1. Compounds

TPZ [29], CEN-209 [30], CEN-309 (SN29751) [31], TH-302 [6],
mechlorethamine [32], PR-104A [33], PR-104H [9], nCBI [7] and
aCBI [7] were synthesised at the Auckland Cancer Society Research
Centre as reported. Chlorambucil was purchased from Sigma-
Aldrich. All compounds were confirmed for >95% purity by HPLC
and stored as stock solutions in saline (CEN-209, CEN-309),
acetonitrile (Merck; PR-104H), 0.1 N HCl (mechlorethamine) or
DMSO (Merck; all others) at —80 °C.

2.2. Cell lines

Cell lines were maintained in alpha minimal essential medium
(aMEM, Invitrogen) with 5% foetal calf serum (FCS; Moregate
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Biotech, New Zealand), 100 units/mL penicillin and 100 pg/mL
streptomycin (both from Invitrogen). All cell lines were cultured for
less than 2 months from frozen stocks confirmed to be Mycoplasma-
negative by PCR-ELISA (Roche Diagnostics). The Chinese hamster
ovary (CHO) cell lines used and their origins and genotypes were as
follows: AA8 (wild type [34]), 51D1 (Rad51d homozygous knockout
generated from AAS8 [35], identified hereinas 51D~/~),51D1.3(51D1
complemented with full-length Chinese hamster Rad51d [35],
identified herein as 51D*'*), EM9 (Xrcc1 mutant [36]), UV4 (Erccl
mutant [37,38], UV41 (Xpf mutant [37,39,40]), 41cER4.40.1 (UV41
complemented with human Xpf [40]), UV5 (Ercc2 mutant [41]), V3
(mutated in the gene for DNA-PKcs, Prkdc [42]), and KO40 (FancG
null [43]). For simplicity these cell lines are identified in this
manuscript by genotype. The generation of soluble NADPH:cyto-
chrome P450 oxidoreductase (sPOR) over-expressing 51D/~ sPOR
and 51D** sPOR cell lines has been described [9].

2.3. Cytotoxicity assays

In vitro drug sensitivity was evaluated by ICsq assay. Cells were
seeded in 96-well plates at a density of 400 or 800 cells/0.1 mL
(electronic particle counter, Beckman Coulter) and exposed to
varying concentrations of compounds for 4 h under aerobic or
hypoxic conditions as described elsewhere [44]. Media for drug
incubations was «aMEM containing 10% FCS, 200 .M 2’-deoxycy-
tidine (Sigma-Aldrich), and p-glucose (Nuclear Supplies) supple-
mented to 17 mM. Hypoxic incubations were performed in a Hy/Pd
catalyst-scrubbed anaerobic chamber (Coy Laboratory Products)
with media and consumables pre-equilibrated for >3 days to
remove residual oxygen. Cells were reoxygenated immediately
after drug treatment and cultured for 4 days in CO, incubators
prior to staining with sulphorhodamine B (Sigma-Aldrich) to
quantitate cell density [45]. ICso values were calculated, using 4
parameter logistic regression, as the drug concentration reducing
staining to 50% of untreated controls on the same plate. Hypoxic
cytotoxicity ratio (HCR) was defined as (ICsq oxic)/(ICso hypoxic).
Hypersensitivity factor (HF) for DNA repair pathway mutants was
defined as (ICso repair proficient reference line)/(ICso repair-
defective line). Reference cell lines corresponding to each repair-
defective line are specified in supplementary Tables S1 and S2. All
ratios (HCR and HF) are intra-experiment comparisons.

2.4. Rad51 immunofluorescence

Cells were seeded on sterile poly-p-lysine-coated glass coverslips
(BD Biosciences) in 6-well plates and incubated overnight, then
treated with 8 Gy ionising radiation (IR; Eldorado model G %°Co
radiotherapy machine) or mock irradiated and incubated for 8 h
before fixation in 2% paraformaldehyde (Sigma-Aldrich). Cells were
rehydrated in ice-cold PBS, permeabilised in 0.25% Triton X-100
(Sigma-Aldrich) in PBS for 20 min and blocked using 5% goat serum
(Invitrogen) in 0.1% PSB-Tween 20 (Global Science) for 30 min at
room temperature. The specimens were then probed with anti-
RAD51 primary antibody (rabbit polyclonal ab63801, Abcam)
diluted 1:1000 in blocking buffer for 1 h at room temperature.
The coverslips were washed thoroughly in PBS and probed with Cy3-
conjugated goat anti-rabbit secondary antibody (Invitrogen) diluted
1:500 in blocking buffer for 30 min in the dark at room temperature.
Cells were counterstained with 2.5 pg/mL 4’,6-diamidino-2-phe-
nylindole (DAPI, Sigma-Aldrich) for 1 min and mounted on glass
microscope slides using ProLong Gold (Invitrogen). Slides were air
dried before storing at 4 °C. Images were captured using a Leica DMR
microscope with Nikon Digital Sight DS-U1 camera and 100x
objective lens. Nuclei presenting >1 Rad51 focus were scored as
positive by manual counting. Typically, >150 random nuclei per
slide were scored within replicate experiments.

2.5. Cell cycle analysis

Exponential phase monolayer cultures, established in parallel
to Rad51 immunofluorescence specimens, were irradiated with
8 Gy IR or mock irradiated and incubated for 8 h prior to fixation in
70% ethanol. Cells were stained with 1 wg/mL DAPI in 0.1% PBS-
Tween 20 at room temperature for 30 min. Cellular fluorescence
was measured using a Becton Dickinson FACScan flow cytometer
and cell cycle analysis performed in ModFit LT 3.2 (Verity Software
House).

2.6. Western blot analysis

For POR immunoblotting, cellular lysates were harvested in
radioimmunoprecipitation assay buffer and protein concentration
determined by bicinchoninic acid (BCA; Sigma-Aldrich) assay.
Thirty micrograms of protein was loaded on 4-12% gradient SDS-
PAGE gels, transferred, blocked, probed with anti-POR (mouse
monoclonal sc25263, Santa Cruz Biotechnology) or anti-actin
(mouse monoclonal MAB1501R, Chemicon) primary antibodies at
1:5000 dilution, and imaged using chemiluminescent ECL detec-
tion (Thermoscientific).

2.7. POR enzyme activity

POR reductase activity in cellular S-9 fractions was determined
by spectrophotometric assay as cyanide-resistant, NADPH-depen-
dent reduction of cytochrome c as described elsewhere [46]. Total
protein in S-9 fractions was measured by BCA assay.

2.8. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
assay of CEN-209 metabolism

In vitro cellular metabolism of CEN-209 was assayed by LC-MS/
MS as detailed elsewhere [47]. Briefly, exponentially growing cells
were harvested in trypsin/EDTA, counted, and resuspended in
aMEM containing 5% FCS, 200 wM 2’-deoxycytidine and 17 mM b-
glucose in 96-well plates. CEN-209 diluted in medium was added
to wells containing 10 or 10° cells and the plates incubated under
oxia or hypoxia for 3 h. After incubation the plates were placed on
ice, the medium collected, and ice-cold methanol containing
octadeuterated (3H,-morpholino) versions of CEN-209 and its
metabolites (nor-oxide and 1-oxide) as internal standards was
added to each well. The methanol extracts were combined with the
removed medium and stored at —80 °C until LC-MS/MS analysis.
CEN-209 and its 1-oxide and nor-oxide metabolites were quanti-
fied using an Agilent 6460 triple quadrupole mass spectrometer
with ultra high pressure liquid chromatography and electrospray
ionisation interface in positive ion mode.

2.9. Non-respiratory oxygen consumption and net H,0, formation

Cellular oxygen consumption and net H,O, formation rates
were measured simultaneously using OROBOROS™ 02K oxygraphs
(Anton Paar, Graz, Austria) incorporating purpose-built fluoros-
pectrometers mounted against the viewing port of each chamber
[48]. These systems utilise 520 nm light emitting diodes (LEDs)
mounted in black acetate blocks in front of the chamber window,
and an adjacent photodiode with a 590 nm low pass filter.
Measurements were performed at 37 °C with 2 mL chamber
volumes containing DMEM + 5% FCS, initially at air saturation
(186.1 wM at 101.3 kPa barometric pressure). Cells (1 x 105,
grown as stirred single-cell suspensions in spinner flasks) were
added to each chamber, with superoxide dismutase (10 U),
horseradish peroxidase (10 U), and Amplex UltraRed (50 wM, all
from Molecular Probes Invitrogen) and endogenous respiration
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Fig. 1. Rad51 focus formation and cell cycle distribution 8 h after irradiation (8 Gy) of 51D*/*, 51D/~ and sPOR cells. (a) Example micrographs showing fluorescent Rad51 (red)
and nuclear (DAPI, blue) staining by immunocytochemistry. (b) The fraction of cells positive for Rad51 foci in irradiated and untreated cultures. (c¢) Cell cycle distribution at
the time of Rad51 focus assays was determined by flow cytometry in parallel irradiated (8 Gy) and untreated cultures. Values are inter-experiment means and errors are SEM
for 2 experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

flux rates allowed to reach steady states. Rotenone (1 nmol) was
then added and CEN-209 (50 mM stock in saline) titrated stepwise
at intervals of ~5 min. Fluorescence (oxidation of Amplex UltraRed
by horseradish peroxidase/H,0,, calibrated with H,0, standards)
and polarographic signals were integrated in DATLAB 4.3.

2.10. Statistics

All histograms show inter-experiment means plus SEM derived
from multiple independent experiments. Statistical significance
was determined using Student’s two-tailed t-test for comparison of
two groups and ANOVA/Holm-Sidak for comparison between
multiple groups. * denotes P < 0.05, ** denotes P < 0.01.

3. Results
3.1. Characterisation of HR phenotype in Rad51d null CHO cells

As a model for HR-deficient cancer cells we deployed a CHO cell
line with genetic deletion of the Rad51 paralogue Rad51d, and an
isogenic control line complemented with Chinese hamster Rad51d
(51D~ and 51D*'* cells, respectively), a protein reported to be
critical for HR [35]. In addition, we previously generated stable
clones expressing a soluble, N-terminal membrane anchor-
truncated, form of the one-electron reductase NADPH:cytochrome
P450 oxidoreductase (sPOR; see Section 3.4) in both 51D/~ and
51D*/* genetic backgrounds [9]. To confirm the HR phenotype in
these cell lines we measured IR-induced nuclear Rad51 foci 8 h

after irradiation (Fig. 1a). In contrast to 51D*/* cells, 51D/~ cells
demonstrated complete absence of Rad51 foci in response to IR
(Fig. 1b). There was a small increase in baseline Rad51 foci
associated with expression of SPOR in 51 D*/* cells, but sPOR did not
affect induction of Rad51 foci in response to irradiation of these
cells. As HR is suppressed in GO/G1-phase cells [49], we performed
cell cycle analysis in parallel cultures to exclude differences in
proliferation as a potential confounding variable for HR status.
There was no significant difference in the fraction of cells in GO/G1
phases across the four cell lines in either irradiated or unirradiated
cultures at the time of the focus formation assays (P> 0.05;
Fig. 1c). These results also demonstrated that IR-induced G2-phase
arrest is retained in the HR-defective cell lines.

3.2. Hypersensitivity to CEN-209 and reference compounds in HR-
deficient cells

To evaluate the role of HR in repairing DNA lesions induced by
CEN-209, and to compare candidate compounds for exploiting HR
defects in hypoxic cells more generally, we challenged 51D*/* and
51D/~ cells with CEN-209 and the reference prodrugs and
cytotoxins listed in Table 1 by ICsq assay under oxic and hypoxic
conditions. The absolute ICsq values are provided in supplementary
Table S1, and intra-experiment ICsq ratios for hypoxic selectivity
(hypoxic cytotoxicity ratio) and HR deficiency (hypersensitivity
factor) are shown in Fig. 2. CEN-209 was highly selective for
hypoxia in repair-proficient cells, with an HCR for 51D*/* cells of
280 which was approximately 30-fold greater than PR-104A and



578 F.W. Hunter et al./Biochemical Pharmacology 83 (2012) 574-585

10000 "
N
g — 51D+/+
¥ 1000
N u
©
= T
X 400 P
=
S
x
=]
S 10
>
[&]
L
3
8 1
>
=
0.1
b 100
] I Oxic
] T3 Hypoxic
- I I
I m I
10

Hypersensitivity Factor (HF)

’\Qﬂ/é, Q/QQ)Q\,Q)Q{L ,\Qb‘?. OQ)\ 0‘2‘ \Q&z\ %OQ;\ 0\2\\/
&N R
9 Q

Fig. 2. Hypoxia- and HR-dependence of inhibition of cell growth measured 4 days
after 4 h exposure to prodrugs and reference cytotoxins. (a) Hypoxic selectivity of
compounds in 51D/~ and 51D** cells. Hypoxic cytotoxicity ratio (HCR) was
calculated as the intra-experiment quotient (oxic ICsp)/(hypoxic ICsp). (b) Enhanced
sensitivity to compounds in HR deficient cells. Hypersensitivity factor was
determined by the intra-experiment quotient (ICso 51D*/*)/(ICso 51D /). Values
are inter-experiment means and errors are SEM for 3-8 experiments. TPZ:
tirapazamine; MECH: mechlorethamine; and CHL: chlorambucil.

nCBI, and 2-fold greater than TPZ, but lower than for TH-302
(Fig. 2a). As expected, the effector species for PR-104A and nCBI
(PR-104H and aCBlI, respectively), and the conventional nitrogen
mustards chlorambucil and mechlorethamine were not selective
for hypoxic cells. The latter observation suggests that HR was not
significantly down-regulated by the short term (6 h) hypoxia used
in these experiments, an interpretation supported by the lack of
change in Rad51 by western blotting under these conditions
(Supplementary Fig. S1). Interestingly, CEN-209 hypoxic selectivity
was significantly lower in HR-deficient 51D/~ cells compared to
51D** cells (HCR 80 vs. 200, P = 0.04; Fig. 2a) suggesting distinct
mechanisms of cytotoxicity under aerobic and hypoxic conditions.

The lower HCR for 51D/~ cells appears to reflect a greater
dependence on HR for resolution of oxic than hypoxic CEN-209

lesions, as shown by higher HF ratios under oxic conditions in
Fig. 2b. A similar trend was observed for TPZ. Overall the DNA
cross-linking HAPs were significantly more selective for HR-
deficient cells than the benzotriazine di-N-oxides, with hypoxic HF
of 26 and 17 for TH-302 and PR-104A, respectively. The aromatic
nitrogen mustard active metabolite from PR-104A (PR-104H), the
related DNA cross-linking agent chlorambucil and an analogue of
the aliphatic mustard active metabolite from TH-302 (mechlor-
ethamine) yielded HF values of a similar order (15-40). The DNA
minor groove alkylating HAP nCBI was comparatively less selective
for HR-deficient cells, although its active amino metabolite aCBI
produced an HF of ~12.

3.3. DNA repair profile of the benzotriazine di-N-oxide prodrug class

To further investigate the repair of lesions induced by CEN-209
in oxic and hypoxic cells we generated DNA repair profiles for CEN-
209, TPZ, the TPZ analogue CEN-309 [21] and chlorambucil by
comparing sensitivity to these agents in CHO cells with loss-of-
function mutations in the base excision repair (BER; Xrccl),
nucleotide excision repair (NER; Ercc1, Xpf, Ercc2), non-homolo-
gous end joining (NHE], Dna-pk), HR (Rad51d), and Fanconi
anaemia (FA; FancG) pathways (Fig. 3). The full dataset for these
experiments, which were performed independently of those
illustrated in Fig. 2, is given in supplementary Table S2. This
study confirmed the significantly greater dependence of CEN-209
cytotoxicity on Rad51d under oxic than hypoxic conditions
(P=0.02), and demonstrated distinct DNA repair profiles for
CEN-209 under oxia and hypoxia across the cell line panel (Fig. 3)
further supporting the existence of alternative mechanisms
cytotoxicity. As compared with oxic lesions, hypoxic lesions
induced by the benzotriazine di-N-oxides were less dependent on
HR and BER and more dependent on NER genes. CEN-209 also
demonstrated modest selectivity for V3 cells (Prkdc mutant)
deficient in NHE] as compared to AA8 wild type cells, but this was
significant only under oxia (P =0.03). These repair profiles were
very similar in all three members of the benzotriazine di-N-oxide
class. The DNA repair profiles for the di-N-oxides were clearly
different from that of chlorambucil, which showed the classical
dependence of a bifunctional alkylating agent on the NER, HR and
FA pathways similar to that previously reported for PR-104A and
PR-104H [9].

3.4. Relationships between metabolic reduction of CEN-209 and
cytotoxicity

To explore further the apparent difference in DNA repair
dependence of CEN-209 cytotoxicity under aerobic and hypoxic
conditions, we utilised 51D*'* and 51D/~ cells in which one-
electron reductase activity was increased by forced expression of
soluble human NADPH:cytochrome P450 oxidoreductase (SPOR).
Strong expression of sSPOR was confirmed by Western blot (Fig. 4a)
and provided a ~10-fold elevation in total POR reductase activity
relative to control cells, as measured by rates of cyanide-resistant
NADPH-dependent cytochrome c reduction (Fig. 4b). The POR
activity of the parental and sPOR cell lines spanned the range
observed in human tumour cell lines (Fig. 4b). In agreement with
previous reports, POR expression conferred sensitivity to TPZ [46],
PR-104A [50] and TH-302, but surprisingly did not significantly
influence the cytotoxicity of nCBI (Fig. 4c). Notably, the potentia-
tion of CEN-209 cytotoxicity by expression of SPOR was an order of
magnitude greater in oxic cells (oxic ICsq ratio 160 vs. hypoxic ratio
17; P=0.04), with a similar pattern for TPZ and TH-302, while the
converse result was seen for PR-104A for which hypoxic
cytotoxicity was enhanced more than oxic toxicity (Fig. 4c). The
increase in oxic cytotoxicity of CEN-209 in cells with high POR
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Fig. 3. DNA repair profile of benzotriazine di-N-oxide prodrugs (TPZ, CEN-209, CEN-309) compared with chlorambucil. CHO cells with loss-of-function mutations in the base
excision repair (Xrcc1), nucleotide excision repair (Ercc1, Xpf, Ercc2), non-homologous end joining (Dna-pk), homologous recombination (Rad51d, cell line 51D~/~), and
Fanconi anaemia (FancG) pathways were challenged with compounds in ICsq assays. Hypersensitivity factors (HFs) were determined by reference to isogenic repair
competent cells as the intra-experiment quotient (ICso repair competent)/(ICsq repair deficient) for each gas condition. Values are inter-experiment means and errors are SEM

for 2-12 experiments.

activity led to a substantial loss of hypoxic selectivity in these cells
(Fig. 5; P =0.04). This same loss of hypoxic selectivity in the SPOR
cells was also observed for TPZ and TH-302, and was independent
of HR status (supplementary Table S1).

The finding that sPOR enhances oxic cytotoxicity of CEN-209
even more than its hypoxic cytotoxicity suggested that the
relationship between reduction of the prodrug and cytotoxicity
is different under the two conditions. To investigate this further,
we quantified metabolic reduction of CEN-209 under the same
conditions as the ICsq assays. There is currently no direct way to
measure the cytotoxic metabolite(s) from CEN-209 reduction,
which are presumed by analogy with TPZ [10,11] to be oxidising
free radicals derived from the initial one-electron reduction
product. We therefore assayed the more stable downstream 1-
oxide and nor-oxide reduced metabolites of CEN-209 (see Fig. 8) by
LC-MS/MS in 51D*/* and 51D*/* sPOR cells under oxia and hypoxia.
This required use of lower cell densities for the sPOR line under
hypoxia to avoid depletion of the prodrug under hypoxia (Fig. S2).
Normalising for the cell density difference, hypoxic CEN-209
reduction was increased ~10-fold by sPOR expression (Fig. 6a). The
1-oxide and nor-oxide metabolites were also measurable in oxic
cultures, although at lower concentrations, and again were
increased (~50-fold) by sPOR expression (Fig. 6a). The CEN-209
concentration dependence of 1-oxide and nor-oxide formation was
well fitted using a low affinity single site saturation model,

enabling estimation of metabolite concentrations at equitoxic
(ICs0) prodrug concentrations (Fig. 6b). Under hypoxia, there was
no significant difference (P = 0.25) between the concentration of 1-
oxide plus nor-oxide at ICso for the high and low POR lines.
However, under oxic conditions the concentration of the reduced
metabolites at ICso was higher than under hypoxia for 51D*/*, and
was significantly lowered (P < 0.001) by sPOR expression (Fig. 6b).
As discussed below, this observation is consistent with a
contribution of redox cycling to oxic cytotoxicity of CEN-209 in
cells with high one-electron reductase activity.

3.5. Redox cycling of CEN-209 in aerobic 51D** sPOR cells

To determine whether CEN-209 redox cycles in aerobic cells
with high one-electron reductase activity, we compared rates of
rotenone-resistant oxygen consumption and H,O, production in
51D"* and 51D** sPOR cells exposed to CEN-209 (25-200 w.M
titration) in a polarographic respirometer adapted for simulta-
neously observing oxidation of the H,0, fluorogenic probe Amplex
UltraRed. CEN-209 elevated oxygen consumption in 51D*/* sSPOR
cells, but not 51D** cells, with some evidence of saturation
kinetics at high concentration (Fig. 7a). Net H,O, production also
increased in POR over-expressing cells, with a sigmoidal depen-
dence on CEN-209 concentration, and showed no increase in 51D*/
* cells (Fig. 7b). The non-linearity of ROS production with respect to
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Fig. 4. The effect of SPOR expression on sensitivity of 51D*/* cells to CEN-209 and
reference prodrugs. (a) Confirmation of sSPOR expression by Western blot. (b) POR
activity measured as cyanide-resistant NADPH-dependent reduction of cytochrome
¢ by spectrophotometric assay and compared to activity observed in commonly-
used human tumour cell lines. (c) Relative sensitivity to HAPs in sSPOR-expressing
51D*/* cells compared to control 51D*/* cells. The inter-experiment mean + SEM of
the quotient (ICso low POR)/(ICso high POR) from >3 experiments is plotted.

oxygen consumption likely reflects the contribution of free radical
scavenging and H,0, catabolism at low CEN-209 concentration
and depletion of Amplex UltraRed at high CEN-209 concentration.
Together these data provide strong evidence for redox cycling of
CEN-209 and generation of potentially cytotoxic ROS in aerobic
cells with high POR reductase activity.

4. Discussion

We present here the first comprehensive comparison of the
capacity for HAPs, representing four major chemical classes

(benzotriazine di-N-oxides, dinitrobenzamide mustards, nitroimi-
dazole mustards, and nitro-chloromethylbenzindolines), to exploit
HR defects in hypoxic cells. Loss of Rad51d function, recently
shown to confer susceptibility to ovarian carcinoma in humans
[51], provides a severe HR phenotype that has been widely utilised
as an informative pharmacodynamic model for examining the role
of HR in chemosensitivity [9,27,52,53]. In this model we identify
HAPs that generate DNA cross-linking metabolites (i.e. TH-302 and
PR-104A) as the likely strongest candidates for exploiting HR
defects; both prodrugs were markedly more active against 51D/~
than 51D*'* cells under anoxia (HF ratios 26 and 17 for TH-302 and
PR-104A, respectively, which were not significantly different).
Overall, TH-302 was 10 000x more active against hypoxic 51D/~
cells than oxic 51D*/* cells. In this respect it is interesting to note
that TH-302 is currently undergoing phase II evaluation in
pancreatic adenocarcinoma (NCT01144455), a malignancy to
which germline mutation of the HR gene PALB2 was recently
reported to confer susceptibility [54]. The amino metabolite of
nCBI was also selective for 51D/~ cells, which is consistent with
results for a related amino-CBI [52], although selectivity was
diminished somewhat at the prodrug level.

The benzotriazine di-N-oxide class prodrugs — TPZ, CEN-209,
CEN-309 - shared a broadly similar DNA repair profile that differed
from that of the DNA cross-linking agent chlorambucil (Fig. 3) and
reported profiles for PR-104A and PR-104H [9]. Under hypoxia the
di-N-oxides were modestly selective for 51D1, EM9, UV4, UV41
and V3 cells which harbour mutations in Rad51d, Xrcc1, Erccl, Xpf
and Prkdc, respectively. UV4 and UV41 cells, which are deficient in
NER (a pathway associated with several inherited cancer
syndromes [55]), have been widely characterised as hypersensitive
to bulky lesions including DNA cross-links [38], whereas EM9 cells
are sensitive to single-strand breaks and base damage due to
failure of DNA ligase III recruitment required for BER [36,56] and
V3 cells are sensitive to agents that induce DNA double strand
breaks repaired by NHE] [42]. The absence of any one predominant
repair pathway in the benzotriazine di-N-oxide hypoxic profiles is
consistent with evidence for complex DNA damage in this class of
agents, including base oxidation [57], DNA-protein adducts
potentially involving topoisomerase II [27,58], and single- [12]
and double-strand breaks [27,59].

The surprising finding of the present study that the DNA repair
profile for CEN-209 (and other benzotriazine di-N-oxides) is
different under oxic and hypoxic conditions suggests a qualitatively
different spectrum of DNA lesions under the two conditions, with
redox cycling identified as a potential mechanism of aerobic
cytotoxicity, particularly in cells with high one-electron reductase
activity. This result is consistent with earlier work describing redox
cycling of TPZ in aerobic hepatocytes [60]. A model that describes
relationships between bioreductive metabolism, redox chemistry,
DNA damage and cytotoxicity of the benzotriazine di-N-oxides is
proposed in Fig. 8, based on literature for TPZ and the present study.
One-electron reduction by POR and other reductases (Fig. 8, reaction
1) generates an initial free radical that decays by reaction with O,
(reaction 2, the basis for hypoxia-selective cytotoxicity), dismuta-
tion to the less toxic 1-oxide (reaction 3) or spontaneous
fragmentation to an oxidising radical that was initially considered
to be the hydroxyl radical [61] but for which accumulating evidence
[10,62,63] implicates the benzotriazinyl radical (reaction 6).
Superoxide formed by redox cycling in oxic cells (reactions 1 and
2) is metabolised to H,O, by superoxide dismutases (reaction 7),
potentially initiating Fenton-like formation of hydroxyl radical
(reaction 9). DNA radicals generated by these oxidising radicals
(reaction 10) are analogous to those from ionising radiation, the
further oxidation of which by oxygen leads to DNA strand breaks
(reaction 11). In hypoxic cells, this oxidation of DNA radicals is
mediated by the benzotriazine-di-oxide prodrug itself or its 1-oxide
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metabolite [12,64,65]. The major cytotoxic lesions from TPZ under
hypoxia show repair kinetics characteristic of multiply damaged
sites from high LET radiation [59]; these complex lesions appear to
arise from replication fork arrest (reaction 12) and depend on HR for
their resolution [27] (reaction 15).

Our results for TPZ, CEN-209 and CEN-309 under hypoxia are
consistent with the reported HR dependence of TPZ cytotoxicity
under hypoxia, but the repair dependence of the oxic cytotoxicity
of TPZ has not previously been described. The mechanism of oxic
cytotoxicity of TPZ is in fact not well understood; the finding that
cytotoxic potency is further suppressed as gas phase oxygen
concentrations are increased above 20% O, [66,67] suggests that
oxic cytotoxicity is due to incomplete suppression of the TPZ
radical. However, other evidence suggests that oxic cytotoxicity is
due to futile redox cycling, generating superoxide that can give rise
to hydroxyl radicals via Fenton chemistry [68]. That high activity of
a one-electron reductase (SPOR) enhances cytotoxicity of the
benzotriazine di-N-oxides to a greater extent under oxia than
hypoxia (Fig. 4c) confirms that the two mechanisms of cytotoxicity
are distinctly different. Although the rate of the forward reaction of
CEN-209 to its protonated radical (Fig. 8, reaction 1) is expected to
be the same under oxic and acutely hypoxic conditions, and the

4/

ultimate cytotoxic radicals derive from the same di-N-oxide
radical, under hypoxia the steady state concentration of the latter
will be much higher and therefore the contribution of its second-
order dismutation to the 1-oxide (Fig. 8, reaction 3) will be greater
than under oxia. The latter detoxifying reaction may account for
the smaller increase in hypoxic than oxic cytotoxicity when sPOR is
expressed. The observations are therefore consistent with the
redox cycling model of oxic cytotoxicity (i.e. that cell killing is
dependent on superoxide and downstream ROS rather than the di-
N-oxide radical).

The 1-oxide and nor-oxide metabolites of CEN-209 provide
independent support for this model. Concentrations of these
reduced metabolites were not significantly different for parental
and sPOR-expressing cells at the CEN-209 concentrations corre-
sponding to the hypoxic ICso. At the aerobic ICsqg, reduced
metabolite concentrations for the parental line were higher than
under hypoxia, which is opposite to the expected lower contribu-
tion of CEN-209 radical disproportionation and likely reflects a
significant contribution from oxygen-insensitive two-electron
reductases (Fig. 8, reaction 4) such as NAD(P)H:quinone oxidore-
ductase (DT-diaphorase). The latter is known to catalyse reduction
of TPZ directly to its 1-oxide, bypassing the cytotoxic free radical

® 510" hypoxic
O 51D""'sPOR hypoxic
¥ 51D oxic
a A 51D""sPOR oxic b . 1-oxide
[ nor-oxide
1-oxide Nor-oxide
108 E . 1 .
E 600 Hypoxic 500 Oxic
5 ] 5
T 104 5 T 400 400
5 ] N £
= ] o
o £ s
25 5] A £ 300+ 300 -
B 2 0 v % £3
fe 102 g E 200 200 A
o E A o
g ] b o S
z le L 2 z 100 100 4
(] 10" g L
3 F | v ©
i y _|
v 0 0
10° LLRALL BRI LLL LR B R LELEERALL L T T x\" OQ. x\" OQ.
1 10 100 1 10 100 Qi QX
R NN
; N Y
CEN-209 concentration (UM) ) k=)

Fig. 6. Formation of reduced 1-oxide and nor-oxide metabolites of CEN-209 in 51D*/* and 51D*/* sPOR cultures under oxia and hypoxia by LC-MS/MS. (a) Rate of 1-oxide and
nor-oxide formation normalised for cell density. Data were fitted using a single-site saturation model with 1/Y weighting. Values are pooled from 3 experiments. (b) Reduced
metabolite formation (1-oxide plus nor-oxide) at CEN-209 ICs, concentration (1.5,0.087, 280 and 1.9 M for hypoxic 51D*/*, hypoxic 51D*/* sPOR, oxic 51D*/*, and oxic 51D*/
* sPOR, respectively) by interpolation or extrapolation of the curves shown in (a). Values are mean and SEM (for sum of 1-oxide and nor-oxide) from 3 independent

experiments.
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intermediate [69,70]. Notably, sPOR expression significantly
lowered the 1-oxide plus nor-oxide concentration at the oxic
IC50 (i.e. sSPOR did not increase net reduction of CEN-209 as much as
it increased cytotoxicity) which is consistent with enhanced redox
cycling dominating the mechanism of cytotoxicity under oxic
conditions in cells with high expression of one-electron reductases.
The POR activity in the 51D*/* sPOR line was at the top end of the
range for human tumour cell lines we surveyed (Fig. 4b),
suggesting that this redox-related cytotoxicity might contribute
to cytotoxicity of CEN-209 in oxic cells in human tumours (and
potentially normal tissues) with high one-electron reductase
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OH BTZ radical
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activity. It is unclear at present how redox cycling will contribute
to CEN-209 cytotoxicity at intermediate pO,, but may well play a
part in killing the moderately hypoxic tumour cells that are
probably the most important in resistance to fractionated
radiotherapy [71].

Given the importance of template switching via HR for repair of
complex DNA lesions [22], the greater dependence on HR for oxic
than hypoxic cytotoxicity of benzotriazine di-N-oxides suggests
the formation of lesions of higher complexity under aerobic
conditions. This could reflect rapid inhibition of DNA synthesis as a
result of dANTP pool depletion under severe hypoxia [72] (Fig. 8,
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Fig. 8. Scheme showing proposed mechanism of action of CEN-209, based on results of the present study and analogy with tirapazamine. 1: One-electron reduction of CEN-
209 (e.g. by POR). 2: Reoxidation of the CEN-209 radical by O,, which is its primary mechanism of hypoxic selectivity. 3: Spontaneous dismutation to the 1-oxide metabolite.
4: Oxygen-insensitive two-electron reduction (e.g. by DT-diaphorase). 5: Further reduction to the nor-oxide. 6: Spontaneous formation of the oxidising benzotriazinyl radical.
7: Enzymatic (superoxide dismutase) and spontaneous dismutation of superoxide. 8: Reduction of Cu(II) by the CEN-209 radical. 9: Fenton-type reduction of H,0, by Cu(I).
10: Oxidation of nucleobases and deoxyribose in DNA. 11: Further oxidation by oxygen (or CEN-209 and its 1-oxide under hypoxia) to generate frank DNA strand breaks. 12:
Collision of replication forks with DNA damage, generating complex (cytotoxic) DNA lesions. 13: Replication fork arrest under severe hypoxia. 14: Repair of simple DNA

breaks by BER and NHE] pathways. 15: Repair of complex lesions by HR.
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reaction 13), limiting collision of replication forks with damaged
DNA (Fig. 8, reaction 12) which leads to stalled forks that depend
on HR for their resolution [73]. Alternatively, initial oxidative
damage to DNA may be more highly clustered under oxic than
hypoxic conditions. If generated by redox cycling, superoxide
dismutase and Fenton-type generation of hydroxyl radical from
H,0, (Fig. 8, reactions 2, 7, 9), low lesion complexity would
normally be expected given that exogenously-administered H,0,
induces relatively non-cytotoxic (unclustered) single strand breaks
in DNA [74]. However, the possibility of local hydroxyl radical
generation from aerobic redox cycling of di-N-oxides is supported
by observations that nuclear targeting of POR increased oxic rather
than hypoxic cytotoxicity of TPZ in MDA-MB-231 cells, an effect
that was reversed by treating with the copper chelator bath-
ocuproine disulphonic acid (S. Jung, A. Tsai, D. Li, W.R. Wilson, A.V.
Patterson unpublished observations). Copper ions have previously
been implicated in the aerobic cytotoxicity of TPZ [75]. Clustered
oxidative lesions could potentially arise through the local
reduction of Cu(ll) to Fenton-active Cu(l) by the TPZ radical [76]
(Fig. 8, reaction 8), which will have restricted spatial distribution
under oxic conditions because of its rapid reoxidation by O,, in
contrast to a more isotropic distribution in hypoxic cells. The
nature of lesions induced by CEN-209 under aerobic and hypoxic
conditions is a subject of ongoing investigation.

With several potential clinical assays for HR in development
[77-79], this study provides a strong rationale for investigating use
of HAPs of DNA-reactive cytotoxins for simultaneous targeting of
hypoxia and HR defects in human cancer. HR may be exploitable
both in tumours that frequently incur genetic or epigenetic
derangements of the HR pathway, such as ovarian and triple-
negative/BRCA-associated breast cancers, and secondary to micro-
environmental suppression of HR in chronically hypoxic tumour
cells. The latter approach was demonstrated recently using the
poly(ADP-ribose) polymerase inhibitors ABT-888 and 4-amino-
1,8-naphthalimide, which selectively killed hypoxic cells in
xenografts presumably through a synthetic lethal interaction with
suppression of HR [80]. Unlike PARP inhibitors, HAPs provide the
major added advantage of hypoxia-selective release of the active
HR-selective agent, thus limiting exposure in normal tissues.

The HAPs evaluated in the present study are all capable of
exploiting HR defects as judged by their hyperactivity in Rad51d
knockout cells, but the prodrugs that generate DNA interstrand
cross-links under hypoxia (PR-104A and TH-302) show greater
selectivity for this HR deficiency than the nCBI or benzotriazine di-
N-oxide prodrugs. TH-302 showed the largest hypoxic selectivity,
although, like the di-N-oxides, increasing POR activity stimulated
aerobic more than hypoxic cytotoxicity of TH-302, unlike PR-104A
where the converse was observed as previously reported [9].
Ultimately, the capacity for HAPs to exploit HR defects in clinical
settings will depend not only on the nature of lesions generated
but also on the exposure achievable at the site of action in hypoxic
tissue, which will be a function of tolerability, systemic pharma-
cokinetics and extravascular drug transport in tumours. Moreover
the available HAPs differ in the severity of hypoxia required for
metabolic activation [3] so are likely to address different
subpopulations of cells in tumours. Evaluation in preclinical
tumour models is therefore needed to assist in identifying
preferred prodrugs for exploiting microenvironmentally-induced
down-regulation of HR in tumours.
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