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ARTICLE INFO ABSTRACT

Keywords: Solid tumours are often poorly oxygenated, which confers resistance to standard treatment modalities. Targeting
H}’Po?fia_ hypoxic tumours requires compounds, such as nitroimidazoles (NIs), equipped with the ability to reach and
Nitroimidazole become activated within diffusion limited tumour niches. NIs become selectively entrapped in hypoxic cells

Head and neck tumour

L through bioreductive activation, and have shown promise as hypoxia directed therapeutics. However, little is
Replication stress

known about their mechanism of action, hindering the broader clinical usage of NIs. lodoazomycin arabino-
furanoside (IAZA) and fluoroazomycin arabinofuranoside (FAZA) are clinically validated 2-NI hypoxic radio-
tracers with excellent tumour uptake properties. Hypoxic cancer cells have also shown preferential susceptibility
to IAZA and FAZA treatment, making them ideal candidates for an in-depth study in a therapeutic setting. Using a
head and neck cancer model, we show that hypoxic cells display higher sensitivity to IAZA and FAZA, where the
drugs alter cell morphology, compromise DNA replication, slow down cell cycle progression and induce repli-
cation stress, ultimately leading to cytostasis. Effects of IAZA and FAZA on target cellular macromolecules (DNA,
proteins and glutathione) were characterized to uncover potential mechanism(s) of action. Covalent binding of
these NIs was only observed to cellular proteins, but not to DNA, under hypoxia. While protein levels remained
unaffected, catalytic activities of NI target proteins, such as the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and the detoxification enzyme glutathione S-transferase (GST) were significantly
curtailed in response to drug treatment under hypoxia. Intraperitoneal administration of IAZA was well-tolerated
in mice and produced early (but transient) growth inhibition of subcutaneous mouse tumours.

1. Introduction malignancies. It arises from an imbalance between O3 consumption and
supply, which is triggered by rapid proliferation of cancer cells and
Hypoxia or low oxygen tension is a characteristic feature of solid aberrant tumour vasculature [1,2]. Hypoxia-induced cellular
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adaptations confer resistance to radiation, chemotherapy and immu-
notherapy, leading to poor local control and overall survival [3,4]. This
underscores the importance of developing hypoxia-directed therapeu-
tics for effective management of solid tumours.

Nitroimidazoles (NIs) are a class of electron-affinic molecules that
are taken up by cells via diffusion and chemically reduced by various
cellular nitroreductases, generating nitroradical anions. When cells are
well-oxygenated, the nitroradical anions react with intra-cellular O5 and
revert to the parent molecule, which thereafter freely diffuses out of the
cell. In the absence of O (i.e. under hypoxia), the reduced NIs undergo
further reduction to generate reactive hydroxylamine that binds to
cellular macromolecules (such as DNA, proteins and glutathione),
thereby trapping the drug inside hypoxic cells [5,6]. Due to their pref-
erential accumulation in Oy starved tissue, NIs have long been pursued
as potential hypoxia-directed therapeutics. However, clinical trials with
NIs have not been particularly successful. With the exception of
nimorazole [7], most NIs failed to provide therapeutic benefit in a
clinical setting [8,9]. Regardless, retrospective analysis of these studies
found an improved outcome in patients with hypoxic tumours [10,11].
This supports the notion that NIs can improve therapy outcome if pa-
tients are pre-selected based on their tumour oxygenation status. How-
ever, our poor understanding of the precise molecular mechanism of NIs
makes it challenging to study them in a clinical setting.

Iodoazomycin arabinofuranoside (IAZA) and fluoroazomycin arabi-
nofuranoside (FAZA) are 2-NI based compounds that share a common
backbone: an azomycin moiety for hypoxia targeting, a pentose sugar to
facilitate cell uptake, and a halogen moiety suitable for radiolabelling to
impart PET or SPECT imaging (and potential molecular radiotherapy for
IAZA) capacity (Fig. 1A-B). Originally developed as hypoxic radio-
tracers, radiolabeled IAZA and FAZA have been chemically character-
ized in the literature [12,13], and clinically validated as non-invasive
hypoxia diagnostics [14-16]. Interestingly, both compounds displayed
promising anti-tumour properties under hypoxia in early cell-based as-
says [12,17,18], necessitating a more in-depth study of their therapeutic
potentials. Therefore, using IAZA and FAZA as representative com-
pounds, this study aims at characterizing the anti-tumour effects of
2-NIs, with a particular emphasis on identifying the cellular phenotype
induced by these drugs as well as analyzing their effects on target
cellular macromolecules.

2. Materials and methods
2.1. Cell culture

All cell lines (FaDu, A549, PC3 and HCT116) were purchased directly
from the American Type Culture Collection (Manassas, VA), and
routinely tested for mycoplasma contamination. Cells were grown in
DMEM/F-12 medium supplemented with 10% fetal bovine serum, 1% 2
mM r-glutamine and 1% penicillin streptomycin. Cells in culture were
maintained for a maximum of 2 months (~25-30 passages) in a hu-
midified incubator at 37 °C with 5% CO,. A humidified chamber
equipped with controlled O flow was used for hypoxia levels up to 0.1%
Oy (ProOx P110, BioSpherix, Parish, NY). An in-house degassing/
regassing system, fitted with metal canisters, was used to achieve Oz
levels below 0.1% [19]. Glass petri dishes were used to carry out hypoxic
experiments in the canisters.

2.2. Drug stock preparation

Synthesis of IAZA [12], FAZA [13] and azidoazomycin arabinofur-
anoside (N3-AZA) [20] have been described previously. IAZA, FAZA,
N3-AZA and Ferrostatin-1 (SML0583, Sigma-Aldrich, Oakville, ON) were
prepared as 500 mM solutions in DMSO and stored at —20 °C. N-Ace-
tyl-L-cysteine (NAC; A7250, Sigma-Aldrich) was dissolved in 1:1 ratio of
DMSO and distilled HyO to prepare a fresh 250 mM stock solution for
each experiment and added to medium to a final concentration of 3 mM;
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medium was buffered to ~pH 7.4 before adding to cells. Stock solutions
of 1 M hydroxyurea (HU; H8627, Sigma-Aldrich) and 10 mM
(S)-(+)-Camptothecin (CPT; C9911, Sigma-Aldrich) were prepared in
DMSO and kept at —20 °C.

2.3. Crystal violet staining (CVS) assay

Cells seeded in 96-well plates (Cellstar®; 655180, Sigma-Aldrich)
were treated with increasing concentrations of IAZA or FAZA (up to
2000 pM) for 72 h under normoxia (20% O3) or hypoxia (1%, 0.5% and
0.1% 0O3); 0.02% DMSO was used as vehicle control. Afterwards, me-
dium was removed, and attached cells were stained with 0.05% crystal
violet (C6158, Sigma-Aldrich), washed and air dried for 24 h. Modifi-
cations to this standard protocol include: (a) treatment with 100 pM
Ferrostatin-1 in addition to IAZA and FAZA for the ferroptosis inhibition
assay, and (b) pre-incubation with 3 mM NAC for 2 h for reactive oxygen
species (ROS) scavenger assay, after which medium was removed and
treatment with IAZA or FAZA was carried out as described earlier.
Stained cells were resuspended in 150 pL of methanol and the optical
density (OD) was measured at 584 nm using a FLUOstar OPTIMA
microplate reader (BMG Labtech, Ortenberg, Germany). The percentage
of attached cells was calculated by subtracting OD of blank wells and
then normalizing DMSO controls (under respective O levels) to 100%.
The first point on each curve represents 0 pM drug.

2.4. Clonogenic survival assay

FaDu cells seeded in 60 mm glass petri dishes (at densities ranging
from 300 to 1500 cells per plate) were treated with different concen-
trations of IAZA or FAZA (up to 1000 pM) for 24 h under normoxia or
hypoxia (1% O, 0.1% O3 and <0.1% O5); 0.02% DMSO was used as
vehicle control. After treatment, hypoxic cells were reoxygenated, me-
dium was changed, and cells were allowed to grow in drug-free medium
for 14 days. For analysis of adhesion properties, FaDu cells (8 x 10°)
treated with drugs (100 pM) or vehicle control for 24 h under normoxia
or hypoxia (<0.1% O3) were trypsinized, replated at low seeding den-
sities (300-600 cells per 60 mm plate) and allowed to grow and form
colonies for 14 days. Colonies were stained with crystal violet and
counted manually. Colony counts were converted to percentage of
seeding densities, and then normalized to vehicle-treated controls under
respective Oy conditions.

2.5. Apoptosis assay

FaDu cells (8 x 10°) were seeded on 60-mm glass petri dishes and
allowed to attach overnight. Cells were then treated with either 0.02%
DMSO or drug (100 pM IAZA or 100 pM FAZA) and incubated under
normoxia and hypoxia (<0.1% O) for 24 h, followed by incubation
under normoxia for 48 h. Afterwards, cells were trypsinized, counted
and 1 x 10° cells per condition were stained with annexin V and pro-
pidium iodide (640914, BioLegend, San Diego, CA). Stained cells were
analyzed using an Attune® NxT Acoustic Focusing Cytometer (Thermo
Fisher Scientific, Waltham, MA); 100,000 events were recorded for each
condition. CPT-treated cells (20 nM, 24 h) served as positive control for
apoptosis.

2.6. Senescence assay

After treating FaDu cells with either 0.02% DMSO, 100 uM IAZA or
100 pM FAZA under normoxia and hypoxia (<0.1% Oz) for 24 h, drug
containing medium was replaced with fresh medium, and cells were
allowed to recover and grow for 4 days. To detect senescence, cells were
stained with a beta-galactosidase staining kit following the manufac-
turer’s protocol (9860, Cell Signalling Technology, Danvers, MA). Cells
treated with 8 Gy ionizing radiation were used as positive control for
senescence. Images were obtained with a Zeiss Axioscope colour
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Fig. 1. Hypoxic cells show preferential sensitivity towards IAZA and FAZA treatment. Chemical formula for IAZA (A) FAZA (B) and N3-AZA (C). Crystal violet
staining assays were performed with FaDu cells under different O levels (20%, 1%, 0.5% or 0.1% Os). Cells were more sensitive to drug treatment under low O,
levels (D and E). Colony formation assays with FaDu cells measured clonogenicity in response to drug treatment under normoxia (20% O,) or different levels of
hypoxia (1%, 0.1% or <0.1% O,). Cells showed the most sensitivity to treatment when cultured under <0.1% O, (G and H). IAZA was more toxic than FAZA at the
same concentrations. Effects of different levels of O on cell viability (F) and clonogenicity (I) are shown. Data represent mean + S.E.M. from at least three inde-
pendent experiments.
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microscope (Carl Zeiss, Jena, Germany).
2.7. Cell counting assay

FaDu cells (1 x 10°) seeded on 60-mm glass petri dishes were left
overnight to attach, after which they were treated with either vehicle
control (0.02% DMSO) or drug (100 pM IAZA or 100 pM FAZA) and
incubated under normoxia and hypoxia (<0.1% O>) for 24 h. Following
treatment, cells were either immediately trypsinized and counted with a
Beckman Coulter Z2 Particle Counter (Beckman Coulter, Brea, CA), or
allowed to grow in drug free medium under normoxia. Subsequently,
cells were trypsinized and counted every other day for up to 12 addi-
tional days.

2.8. Cell cycle profile analysis

FaDu cells treated with drug (IAZA or FAZA, 100 pM) or vehicle
control (0.02% DMSO) under normoxia or hypoxia (<0.1% O3) for 24 h
were either immediately trypsinized after treatment, or allowed to
recover in drug free medium under normoxia for up to 24 h. Trypsinized
cells were counted and 1 x 10° cells were fixed in 70% ethanol, washed
with cold phosphate-buffered saline (PBS) and incubated with 100 pg/
ml RNase A (1007885, QIAGEN, Hilden, Germany) for 10 min at room
temperature (~22 °C). Cells were then washed and mixed with propi-
dium iodide (PI; P4170, Sigma-Aldrich) to a final concentration of 50
pg/ml to stain their DNA content. Processed samples were analyzed
using a BD FACSCanto II flow cytometer (BD Biosciences, Franklin
Lakes, NJ) to detect PI fluorescence upon gating for forward and side
scatter; singlet population was chosen by gating for PI-width and PI-
area.

2.9. Click-iT EdU incorporation assay

To evaluate the effects of IAZA and FAZA on DNA synthesis, FaDu
cells grown on sterilized glass coverslips were incubated with drug (100
pM) or vehicle control (0.02% DMSO) in medium containing 10 pM 5-
ethynyl-2'-deoxyuridine (EdU, C10339, Invitrogen, Waltham, MA) for
24 h under normoxia or hypoxia (<0.1% Oy), followed by fixation in 2%
paraformaldehyde (PFA, P6148, Sigma-Aldrich). To assess the capacity
of drug-treated cells to re-initiate DNA synthesis, FaDu cells treated with
IAZA or FAZA (or 0.02% DMSO) for 24 h under normoxia and hypoxia
(<0.1% O3) were allowed to recover for 24 h in drug-free medium
containing 10 pM EdU, and then fixed in 2% PFA. Fixed cells were
processed for “click” staining according to the manufacturer’s protocol
(C10339, Invitrogen); nuclei were counterstained with Hoechst (Life
Technologies, Carlsbad, CA). Coverslips were mounted on glass slides
(Fluoroshield Mounting Medium, Abcam, Cambridge, UK) and imaged
with a Plan-Apochromat 40X/1.3 Oil DIC lens on a ZEISS 710 confocal
microscope using Zen 2011 software (Carl Zeiss, Jena Germany).

2.10. DNA fibre assay

The effect of drugs on DNA replication was measured by a DNA fibre
assay as previously described with some modifications [21]. Briefly,
cells were incubated with 5-iodo-2'-deoxyuridine (33 pM; IdU; 17756,
Sigma-Aldrich) for 30 min followed by several PBS washes. Cells were
then incubated with 500 pM drug (or 0.02% DMSO) under normoxia or
hypoxia (<0.1% O3) for 3 h. Afterwards, drug-containing medium was
removed, cells were washed several times with PBS, and were allowed to
recover for 30 min in fresh medium containing 5-chloro-2'-deoxyuridine
(250 pM; CldU; C6891, Sigma-Aldrich). Following incubation with
CldU, cells were trypsinized and harvested through centrifugation. The
cell pellet was then resuspended in PBS at 100,000 cells/ml; 2 pl of the
cell suspension was spotted on a positive charged glass slide. The cell
suspension drop was mixed with 10 pl of DNA fiber lysis buffer (200 mM
Tris-HCl pH 7.5, 50 mM EDTA, 0.5% SDS) and DNA strands were
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allowed to migrate down the slides by tilting the slides at a 15° angle.
The resulting DNA spreads were then air dried for 40 min followed by a
fixation in 3:1 methanol/acetic acid for 5 min. A 30 min incubation with
2.5 M hydrochloric acid was used to denature DNA fibers, then slides
were washed with PBS and blocked for 1 h in 5% bovine serum albumin
(BSA; A9647, Sigma-Aldrich) in PBS-0.1% Tween-20. DNA immuno-
staining was performed with a rat anti-BrdU/CldU antibody to detect
CldU (1:200 dilution; 347580, BD Biosciences) and a mouse
anti-BrdU/IdU antibody to detect IdU (1:200 dilution; ab6326, Abcam)
in a humidified chamber for 1 h at room temperature. Secondary anti-
bodies used include anti-rat-Alexa Fluor 488 (1:200 dilution; A-21470,
Thermo Fisher Scientific) and goat anti-mouse-Alexa Fluor 546 (1:200
dilution; A-21123, Thermo Fisher Scientific). Slides were mounted in
ProLong™ Gold Antifade Mountant (P10144, Thermo Fisher Scientific),
and imaged with an upright fluorescence microscope (ZEISS Axiolm-
ager.Z1). More than 150 fibers were analyzed for each data set.

2.11. Trapped in agarose DNA click staining (TARDCS)

To assess covalent drug-DNA binding, we modified a previously
described trapped in agarose DNA immunostaining (TARDIS) assay
[22]. Instead of antibody based detection, our method utilizes click
chemistry by using a click chemistry compatible 2-NI compound,
N3-AZA (Fig. 1C) [20]. Briefly, FaDu cells treated with 100 pM N3-AZA
(or 0.02% DMSO) under normoxia or hypoxia (<0.1% O-) for 24 h were
harvested by trypsinization and pelleted by centrifugation. The cell
pellet was then mixed with 1% low melting point agarose and spread on
glass slides pre-coated with 1% normal agarose. Slides were processed as
described in Ref. [22] by placing them in lysis buffer for 30 min followed
by a 30 min incubation in 1 M NacCl. Slides were then air dried, select
slides were treated with either 1000 U DNase I (04536282001, Roche,
Basel, Switzerland) or 0.2 mg proteinase K (19131, QIAGEN). After-
wards, slides were blocked in 1% BSA for 20 min and click staining was
performed with an Alexa Fluor 594 alkyne (A10275, 1:5000 dilution,
Molecular Probes, Eugene, OR) using a Click-iT™ Cell Reaction Buffer
Kit (C10269, Thermo Fisher Scientific); DNA was counterstained with
Hoechst. Slides were imaged with a Plan-Apochromat 20X/0.8 M27 lens
on a Zeiss 710 confocal microscope using Zen 2011 software.

2.12. Immunocytochemistry

FaDu cells grown on sterilized glass coverslips were treated with
vehicle control or drug (100 pM) for 24 h under normoxia or hypoxia
(<0.1% O»), after which cells were fixed in 2% PFA (or methanol),
blocked in 1% BSA for 20 min, and probed with the following primary
antibodies: anti-phospho-histone H2A.X (Ser139) (y-H2AX; 1:5000
dilution, 05-636, Millipore Sigma, Burlington, MA), anti-replication
protein A2 (RPA; 1:2500 dilution, ab2175, Abcam) or anti-
proliferating cell nuclear antigen (PCNA; 1:250 dilution, ab29,
Abcam). Secondary antibodies used include Alexa Fluor 488 conjugated
anti-rabbit IgG (1:1000 dilution; Molecular Probes) and Alexa Fluor 594
conjugated anti-mouse IgG (1:250 to 1:1000 dilution; Molecular
Probes). Cells processed for RPA were first incubated in extraction buffer
(25 mM HEPES, 300 mM sucrose, 50 mM NaCl, 1 mM EDTA, 3 mM
MgCly, 0.5% NP-40, pH 7.9) for 3 min prior to fixation in PFA. For
chromatin bound PCNA detection, cells underwent a detergent extrac-
tion step in ice-cold hypotonic buffer (10 mM HEPES-KOH at pH 7.9, 10
mM KC1, 1.5 mM MgCls, 0.5 mM DTT, 0.1% Triton) for 10 min before
they were fixed in cold methanol. Irradiated (5 Gy) cells and cells treated
with 5 mM HU (24 h) served as positive controls for y-H2AX and RPA
staining, respectively. To label actin microfilaments, fixed cells were
stained with Phalloidin-iFluor 488 reagent (1:1000 dilution, ab176753,
Abcam). Nuclei were counterstained with Hoechst and coverslips were
mounted on glass slides. Images were obtained with a Plan-Apochromat
40X/1.3 Oil DIC lens on a Zeiss 710 confocal microscope using Zen 2011
software.
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2.13. Alkaline comet assay

FaDu cells were treated with drugs (100 pM) or vehicle control for
24 h under normoxia and hypoxia (<0.1% Oy); cells exposed to 5 Gy
ionizing radiation were used as positive controls. Immediately after
irradiation, cells were harvested in PBS by scraping, mixed with low
melting point agarose, and spread on comet slides. After the gel solidi-
fied, slides were put in lysis solution (4250-050-01, R&D Systems,
Minneapolis, MN) for 1 h, and then in unwinding solution (200 mM
NaOH, 2.5 mM EDTA) for 1 h at 4 °C. Slides were then placed in alkaline
electrophoresis buffer (200 mM NaOH, 1 mM EDTA), and current was
applied at 21 V for 45 min. Afterwards, slides were washed twice in
distilled H»O, fixed with 70% ethanol for 5 min, and air dried before
staining DNA with ethidium bromide (E7637, Sigma-Aldrich). Slides
were imaged with an upright fluorescence microscope (Zeiss Axiolm-
ager.Z1), and comets were analyzed using CometScore™ software
(TriTek Corp., Sumerduck, VA).

2.14. Assessing hydrogen peroxide (H202) levels

The ROS-Glo™ H,0, assay kit (G8820, Promega, Madison, WI) was
used to analyze the levels of HyO- as a readout of the reactive oxygen
species (ROS) generated in response to drug treatment. Briefly, FaDu
cells seeded in 96-well plates were treated with IAZA (100 pM and 150
pM), FAZA (100 pM and 350 pM) or 0.02% DMSO for 72 h. Cells were
then taken out of the hypoxia chamber and the HyO, substrate was
added, which generates a luciferin precursor upon reaction with HyOs.
Cells were incubated with the substrate for 6 h, either under normal Oy
conditions (reoxygenation) or placed back in the hypoxia chamber. Af-
terwards, 50 pl of medium from each well was mixed with equal volume
of ROS-Glo detection solution in a separate plate, incubated for 20 min,
and the luciferin luminescence (which is directly proportional to the
amount of HyO3 level present in the reaction well) was recorded using an
OPTIMA microplate reader. Cells in the original sample plate were
assayed for viability using crystal violet staining. Luminescence data
were normalized by the cell viability results.

2.15. Assessing cell viability and metabolic activity in drug-treated cells
following replating

FaDu cells (8 x 10°) treated with drugs (100 uM) or vehicle control
for 24 h under normoxia or hypoxia (<0.1% O3) were trypsinized,
replated in 96-well plates (5000 cells/well), and allowed to grow for 3
days. Cells were then stained with LIVE/DEAD™ Cell Imaging Kit
(R37601, Thermo Fisher Scientific) and imaged with a Plan-Apochromat
20x/0.8 M27 lens on a Zeiss 710 confocal microscope. Viable cells are
identified by their esterase activity that converts non-fluorescent cell-
permeant calcein AM to the intensely fluorescent calcein (green,
labelled as “live”), while the compromised membranes of dead cells
allow binding of BOBO-3 Iodide to the DNA (red). To measure cellular
metabolic capacity, 50 pl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT; 11465007001, Millipore Sigma) was
added to each well, incubated for 3 h, and imaged as mentioned before.
Cellular capacity to form formazan crystals was analyzed as a readout of
metabolic activity.

2.16. Immunoblotting

FaDu cells treated with 100 pM IAZA or FAZA (or 0.02% DMSO) for
24 h under normoxia and hypoxia (<0.1% O3) were harvested in RIPA
buffer supplemented with protease inhibitor. 50 pg of crude protein
extracts were separated on a 10% polyacrylamide gel for 55-70 min at
180 V, transferred onto nitrocellulose membranes and blocked for 1 h
with 5% milk (in PBS, 0.1% Triton-100). Total protein was visualized
using Revert™ 700 Total Protein Stain (926-11016, LI-COR, Lincoln,
NE). Membranes were probed with the following primary antibodies:
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anti-hypoxia inducible factor 1 alpha (1:2000 dilution, NB100-449,
Novus Biologicals, Littleton, CO), anti-glyceraldehyde-3-phosphate de-
hydrogenase (1:1000 dilution, ab9482, Abcam), anti-glutathione S-
transferase P (1:2000 dilution, ABS1650, Millipore Sigma), anti-Cyclin
E1 (1:1000 dilution, ab133266, Abcam), anti-beta tubulin (1:4000
dilution; ab6046, Abcam) and anti-beta actin (1:2000 dilution; sc-
47778, Santa Cruz Biotechnology, Dallas, TX). Secondary antibodies
used include goat anti-rabbit-IgG-HRP (1:2000 dilution; Jackson
Immunoresearch, West Grove, PA), IR 800 conjugated goat anti-mouse
IgG (1:2000 dilution, 926-80010, LI-COR) and IR 800 conjugated goat
anti-rabbit IgG (1:2000 dilution; 926-32211, LI-COR). Membranes were
then processed with West Pico PLUS chemiluminescent substrate
(Thermo Fisher Scientific) and scanned with an Odyssey Fc imager (LI-
COR).

2.17. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity
assay

FaDu cells treated with IAZA (150 pM), FAZA (350 pM) or vehicle
control (0.02% DMSO) for 24 h under normoxia or hypoxia (<0.1% O3)
were harvested by trypsinization and pelleted by centrifugation. Cellular
GAPDH enzyme activity was quantified as described earlier using a
GAPDH activity assay kit (ab204732, Abcam) [20].

2.18. Glutathione S-transferase (GST) assay

Total cellular GST enzymatic activity was measured using a GST
assay kit (CS0410, Sigma-Aldrich). FaDu cells treated with IAZA (100
pM and 150 pM), FAZA (100 pM and 350 pM) or vehicle control (0.02%
DMSO) for 24 h under normoxia or hypoxia (<0.1% O5) were processed
to quantify total GST activity as previously described [20].

2.19. Total glutathione (GSH) quantification

Total cellular GSH levels were measured with DTNB [5,5'-dithio-bis-
2-(nitrobenzoic acid)] that reacts with GSH and produces yellow colored
TNB (5-thio-2-nitrobenzoic acid); the rate of TNB production is directly
proportional to the concentration of GSH in the sample (703002,
Cayman Chemical, Ann Arbor, MI). Briefly, FaDu cells treated with IAZA
and FAZA at indicated concentrations for 24 h under normoxia or
hypoxia (<0.1%03) were harvested by scraping, counted, and pelleted
by centrifugation. The cell pellet was dissolved in PBS containing 2 mM
EDTA (1 x 10 cells in 100 pl), sonicated and centrifuged again. The
supernatant was deproteinated using metaphosphoric acid (239275,
Sigma-Aldrich) and mixed with 4 M triethanolamine (T58300, Sigma-
Aldrich) as per the manufacturer’s guidelines. The resultant samples
were used to perform the total glutathione assay in a 96-well plate. A
standard curve was generated using the GSH standard provided with the
assay kit, and concentrations of GSH in samples were determined from
the standard curve.

2.20. RNAI transfection

FaDu cells seeded in 6-well plates (~4 x 10° cells per well) were
transfected either with control non-targeting siRNA (50 nM, D-001810-
10-05; GE Healthcare Dharmacon, CO, USA) or siRNA targeting GAPDH
(50 nM, L-004253-00-0005, GE Healthcare Dharmacon), GSTP1 (50 nM,
L-011179-00-0005, GE Healthcare Dharmacon) or both GAPDH and
GSTP1 siRNAs for ~18 h using Lipofectamine® RNAiMAX reagent
(13778-075, Life Technologies, CA, USA). Afterwards, cells were
allowed to grow in fresh medium for an additional 72 h, harvested in
RIPA buffer and processed for immunoblotting. For viability analysis,
FaDu cells seeded in 96-well plates (12,000 cells per well) were trans-
fected as mentioned above and cell viability was assessed by staining
cells with crystal violet.
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2.21. In vivo toxicity assay

Animal experiments were carried out according to the protocols
approved by the Cross Cancer Institute Animal Care Committee (pro-
tocol # AC18239) in accord with the Canadian Council on Animal Care
guidelines. To establish the toxicity profile of intraperitoneal (i.p.)
administered IAZA, NOD/SCID/IL2R mice were injected with vehicle
control (15% DMSO v/v in 150 pl sterile water) or with 3 different IAZA
doses (200, 400 or 600 mg/kg body weight, b.w.). Mice were monitored
for weight loss, responsiveness and body conditioning for 14 days, after
which, animals were euthanized. During the post-mortem examination,
blood was collected via heart puncture, and processed for blood chem-
istry (samples analyzed at IDEXX laboratory, Edmonton, AB). Addi-
tionally, a set of organs (brain, heart, kidney, liver and lung) was
removed from each animal for pathological analysis. These were pre-
pared by fixation in 10% neutral buffered formalin for a minimum of 24
h. Following fixation, tissues were trimmed with a scalpel to a thickness
of 2-3 mm and a section of each organ was placed in a tissue cassette.
Tissues in cassettes were processed into paraffin, embedded in a paraffin
block, sectioned on a microtome to a thickness of 5 pm, placed on a
microscope slide and stained with hematoxylin and eosin stain, all
procedures following standard histology techniques. Slides were exam-
ined by a board-certified veterinary pathologist using a Nikon Eclipse
80i microscope and observations recorded for each section. Photomi-
crographs were taken using a Moticam 10 digital camera.

2.22. Tumour growth delay assay and tissue staining

For tumour growth control experiments, NU/NU nude mice were
injected with ~6 x 10° FaDu cells subcutaneously on the upper right
flank. Tumours were measured with a Vernier caliper, and volume was
determined by the formula: (. 77.'/6)(11)2, where a is the longest and b is the
perpendicular shorter tumour axis. Once the tumours reached a volume
between ~200 and 300 mm?, mice were injected i.p. with either vehicle
control (up to 15% DMSO v/v in 150 pl sterile water) or IAZA (400 mg/
kg b.w. in 150 pl DMSO: sterile water). Mice were monitored daily
following treatment, and were sacrificed when tumours reached a vol-
ume of ~1500 mm?®. 2 h prior to sacrifice, mice were injected i.p. with
N3-AZA (60 mg/kg b.w.). After euthanization, tumours were excised,
flash frozen in optimal cutting temperature compound (O.C.T., 4585,
Fisher Scientific, Waltham, MA), and N3-AZA click chemistry was per-
formed on central sagittal tumour sections to determine endpoint hyp-
oxia levels as described previously [20]. Briefly, acetone-fixed frozen
tumour sections were blocked in PBS with 1% BSA, incubated with
primary antibody for small vessel endothelium (rat anti-CD31, 1:50
dilution; 550274, BD Pharmingen) for 2 h, followed by incubation with
the secondary antibody (Alexa Fluor 647 goat anti-rat IgG, 1:1000
dilution; Molecular Probes) mixed with 4’,6-diamidino-2-phenylindole
(DAPI). Afterwards, tumour sections were incubated with the Click-IT
reaction cocktail (Thermo Fisher Scientific) for 30 min, which was
made up according to the manufacturer’s directions using a 1:5000
dilution of the 2 mg/mL Alexafluor 555-conjugated alkyne stock
(A20013, Molecular Probes). After washing, sections were mounted
using Mowiol 4-88 mounting media (Millipore, Etobicoke, ON), and
images were obtained by tile scan with a Leica SP8 STED microscope
(Leica Microsystems GmbH, Wetzlar, Germany). An estimate of hypoxic
tumour fraction was calculated with MATLAB R2018b (MATLAB and
Image Processing Toolbox Release 2018b, The MathWorks, Inc., Natick,
Massachusetts, United States) as described before [20]. Images were
converted to binary by applying a manual threshold (determined from
the background tissue staining) to the N3-AZA channel, while the Otsu
threshold was applied to the DAPI channel [23]. The hypoxic fraction
estimate was calculated using the following formula:

Area of pixels stained with N3 — AZA

*100
Area of pixels stained with DAPI

Hypoxic fraction (HF) =
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2.23. Data processing and statistics

Adobe Photoshop (Adobe Inc., San Jose, CA) was used to adjust for
brightness and contrast, to add scale bars, and for rearrangement and
labelling in immunoblots and microscopic images. Gel scans were
quantified using Image Studio lite v5.2 (LI-COR Biosciences, Lincoln,
NE); protein band values were divided by the total protein stain (or
loading control) for respective lanes and normalized to vehicle-treated
normoxia controls. EAU click staining, y-H2AX, RPA and PCNA stained
microscopic images were processed with IMARIS software (Bitplane,
Ziirich, Switzerland) to quantify click/antibody staining intensity within
the nucleus using Hoechst staining as a nuclear mask. Histograms were
generated with intervals of staining intensity on the x axis and the
percentage of cells with intensity levels that fall within that range on the
y axis. For y-H2AX data analysis, an arbitrary threshold was chosen such
that the y-H2AX staining intensity of ~95% of cells in the vehicle-treated
normoxic sample fell below this threshold. The percentage of cells above
this threshold was considered positive for y-H2AX. To identify
chromatin-bound PCNA positive cells, PCNA staining in mitotic cells
was used as threshold for background staining. DNA fibre tract lengths
were measured with MetaMorph software (Molecular Devices, San Jose,
CA) to convert the pixel values to micrometers and plotted as scatter-
plots. Graph generation and statistical analysis were performed using
GraphPad Prism V7 (GraphPad Software, La Jolla, CA). ICs5¢ values from
the crystal violet staining and colony formation assays were generated
using non-linear regression analysis. Graphs display the mean with
standard error of the mean (S.E.M.). The 2-tailed unpaired t-test was
used for statistical analysis, with p < 0.05 considered statistically sig-
nificant. GAPDH activity was analyzed using Dunnett’s 2-way ANOVA.
Asterisks depict statistically significant differences: ns (not significant),
* (P <0.05), ** (P < 0.01), *** (P < 0.001), **** (P < 0.0001).

3. Results

3.1. IAZA and FAZA selectively affect viability and clonogenicity of Oz
starved cells

Experiments were carried out primarily with a human head and neck
squamous cell carcinoma cell line, FaDu. Additional cell lines used for
validation purposes included A549 (human lung epithelial carcinoma),
PC3 (human prostate carcinoma) and HCT116 (human colorectal car-
cinoma). Sensitivity of FaDu cells to IAZA and FAZA treatment under
different O levels was determined by crystal violet staining (Fig. 1D and
E) and clonogenic survival assays (Fig. 1G and H); effects of O, levels on
FaDu cell viability and clonogenicity are shown in Fig. 1F and I,
respectively. Hypoxic cells displayed considerably greater sensitivity to
both compounds than normoxic cells, with IAZA showing a more potent
response than FAZA at the same concentrations. In the colony formation
assay, IAZA and FAZA showed the strongest effects on cells cultured
under <0.1% O, with ICsq values > 22-fold (IAZA) or >15-fold (FAZA)
lower than that obtained under normoxia (Fig. 1F and G). A similar
trend was seen in other cell lines used in this study as well, with hypoxic
(0.1% Oy) cells displaying ~4-12 fold (IAZA) or ~7-12 fold (FAZA)
more sensitivity to the drugs than their normoxic counterparts (Fig. S1),
regardless of their p53 status (FaDu and PC3 express mutated p53, while
A549 and HCT116 have wild-type p53). In subsequent in vitro experi-
ments assessing their therapeutic efficacy, a drug concentration of 100
pM was used, except for the DNA fibre assay (500 pM), ROS quantifi-
cation (hypoxic ICso concentrations) and enzymatic assays (hypoxic ICsg
concentrations).

3.2. IAZA and FAZA treatment under hypoxia do not increase cell death
or senescence, but affect cell proliferation

While standard cytotoxicity assays provide valuable insights into
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cells’ sensitivity towards a particular treatment, they do not necessarily
capture treatment-induced cellular fate [24]. For example, the CVS
assay measures relative attached (hence viable) cells; a decrease in
which may result from either increased cell death or from induction of
senescence or cytostasis [25]. Similarly, recent observations with clo-
nogenic survival assays identified certain dormant cell populations that
can remain viable and metabolically active without forming macro-
scopic colonies [26]. Hence, additional experiments are required to
properly characterize cellular fate induced by a treatment. Morpholog-
ically, IAZA- and FAZA-treated hypoxic cells appeared more compact
and stacked together, with a marked shrinkage of their cytoplasm
(Fig. 2A). To determine if these 2-NI compounds induced cell death
(apoptosis or necrosis) under hypoxia, FaDu cells treated with drugs (or
vehicle control) were stained with annexin V and PI, and analyzed by
flow cytometry. No significant increase in apoptotic or necrotic pop-
ulations were observed in drug-treated hypoxic samples; most cells
stained negative for annexin V and PI (alive) (Fig. 2B-E). Next, we
checked if hypoxic cells underwent irreversible growth arrest (senes-
cence) when treated with IAZA or FAZA. Senescent cells display
increased lysosomal biogenesis, resulting in a characteristic
beta-galactosidase ($-gal) activity detectable at pH 6.0 (termed ‘sen-
escence-associated beta-galactosidase’ activity), which can be used to
distinguish senescent cells within a population [27]. Staining FaDu cells
treated with IAZA and FAZA for beta-galactosidase activity revealed no
difference between vehicle and drug-treated hypoxic cells, implying that
these drugs do not induce senescence (Fig. 2F). Recently, 2-NIs (at
millimolar range) were reported to induce ferroptosis in hypoxic glioma
stem cells [28]. Therefore, induction of ferroptosis was assessed by
treating cells with IAZA/FAZA in the presence or absence of
Ferrostatin-1 (a ferroptosis inhibitor), which protects cells from fer-
roptosis inducing agents. Interestingly, addition of Ferrostatin-1 did not
improve viability of IAZA/FAZA-treated hypoxic cells, thus ruling out
ferroptosis as a consequence of drug treatment (Fig. 2G and H). Since no
induction of cell death or senescence was observed in IAZA- or
FAZA-treated hypoxic cells, we next monitored changes in cell prolif-
eration rates in response to drug treatment, and after fixed periods of
recovery (and reoxygenation). Hypoxic incubation with IAZA or FAZA
(100 pM) decreased total cell counts when compared to vehicle-treated
hypoxic cells; no effects were seen under normoxia (Fig. 2I and J).
Drug-induced inhibitory effects on hypoxic/reoxygenated cell growth
were not immediately alleviated by drug removal and reoxygenation,
which was evident from the sustained slower proliferation rates during
the recovery period. Since FAZA was used at a concentration ~3 times
lower than its hypoxic ICsy value, it generated a milder response in
comparison to IAZA.

3.3. Hypoxic treatment with IAZA or FAZA slows down cell cycle
progression, represses DNA synthesis, and induces replication stress

Given that IAZA and FAZA treatment negatively affected cell pro-
liferation under hypoxia, their impacts on cell cycle distribution were
analyzed using PI-flow cytometry. IAZA- and FAZA-treated hypoxic cells
showed a significant increase in the S phase population (Figs. 3A and
S2A). Time-course analysis of cell cycle progression revealed that drug-
treated hypoxic cells progressed through S phase at a slower pace, even
after treatment had ended (Fig. 3A). A significant increase in the chro-
matin bound PCNA-positive population (Fig. 3B and C) was seen in
hypoxic cells treated with IAZA/FAZA, which is reflective of late G1 and
early S phase cells [29]. Moreover, when compared to vehicle-treated
hypoxic cells, IAZA- and FAZA-treated hypoxic cells showed higher
cyclin E1 levels (Figs. S2B and C), a cell cycle protein upregulated during
G1/8S transition [30]. To identify why cells were stalling at S phase in
response to 2-NI treatment under hypoxia, DNA replication efficiency
was analyzed by monitoring the cellular uptake of EdU. EdU is a
nucleoside analogue that gets incorporated into cellular DNA during
replication; prolonged incubation with EAU can thereby be used to
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distinguish between replication proficient and replication deficient
cells. Hypoxic cells treated with IAZA or FAZA (100 pM) showed
reduced EdU uptake, which is indicative of compromised DNA synthesis
(Fig. 3D). Quantification of cellular EdU staining, presented as histo-
grams (Fig. 3E), revealed that 24 h hypoxic exposure by itself affected
EdU uptake in cells; addition of IAZA and FAZA under hypoxia further
slowed down DNA replication rates (evident from a significant increase
in cell fraction with low EdU). Moreover, replication was still compro-
mised in hypoxic drug-treated cells that were allowed to reoxygenate
and recover in drug-free medium (containing EAU) (Fig. S2D).

Slower rates of DNA replication are known to cause replication
stress, which can be determined by staining cells for replication protein
A (RPA) [31]. RPA binds to single-stranded DNA generated as an in-
termediate  from  stalled replication forks, or  during
recombination-mediated repair of DNA damage [32]. Chromatin-bound
RPA resists detergent extraction that removes the nucleoplasmic and
cytoplasmic proteins. Higher chromatin retention of RPA was seen in
drug-treated hypoxic cells, which is suggestive of increased ssDNA.
However, the effect was not as severe as seen in cells treated with hy-
droxyurea (5 mM), a potent DNA replication inhibitor (Figs. S2E and F).
In response to replication stress, the replication fork also undergoes fork
reversal for maintaining genome stability, which can be assessed
through the DNA fibre assay [33]. Nucleolytic degradation following
replication fork stalling was monitored by pulse-labeling cells with two
different thymidine analogs (IdU and CldU), with a 3 h drug treatment
(under normoxia or hypoxia) in between the two labelling steps
(Fig. 3F). Shortening of the first tract serves as a readout of nascent fork
degradation, which in turn reflects induction of replication stress [33].
Only forks characterized by contiguous IdU-CldU signals (and not on
forks that have only the IdU label) were analyzed to ensure that the
shortening phenotype is indeed due to nucleolytic degradation of stalled
replication forks, and not because of premature termination events [34].
Quantification of DNA fibres revealed a significant decrease in IdU track
lengths (Fig. 3G). CldU track lengths were also significantly shortened,
which points towards an inability of drug-treated hypoxic cells to restart
replication after reoxygenation (Fig. 3H). Taken together, these obser-
vations suggest that IAZA and FAZA, at concentrations used in these
experiments, induced replication stress under hypoxia by compromising
DNA synthesis and consequently slowed down cell cycle progression.

3.4. IAZA- and FAZA-treated hypoxic cells show higher y-H2AX signal

DNA has often been cited as a major site of attack by activated NIs
[35]. It has long been argued that activated NIs can directly bind to DNA
and induce strand breaks [36,37]. To characterize the nature of DNA-NI
interaction, we performed a modified TARDIS assay using N3-AZA,
which is an azido analogue of IAZA and FAZA (Fig. 1C). N3-AZA allows
for direct detection of NI-adducts with fluorescent alkynes in a Cu
(I)-catalyzed click chemistry reaction [20]. Similar to the standard
TARDIS assay, the modified assay (hereafter referred to as TARDCS)
involves high salt lysis of agarose-embedded unfixed cells, and thereby
only preserves covalent DNA-drug and DNA-protein interactions [22].
DNase I and proteinase K treatments were incorporated into the assay to
characterize the molecular targets of activated NIs. Addition of DNase I
did not affect N3-AZA click staining, whereas cells treated with pro-
teinase K lost all of their click signal (Fig. 4A and B). This suggests that
almost all covalent binding of NIs under hypoxia was to proteins, and
interaction between DNA and activated NIs, if any, was likely not co-
valent in nature.

To assess effects of NIs on DNA integrity, immunofluorescence
staining for y-H2AX was performed as a read-out of DNA damage
(Fig. 4C). A significant increase in the percentage of cells with high
v-H2AX signal was seen in IAZA- and FAZA-treated hypoxic cells
(Fig. 4D and E). Interestingly, when DNA damage was measured directly
by single cell gel electrophoresis (alkaline comet assay), a dampened
response was observed (Fig. 4F) Although a less pronounced (but
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Fig. 2. IAZA and FAZA treatment do not induce apoptosis, senescence or ferroptosis under hypoxia, but reduce proliferation in hypoxic/reoxygenated
cells. JAZA and FAZA treatment induced morphological changes in a dose dependent manner, but only under hypoxia (A). Compared to vehicle control, hypoxic/
reoxygenated drug-treated cells did not show a statistically significant change in apoptotic (B), early apoptotic (C), necrotic (D) or live population (E). IAZA- and
FAZA-treated hypoxic/reoxygenated cells stained poorly for beta-galactosidase activity (F). Addition of Ferrostatin-1 did not change the toxicity profile of IAZA (G)
or FAZA (H). IAZA- or FAZA-treated hypoxic/reoxygenated cells show slower proliferation rates (I and J); shaded regions show duration of drug exposure. Data
represent mean + S.E.M; scale bar = 20 pm (A) and 100 pm (F).
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Fig. 3. Hypoxic cells treated with IAZA and FAZA show slower S phase progression, increased chromatin-bound PCNA staining, reduced DNA synthesis,
and signs of replication stress. Flow cytometric analysis for cell cycle phases showed an increase in S phase population in IAZA- and FAZA-treated hypoxic cells.
These cells continuously showed slower S phase progression, even when drugs were removed, and hypoxic cells were allowed to reoxygenate (A). Hypoxic cells, when
treated with IAZA and FAZA, showed increased chromatin bound PCNA staining, which is significantly higher than vehicle-treated hypoxic cells (B and C); yellow
arrow shows mitotic cell (B). Hypoxic cells treated with IAZA and FAZA displayed reduced EdU incorporation (D). Intensity of EAU click-stained micrographs was
quantified and plotted as intensity versus %population histograms. Hypoxic exposure by itself increased cell population with low EdU staining; incubation with IAZA
and FAZA under hypoxia further increased “low EdU stained” cell fractions (E). Experimental setup for DNA fibre assay (F). IAZA- and FAZA-treated cells showed
nascent fork degradation (G) and diminished ability to restart replication (H) in the DNA fibre assay. Representative micrographs are shown; scale bar = 20 pm (B
and D). Quantification shows mean + S.E.M. from three independent experiments. (For interpretation of the references to color in this figure legend, the reader is
L;eferred to the Web version of this article.)

<

significant) increase was seen with IAZA under hypoxia, FAZA treatment Interestingly, drug-treated hypoxic cells undergoing proteolytic
did not generate any difference when compared to vehicle-treated detachment showed reduced adhesion, even when they stain “live”
hypoxic cells. The poor association between y-H2AX staining and alka- based on intracellular esterase activity (Fig. 5C), and a complete loss of
line comet data likely indicates a non-canonical phosphorylation of metabolic activity (assessed through their capacity to metabolize the
H2AX under hypoxia in response to NI treatment, which appears to be tetrazolium dye, MTT) (Fig. 5D). Similar trends were obtained with
independent of DNA damage and can potentially be attributed to FAZA (data not shown). Consequently, drug-treated hypoxic cells that
replication stress induced y-H2AX formation. underwent replating following treatment also showed a significant

Accumulation of ROS has previously been reported in response to NI reduction in colony formation capacities when compared to cells that

treatment in glioma stem cells [28]. To check if IAZA/FAZA treatment were not subjected to trypsinization (Fig. 5E).
can induce ROS generation, CVS assays were performed where cells
were pre-incubated for 2 h with 3 mM NAC, a ROS scavenger, before
drug treatment. The NAC concentration, chosen based on previous re-
ports [38], was validated experimentally (Fig. S3F). Pre-treating cells
with NAC did not improve viability in IAZA- and FAZA-treated hypoxic
cells (Fig. S3A-B), which implies that these compounds do not generate
toxic levels of ROS. Additionally, cellular ROS levels were also directly
measured with a commercial kit. The kit uses a substrate that reacts with
H,03 to generate a luciferin precursor, which upon reaction with a de-
tector reagent, is converted to luciferin and produces luminescence.
Since the substrate must be added at the end of the hypoxic incubation,
plates needed to be taken out of the hypoxia chamber, which inevitably
led to reoxygenation. ROS generation was measured in cells that (after
adding the H20, substrate) were either placed back in the hypoxia
chamber, or were subjected to reoxygenation for the entire duration of
substrate incubation (Fig. S3C). While drug-treated hypoxic cells did
show a dose dependent increase in ROS levels when they were put back
under hypoxia, the changes were not statistically significant
(Fig. S3D-E). Also, due to the nature of the assay, the contribution of the
brief reoxygenation on the ROS levels cannot be ruled out. A more
potent and significant increase in ROS levels was observed in
drug-treated hypoxic cells that were allowed to reoxygenate for 6 h
(Fig. 4G and H). This implies that hypoxic incubation with IAZA and
FAZA can promote a compromised state that facilitates enhanced ROS
generation upon reoxygenation.

3.6. Hypoxic incubation with IAZA and FAZA reduce targeted enzyme
activities

In addition to the cytoskeletal proteins, key enzymes in the glycolytic
(GAPDH) and cellular detoxification (GST) pathways are also targeted
by NIs [20]. Previously, we have shown that N3-AZA disrupted the
catalytic activities of GAPDH and GST without affecting total protein
levels. Similar trends were observed in IAZA- and FAZA-treated cells,
showing no effect on GAPDH and GST protein levels (Fig. 6A and B, S4).
By assaying NADH levels in cell extracts (generated as a by-product of
GAPDH-mediated oxidization of glyceraldehyde-3-phosphate to 1,
3-bisphosphoglycerate), we found that GAPDH activity was significantly
reduced in IAZA- and FAZA-treated hypoxic cells (Fig. 6C and D). Total
GST activity was measured using 1-chloro-2,4-dinitrobenzene (CDNB)
that reacts with reduced glutathione and results in an increase in
absorbance, which is directly proportional to the GST activity in the
sample. IAZA and FAZA treatment dramatically reduced GST activity,
but only under hypoxia. In comparison to the vehicle-treated hypoxic
group, IAZA- and FAZA-treated hypoxic cells displayed ~90% and
~60% reduction in GST activity, respectively. GST appears to be more
susceptible to IAZA/FAZA treatment than that of GAPDH, since a lower
concentration of drug (100 pM) was enough to severely inhibit its cat-
alytic activity (Fig. 6E and F). This phenomenon cannot be attributed to
exhaustion in the cellular glutathione pool (another potential cellular
target of NIs [6] and a substrate for GST) since total glutathione levels
remained unaffected (Fig. 6G and H). To assess if inhibition of GAPDH
and GSTP1 was directly responsible for the reduction in proliferation
observed following treatment with IAZA and FAZA, we monitored the
viability of cells in which GAPDH and GSTP1 were transiently depleted
by siRNA. However, no effect on cell viability was observed using this
approach (Fig. S5).

3.5. IAZA and FAZA treatment under hypoxia alter actin distribution and
focal adhesion

Activated NIs covalently bind to cellular proteins in hypoxic cells.
Using N3-AZA (a structural homolog of IAZA and FAZA), we have pre-
viously described a proteomic approach for identification of NI protein
targets [20]. A total of 62 proteins were reported to form adducts with

NIs, including actin, cortactin, tubulin, tropomyosin alpha-3 chain, 3.7. IAZA-treated mice showed an initial delay in tumour growth and a
transgelin-2 and desmoplakin-all of which are involved in cytoskeletal decrease in endpoint hypoxia levels

organization, adhesion and in providing structural integrity to cells.

Considering the pronounced change in cell morphology in response to NI Since IAZA showed a more robust response in in vitro experiments
treatment (Fig. 2A), we sought to identify the role NI adduction plays on than FAZA, animal studies were carried out only with IAZA. To deter-
the cytoskeletal protein, actin. Drug treatment did not change actin mine a safe dose for IAZA administration, a toxicity study in NOD/SCID/
protein levels (Fig. 5A), but overall, a reduction in cell projections as IL2R mice was performed with IAZA injected once intraperitoneally at
well as alterations in actin distribution was observed in drug-treated 200 mg, 400 mg, or 600 mg per kg body weight. The drug was well
hypoxic cells (more obvious in the 150 pM group) (Fig. 5B). Actin tolerated, and no significant weight loss was observed in mice over 14
staining in the periphery of IAZA-treated hypoxic cells appeared more days post injection (Fig. 7A). Histopathological analysis showed no
prominent and condensed when compared to vehicle-treated hypoxic organ toxicity (Fig. 7B), and no significant differences were found in
cells. To further investigate the effects on focal adhesion, cells were parameters analyzed for blood chemistry (Table S1).

subjected to trypsinization and replated following treatment. After establishing a toxicity profile, a tumour growth delay
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Fig. 4. Analysis of DNA-NI binding characteristics and NI effects on DNA integrity under hypoxia. Trapped in agarose DNA click staining (TARDCS) assay
revealed proteins, rather than DNA, form covalent adducts with NIs (A). Quantification of N3-AZA click staining in TARDCS assays (B). FaDu cells treated with DMSO,
IAZA and FAZA under normoxia and hypoxia (<0.1% O,) were processed for y-H2AX immunostaining (C). Quantifications of y-H2AX immunostaining data are
represented as histograms (D). A statistically significant increase in percent population with y-H2AX staining higher than background was seen in hypoxic drug-
treated cells (E). Alkaline comet assay showed a significant increase in comet tail moment only in IAZA-treated hypoxic cells (F). A significant increase in HyO»
levels was found in IAZA (G) and FAZA (H) treated hypoxic cells upon reoxygenation. Representative micrographs are shown; scale bar = 100 pm (A) and 20 pm (C).
Quantiﬁcation shows mean + S.E.M. from at least three independent experiments.
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Fig. 5. Effects of IAZA treatment on actin and cell adhesion properties. Extracts from FaDu cells treated with IAZA (100 M or 150 pM) or vehicle control (0.02%
DMSO) for 24 h under normoxia or hypoxia (<0.1% O,) were processed for p-actin immunoblotting; HIF1A was used to show successful induction of hypoxia. No
significant difference was observed in total actin levels (A). Hypoxic cells treated with IAZA showed altered actin cytoskeleton with fewer and stunted cell projections
(highlighted with yellow arrows) (B). Drug-treated hypoxic cells, upon replating, showed compromised adhesion (C), metabolic capacities (D) and colony forming
capacities (E). Representative immunoblots and micrographs are shown; scale bar = 20 pm. Data show the mean from three independent experiments; error bars
represent S.E.M. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

experiment was performed where NU/NU nude mice bearing subcu- levels using N3-AZA click chemistry, which was previously reported as a
taneous FaDu tumours (~200-300 mm®) were injected with a single potent hypoxia marker comparable to pimodindazole immunostaining
dose of 400 mg IAZA/kg b.w. Mice were monitored daily, tumour vol- [20]. A statistically significant decrease in hypoxia levels was seen in
ume and body weight were recorded, and animals were sacrificed when tumours from the IAZA-treated group compared to the vehicle-treated

the tumour volume reached ~1500 mm?. Although IAZA-treated mice group (Figs. S6E and F).
showed an initial delay in tumour growth (Fig. 7C), the effects dimin-

ished over time and did not result in any significant increase in survival 4. Discussion

(Fig. 7D). Body weight and tumour volume of individual mice are shown

in Figs. S6A-D. To examine potential prolonged effects of IAZA on Tumour hypoxia is widely acknowledged as a formidable barrier for
tumour hypoxia, tumour sections were processed for endpoint hypoxia effective radio- and chemotherapy and more recently immunotherapy.
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Fig. 6. The effects of IAZA and FAZA treatment on target proteins and glutathione levels under hypoxia. FaDu cells treated with IAZA (A) and FAZA (B) were
processed for GAPDH and GSTP1 immunoblotting showing no effects on the protein levels in response to drug treatment; HIF1A indicates successful induction of
hypoxia. Drug treatment significantly reduced GAPDH (C and D) and GST (E and F) enzymatic activities only under hypoxia. The cellular GSH pool remained
unchanged in response to IAZA (G) and FAZA (H) treatment. Representative Western blot images are shown. Mean + S.E.M. from three independent experiments

are shown.
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Fig. 7. Invivo evaluation of IAZA toxicity and tumour growth delay properties. IAZA was injected intraperitoneally in NOD/SCID/IL2R mice at 200, 400 or 600
mg/kg b.w. Changes in body weight were monitored for 14 days post injection (A), after which, mice were sacrificed, and histopathology analysis was performed on
organ sections for possible signs of toxicity. Representative histopathology micrographs are shown (B). Tumour growth delay capacities of a single IAZA (400 mg/kg
b.w.) administration was monitored in NU/NU nude mice bearing subcutaneous FaDu tumours. IAZA-treated mice showed an initial delay in tumour growth (C), with
a small increase in duration of survival (D). Data show mean + S.E.M.; scale bar = 1 mm (B).

Hypoxic tumour cells can escape the toxic effects of standard treatment
modalities, and thus play a direct role in disease recurrence [39,40].
Consequently, eradication of hypoxic tumour fractions can significantly
potentiate treatment outcome. Regardless, hypoxia-directed therapeutic
interventions have yet to become a part of routine clinical practice,
mainly because few drugs are able to reach and remain in the diffusion
limited regions within the tumour. Hypoxic cells are also quiescent in
nature, which protects them from conventional anti-cancer drugs that
usually target rapidly proliferating cells [41]. One promising strategy to
subvert this challenge is to use hypoxia activated prodrugs (HAPs),
which are compounds with select chemical moieties that allow them to
preferentially accumulate and become activated in hypoxic tissue [42].

14

Nitroimidazoles (NIs), one of the most widely studied HAPs, garnered
considerable attention as potential hypoxic anti-cancer drugs when the
hypoxic radiosensitization properties of metronidazole (a 5-NI) was first
reported in 1973 [43]. Despite showing encouraging results in
pre-clinical models, several large-scale clinical trials with NIs failed to
provide definitive therapeutic advantage. Nonetheless, there is merit to
the idea that NIs can improve therapy outcome in a properly stratified
patient population, as evident from the DAHANCA study with nimor-
azole [10,11]. Considering that NI compounds have been under inves-
tigation for decades now, it is surprising that their molecular mechanism
is still poorly understood, which has constrained further development of
NI-based anti-cancer therapeutics. Indeed, most NI research nowadays
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focuses on their utility as hypoxic radiotracers; only a handful of
mechanistic studies with NIs have been reported in recent times, mostly
in anaerobic microbes [44-46]. This warrants a methodological analysis
of NIs in a human cancer model with a particular emphasis on eluci-
dating the effects they have on hypoxic cancer cells.

Iodoazomycin arabinofuranoside (IAZA) and fluoroazomycin arabi-
nofuranoside (FAZA) are 2-NI hypoxic radiotracers that have shown
excellent tumour uptake in clinical studies, demonstrating their abilities
to overcome the diffusion barrier to reach hypoxic tumour niches. In
addition, these compounds have also shown therapeutic potential in cell
based assays: FAZA has been reported as a hypoxic radiosensitizer in
human colorectal cancer cells [18], while IAZA showed hypoxic cyto-
toxicity in murine breast cancer cells [50] and sensitized hypoxic human
hepatocellular carcinoma cells to ionizing radiation (IR) [17]. The
iodine moiety of IAZA makes it particularly promising for therapy;
iodine in NIs has been reported to increase their hypoxic cytotoxicity
[47]. It also makes IAZA a versatile molecule that can be labelled with an
iodine radioisotope of choice for imaging (*2°I and 2*) and molecular
radiotherapy 3.

In this study, a human head and neck cancer (HNC) model was used
to assess the therapeutic potentials of IAZA and FAZA because (a) HNC
tumours harbor significant levels of hypoxia [48], (b) pre-treatment
tumour oxygenation status in HNC patients dictates response to ther-
apy [49], and (c) an improvement in HNC patient outcome was seen in a
meta analysis of 50 randomized NI clinical trials [50]. First, the sensi-
tivity of FaDu cells towards IAZA and FAZA treatment was tested under
different Oy levels. In general, the lower the Oy levels, the higher the
cells’ sensitivity was towards the drugs (Fig. 1D, E, G and H). Depending
on the assay, the ICso values were ~100-150 pM for IAZA and
~300-350 pM for FAZA under <0.1% Oq levels. It is worth noting that
cells in these O levels (otherwise known as radiobiological hypoxia)
represent the most challenging population to target therapeutically
[51]. Cells displayed higher sensitivity towards IAZA than FAZA, most
likely due to the higher lipophilicity of IAZA, which might aid in its
enhanced cellular retention [13]. This trend remained consistent across
a panel of different human cancer cell lines (Fig. S1). Since NIs, at high
concentrations, are known to induce neurotoxicity [52], a conscious
decision was made to limit the test concentrations in the micromolar
range and close to 100 pM when possible.

Interestingly, while morphological changes with IAZA and FAZA
treatment were clearly evident under hypoxia (Fig. 2A), no significant
increase in apoptotic (Fig. 2B and C), necrotic (Fig. 2D) or senescent
(Fig. 2F) populations was recorded. Unlike doranidazole (another 2-NT)
[28], IAZA and FAZA treatment (at the concentrations tested) did not
induce ferroptosis under hypoxia (Fig. 2G and H). Instead, hypoxic
treatment with 100 uM IAZA or FAZA generated an inhibitory effect on
cell proliferation (Fig. 2I and J). Cell cycle analysis showed a significant
increase in S phase population in drug-treated hypoxic cells (Figs. 3A
and S2A), which was further corroborated by staining for chromatin
bound PCNA (Fig. 3B and C) and cyclin E1 protein levels (Fig. S2B and
C). An increase in S phase population arose not because more cells were
actively dividing, rather hypoxic cells treated with the drugs appeared to
progress through the S phase at a slower rate than the vehicle-treated
cells. DNA replication was severely compromised in IAZA- and
FAZA-treated hypoxic cells, which was analyzed by monitoring the
uptake of a nucleoside analogue, EAU (Fig. 3D and E). The inhibitory
effects of IAZA and FAZA on DNA synthesis are in agreement with
previous reports using NIs in anaerobic bacteria [53,54]. Delay in DNA
replication in drug-treated hypoxic cells induced replication stress,
observed through nascent fork degradation in the DNA fibre assay
(Fig. 3G), and further confirmed by analyzing retention of chromatin
bound RPA in the nucleus. While the intensity of RPA staining in
IAZA-treated hypoxic cells was almost double (and statistically signifi-
cant) than the vehicle-treated hypoxic cells, FAZA treatment (at 100 pM)
resulted in a non-significant increase in RPA staining (Figs. S2E and F).
Importantly, withdrawal of drugs and subsequent reoxygenation did not
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immediately reverse the phenotype; drug-treated hypoxic cells main-
tained a slower rate of DNA replication (Figs. 3H and S2D), cell cycle
progression (Fig. 3A) and proliferation (Fig. 2I and J).

In relation to the effects seen with IAZA and FAZA treatment on DNA
synthesis under hypoxia, it is worth noting that these compounds are
structural analogs of nucleosides, and previously FAZA has been re-
ported to bind to human concentrative nucleoside transporters 1-3
(hCNT1-3) [55]. While our data suggest that such interactions can
compete with or block nucleoside transport, evident from a reduction in
EdU uptake in response to treatment (Fig. 3D and E), the specificities of
this process are not completely understood. For example, it is not clear if
the drugs need to be bioreduced to bind to hCNTs. Maier et al. reported
binding under normal O, conditions (employing Saccharomyces cer-
evisiae with recombinant hCNTs as their model) [55], but in FaDu cells,
the effects did appear to be hypoxia selective, which suggests that bio-
reductive activation might play a role in the process. Binding of IAZA
and FAZA to nucleoside transporters and subsequent deregulation in the
transporters’ activities may provide a potential explanation for the
compromised DNA synthesis and slower proliferation rates observed in
drug-treated hypoxic cells. However, this phenomenon will likely be
unique to only sugar coupled NIs, such as IAZA and FAZA, and not a
general mechanism for all NIs.

Formation of DNA-NI adducts [56] and/or subsequent DNA damage
[35] has often been proposed as contributing factors for enhanced
sensitivity of hypoxic cells towards NI treatment. Although direct
binding of activated NIs to DNA has been reported earlier [57], the exact
nature and to what degree this binding happens require further inves-
tigation. To assess DNA-NIs binding in hypoxic cells, a modified TARDIS
assay (called TARDCS) was employed that utilizes N3-AZA click chem-
istry. The TARDCS assay only captures covalent interactions of drug or
macromolecules to DNA, and N3-AZA allows for fluorescent labelling of
NI-adducts formed under hypoxia through click chemistry. Analysis of
N3-AZA treated normoxic and hypoxic cells showed that covalent
N3-AZA-adducts were only formed under hypoxia (Fig. 4A). Addition of
DNase I had a minimal effect on the N3-AZA click signal, while pro-
teinase K treatment completely removed all click staining (Fig. 4A and
B). This implies that proteins, rather than DNA, are primary NI targets
for covalent adduct formation. Since removal of proteins by proteinase K
treatment removed all click staining, any DNA-NI interaction, if it oc-
curs, would have to be non-covalent. While our observations are at odds
with findings by Varghese et al. [58], recent evidence suggests that NI
binding to DNA may potentially occur through hydrogen bonding and
electrostatic interaction, instead of covalent association [59].

The capacity of activated NIs to directly induce DNA damage has
been contested lately, with NI-induced DNA damages in earlier in vitro
reports being attributed to the use of very high concentrations of drugs
that are not achievable in vivo (reviewed in Ref. [60]). The effects of
IAZA and FAZA treatment on DNA integrity in the present study were
assessed using y-H2AX immunofluorescent staining (Fig. 4C) and alka-
line comet assay (Fig. 4F). While drug-treated hypoxic cells showed an
increase in the percentage of y-H2AX positive population (Fig. 4D and
E), a relatively lower level of DNA damage was seen in the comet assay
(Fig. 4F). It should be noted here that replication stress can also induce
phosphorylation of H2AX in the absence of DNA damage [61]. Given the
concentrations used in our assays and that IAZA and FAZA induce
replication stress under hypoxia (Fig. 3G, S2E and F), the high y-H2AX
staining in this population is most likely to be a consequence of repli-
cation stress rather than DNA damage. Additionally, we also analyzed
generation of ROS in response to IAZA/FAZA treatment using two
different approaches. Pre-incubating cells with a ROS scavenger (NAC)
did not alter cell viability in response to IAZA/FAZA treatment under
hypoxia, suggesting that they do not elevate ROS levels (Figs. S3A and
B). However, IAZA- and FAZA-treated hypoxic cells, when reoxy-
genated, showed significantly high levels of HyO», indicating that 2-NI
treatment generated a compromised state in hypoxic cells that makes
them susceptible to reoxygenation mediated stress (Fig. 4G and H).
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Considering that tumours often display dynamic oxygenation with
fluctuating Oy concentrations (termed cyclic hypoxia) (reviewed in
Ref. [62]), elevated ROS levels in reoxygenated cells treated with NIs
might have significant biological implications.

Our data indicate that proteins are likely the primary targets of
activated NIs for covalent adduct formation under hypoxia. To date,
only a few studies have explored the proteins that NIs bind to. Conse-
quently, the effects these interactions have on target protein stability,
turnover, or function are poorly understood. Previously, we described a
proteomic approach with N3-AZA to identify NI target proteins, and
reported a total of 62 candidate targets with important biological
functions [20]. Given the distinct change in cell morphology in response
to IAZA and FAZA treatment under hypoxia, we chose to study the
cytoskeletal protein actin (which is a target of NIs [20]) in respect to
total protein levels and microfilament organization. While total actin
levels remained unchanged (Fig. 5A), the number of cellular projections
appeared to be reduced in drug-treated hypoxic cells, with condensed
staining of the actin filaments in the cell periphery (Fig. 5B). Although
we did not see complete depolymerization of actin fibers, hypoxic cells
treated with drugs struggled to establish functional anchorage to the
extracellular matrix (ECM) when subjected to trypsinization (Fig. 5C).
Focal adhesion of cells to the ECM primarily occurs through interactions
between actin filament bundles and ECM protein fibronectin, and is
mediated by a-actinin, vinculin, talin and integrin (a receptor for
fibronectin) [63]. Interestingly, Cys374 residue on actin (the only one
exposed out of the 6 conserved Cys residues in actin molecule) plays a
crucial role in this process; it serves as a binding site for protein
disulfide-isomerase (PDI, also a target for NIs [20]), which is essential
for cell adhesion to fibronectin via integrin [64]. Interestingly, Cys has
often been proposed as the site of adduct formation for NIs [65], and
therefore, further investigation is warranted to determine if Cys374 on
actin is modified by IAZA and if this would affect actin interaction with
fibronectin.

In addition to the cytoskeletal proteins, many other proteins involved
in critical biological functions related to hypoxic stress (such as the
glycolytic enzyme GAPDH and the detoxification enzyme GST) form
adducts with NIs [20]. In agreement with our results with N3-AZA
treatment, GAPDH and GST protein levels remained unaffected by IAZA
and FAZA treatment, regardless of O5 levels (Fig. 6A and B, S4). Cova-
lent attachment of the NIs appears to primarily affect the enzymatic
function of these target proteins; both GAPDH and GST proteins
significantly lost their catalytic activities in response to IAZA and FAZA
treatment under hypoxia (Fig. 6C-F). GAPDH and GST play important
roles in hypoxia adaptation, and there are direct consequences of their
inhibition on cell viability. For example, GAPDH depletion affects pro-
liferation and induces cell cycle arrest in human lung, renal and colo-
rectal cancer cells [66,67]. On the other hand, hypoxic cells elevate GST
activity to counteract the effects of altered intracellular redox state [68],
and siRNA-mediated knockdown of GSTP in HNC cell lines, HSC3 and
SAS, suppressed cell growth by 50.5% and 35.2%, respectively [69]. To
determine if inhibition of GAPDH and GST functions by IAZA and FAZA
under hypoxia directly contributes to reduced cell proliferation, we
transiently knocked down both proteins (either individually or together)
(Fig. S5A), but this did not result in reduced cell growth (Fig. S5B),
suggesting that suppression of GAPDH and GST catalytic activities by
IAZA and FAZA is likely not sufficient to inhibit FaDu cell proliferation.
However, it must be borne in mind that siRNA-mediated knockdown of
protein levels does not necessarily mimic pharmacological inhibition
[70]. In addition, it should be noted that our proteomic analysis iden-
tified 60 other protein targets of N3-AZA [20], and their contribution to
the observed hypoxic cellular sensitivity has yet to be fully explored. For
example, our analysis identified chaperone proteins such as Hsp60,
Hsp70 and Hsp90 as NI targets, which are known to be involved in
hypoxia-responsive cellular proliferation [71]. Finally, we cannot rule
out the possibility that the hypoxia selective sensitization phenomenon
by IAZA and FAZA may very likely be a combined effect of targeting
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many different pathways and cellular processes, and not a distinct iso-
lated occurrence.

IAZA, administered intraperitoneally, was well tolerated in mice at
levels up to 600 mg/kg b.w. (Fig. 7A and B, Table S1). Although a single
dose administration of IAZA (400 mg/kg b.w.) to tumour bearing mice
had minimal effect on overall survival (Fig. 7D), a significant delay in
initial tumour growth was observed (Fig. 7C). While these early effects
gradually wore off, our results are still promising when taken into
consideration that only a single dose of IAZA was administered to mice,
while most anti-cancer drugs (including nimorazole) are given as mul-
tiple doses in a clinical setting. Indeed, multiple administrations of IAZA
may prove useful at improving survival, which needs to be tested
experimentally in future. Additionally, administration of encapsulated
IAZA might be another approach to ensure maximum efficacy of IAZA
delivery to target tumour sites. Nanoencapsulation of IAZA and its
benefits have been characterized in a previous study [17].

A major limitation of our animal data is that the pre-treatment
tumour oxygenation status was not known. This makes it difficult to
conclusively attribute the therapeutic gains directly to IAZA. Nonethe-
less, even in this unstratified population, IAZA administration had a
long-term effect and resulted in a significant decrease in endpoint
hypoxia levels (Figs. S6E and F), which may have clinical implications.
However, how IAZA-treated tumours became less hypoxic requires
further exploration.

In conclusion, we show that activated 2-NIs, IAZA and FAZA, alter
cell morphology, negatively affect DNA synthesis and cell cycle pro-
gression under hypoxia, leading to slower proliferation of hypoxic NI-
treated cells. Covalent binding of these NIs to proteins can inhibit cat-
alytic functions of critical cellular enzymes such as GAPDH and GST.
However, it was not possible to directly attribute the drug-induced
cytostasis to the reduced activity of these two enzymes. Further anal-
ysis of other proteins targeted by IAZA and FAZA will be required to fully
define the mechanisms responsible for altered cell morphology and
proliferation. IAZA, even at a single i.p. injection, slowed initial tumour
growth with no adverse effects.

Acknowledgements

The authors would like to thank Dr. Lynne-Marie Postovit, Dr. David
Murray, Dr. Razmik Mirzayans, Dr. Hans-Sonke Jans and Dr. Michael
Hendzel for their guidance and advice, Dr. Gordon Chan and Dr. Armin
Gamper for reagents, and Dr. Xuejun Sun, Geraldine Barron, Dr. Nir-
ilanto Ramamonjisoa, Dan Mcginn, Dr. Aja Rieger and Cassandra Anne
Ganje for technical assistance. This work was supported through grants
201201164 and 20131051 from Alberta Innovates through the CRIO
program and CRIO Project-Cancer (P.K.; M.W.), RGPIN-2017-05752
from Natural Sciences and Engineering Research Council of Canada
Discovery (I.H.I.), MOP-365197 from Canadian Institutes of Health
Research Project Grant (I.LH.I.) and RGPIN-2015-06339 from Natural
Sciences and Engineering Research Council of Canada Discovery (R.N).
F.B.R. received scholarships from the Terry Fox Foundation, Strategic
Training in Transdisciplinary Radiation Science for the 21st Century
(STARS21) program, the Yau Family Foundation, Alberta Cancer
Foundation (Antoine Noujaim Scholarship), and the University of
Alberta. D.D.D. received the Queen Elizabeth II Graduate Scholarship
and DB Robinson Graduate Scholarship from University of Alberta. F.M.
is a recipient of Marathon of Hope Graduate Studentships in Breast
Cancer or Glioblastoma Research.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.redox.2022.102300.


https://doi.org/10.1016/j.redox.2022.102300
https://doi.org/10.1016/j.redox.2022.102300

F.B. Rashed et al.

References

[1]
[2]
[3]

[4]
[5]

[6]

[71

[8

—

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]
[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

J.M. Brown, The hypoxic cell A target for selective cancer therapy—eighteenth
Bruce F. Cain Memorial Award Lecture, Cancer Res. 59 (23) (1999) 5863-5870.
S. McKeown, Defining normoxia, physoxia and hypoxia in tumours—implications
for treatment response, Br. J. Radiol. 87 (1035) (2014), 20130676.

J.C. Walsh, et al., The clinical importance of assessing tumor hypoxia: relationship
of tumor hypoxia to prognosis and therapeutic opportunities, Antioxidants Redox
Signal. 21 (10) (2014) 1516-1554.

M. Ai, et al., Tumor hypoxia drives immune suppression and immunotherapy
resistance, J. Immunother. Cancer 3 (2) (2015), 1-1.

S. Kizaka-Kondoh, H. Konse-Nagasawa, Significance of nitroimidazole compounds
and hypoxia-inducible factor-1 for imaging tumor hypoxia, Cancer Sci. 100 (8)
(2009) 1366-1373.

Y. Masaki, et al., The accumulation mechanism of the hypoxia imaging probe
“FMISO” by imaging mass spectrometry: possible involvement of low-molecular
metabolites, Sci. Rep. 5 (1) (2015) 1-9.

J. Overgaard, et al., A randomized double-blind phase III study of nimorazole as a
hypoxic radiosensitizer of primary radiotherapy in supraglottic larynx and pharynx
carcinoma. Results of the Danish Head and Neck Cancer Study (DAHANCA)
Protocol 5-85, Radiother. Oncol. 46 (2) (1998) 135-146.

J. Overgaard, et al., Misonidazole combined with split-course radiotherapy in the
treatment of invasive carcinoma of larynx and pharynx: report from the DAHANCA
2 study, Int. J. Radiat. Oncol. Biol. Phys. 16 (4) (1989) 1065-1068.

D.-J. Lee, et al., Results of an RTOG phase III trial (RTOG 85-27) comparing
radiotherapy plus etanidazole with radiotherapy alone for locally advanced head
and neck carcinomas, Int. J. Radiat. Oncol. Biol. Phys. 32 (3) (1995) 567-576.

J. Overgaard, et al., Plasma osteopontin, hypoxia, and response to the hypoxia
sensitiser nimorazole in radiotherapy of head and neck cancer: results from the
DAHANCA 5 randomised double-blind placebo-controlled trial, Lancet Oncol. 6
(10) (2005) 757-764.

K. Toustrup, et al., Gene expression classifier predicts for hypoxic modification of
radiotherapy with nimorazole in squamous cell carcinomas of the head and neck,
Radiother. Oncol. 102 (1) (2012) 122-129.

R.H. Mannan, et al., Radioiodinated 1-(5-iodo-5-deoxy-beta-D-arabinofuranosyl)-
2-nitroimidazole (iodoazomycin arabinoside: IAZA): a novel marker of tissue
hypoxia, J. Nucl. Med. 32 (1991) 1764-1770.

P. Kumar, et al., Fluoroazomycin arabinoside (FAZA): synthesis, 2H and 3H-
labelling and preliminary biological evaluation of a novel 2-nitroimidazole marker
of tissue hypoxia, J. Label. Compd. Radiopharm.: Off. J. Int. Isot. Soc. 42 (1) (1999)
3-16.

M. Souvatzoglou, et al., Tumour hypoxia imaging with [18F] FAZA PET in head
and neck cancer patients: a pilot study, Eur. J. Nucl. Med. Mol. Imag. 34 (10)
(2007) 1566-1575.

E.E. Verwer, et al., Parametric methods for quantification of 18F-FAZA kinetics in
non-small cell lung cancer patients, J. Nucl. Med. 55 (11) (2014) 1772-1777.
E.J. Postema, et al., Initial results of hypoxia imaging using 1-a-D-(5-deoxy-5-[18
F]-fluoroarabinofuranosyl)-2-nitroimidazole (18 F-FAZA), Eur. J. Nucl. Med. Mol.
Imag. 36 (10) (2009) 1565-1573.

S. Quan, et al., Galactose-based thermosensitive nanogels for targeted drug
delivery of iodoazomycin arabinofuranoside (IAZA) for theranostic management of
hypoxic hepatocellular carcinoma, Biomacromolecules 16 (7) (2015) 1978-1986.
P. Kumar, et al., Synthesis and hypoxia selective radiosensitization potential of p-2-
FAZA and f-3-FAZL: Fluorinated azomycin p-nucleosides, Med. Chem. 5 (2) (2009)
118-129.

C. Koch, R. Howell, J. Biaglow, Ascorbate anion potentiates cytotoxicity of nitro-
aromatic compounds under hypoxic and anoxic conditions, Br. J. Cancer 39 (3)
(1979) 321-329.

F.B. Rashed, et al., Identification of proteins and cellular pathways targeted by 2-
nitroimidazole hypoxic cytotoxins, Redox Biol. (2021), 101905.

A.J. Locke, et al., SUMOylation mediates CtIP’s functions in DNA end resection and
replication fork protection, Nucleic Acids Res. 49 (2) (2021) 928-953.

1.G. Cowell, M.J. Tilby, C.A. Austin, An overview of the visualisation and
quantitation of low and high MW DNA adducts using the trapped in agarose DNA
immunostaining (TARDIS) assay, Mutagenesis 26 (2) (2011) 253-260.

N. Otsu, A threshold selection method from gray-level histograms, IEEE Trans. Sys.
Man Cybern. 9 (1) (1979) 62-66.

E. Damiani, et al., How reliable are in vitro IC50 values? Values vary with
cytotoxicity assays in human glioblastoma cells, Toxicol. Lett. 302 (2019) 28-34.
M. Feoktistova, P. Geserick, M. Leverkus, Crystal violet assay for determining
viability of cultured cells, Cold Spring Harb. Protoc. (4) (2016), prot087379, 2016.
R. Mirzayans, B. Andrais, D. Murray, Roles of polyploid/multinucleated giant
cancer cells in metastasis and disease relapse following anticancer treatment,
Cancers 10 (4) (2018) 118.

F. Debacg-Chainiaux, et al., Protocols to detect senescence-associated beta-
galactosidase (SA-pgal) activity, a biomarker of senescent cells in culture and in
vivo, Nat. Protoc. 4 (12) (2009) 1798-1806.

N. Koike, et al., 2-Nitroimidazoles induce mitochondrial stress and ferroptosis in
glioma stem cells residing in a hypoxic niche, Commun. Biol. 3 (1) (2020) 1-13.
K. Sasaki, A. Kurose, Y. Ishida, Flow cytometric analysis of the expression of PCNA
during the cell cycle in HeLa cells and effects of the inhibition of DNA synthesis on
it, Cytometry: J. Int. Soc. Anal. Cytol. 14 (8) (1993) 876-882.

M. Ohtsubo, et al., Human cyclin E, a nuclear protein essential for the G1-to-S
phase transition, Mol. Cell Biol. 15 (5) (1995) 2612-2624.

M.K. Zeman, K.A. Cimprich, Causes and consequences of replication stress, Nat.
Cell Biol. 16 (1) (2014) 2-9.

17

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]
[51]
[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Redox Biology 52 (2022) 102300

A. Maréchal, L. Zou, RPA-coated single-stranded DNA as a platform for post-
translational modifications in the DNA damage response, Cell Res. 25 (1) (2015)
9-23.

S. Qiu, et al., Replication fork reversal and protection, Front. Cell Dev. Biol. 9
(2021) 1190.

A. Vindigni, M. Lopes, Combining electron microscopy with single molecule DNA
fiber approaches to study DNA replication dynamics, Biophys. Chem. 225 (2017)
3-9.

A. Zahoor, et al., DNA damage induced by reduced nitroimidazole drugs, Biochem.
Pharmacol. 36 (19) (1987) 3299-3304.

A.R. Silver, P. O’Neill, T.C. Jenkins, Induction of DNA strand breaks by RSU-1069,
A nitroimidazole-aziridine radiosensitizer: role of binding of both unreduced and
radiation-reduced forms to DNA, in vitro, Biochem. Pharmacol. 34 (19) (1985)
3537-3542.

A.R. Silver, et al., Induction of DNA strand breaks by reduced nitroimidazoles:
implications for DNA base damage, Biochem. Pharmacol. 35 (22) (1986)
3923-3928.

M. Halasi, et al., ROS inhibitor N-acetyl-L-cysteine antagonizes the activity of
proteasome inhibitors, Biochem. J. 454 (2) (2013) 201-208.

P. Vaupel, O. Thews, M. Hoeckel, Treatment resistance of solid tumors, Med.
Oncol. 18 (4) (2001) 243-259.

S. Rockwell, et al., Hypoxia and radiation therapy: past history, ongoing research,
and future promise, Curr. Mol. Med. 9 (4) (2009) 442-458.

J.-q. Li, et al., Hypoxia induces universal but differential drug resistance and
impairs anticancer mechanisms of 5-fluorouracil in hepatoma cells, Acta
Pharmacol. Sin. 38 (12) (2017) 1642.

W.R. Wilson, M.P. Hay, Targeting hypoxia in cancer therapy, Nat. Rev. Cancer 11
(6) (2011) 393-410.

J. Chapman, A. Reuvers, J. Borsa, Effectiveness of nitrofuran derivatives in
sensitizing hypoxic mammalian cells to X rays, Br. J. Radiol. 46 (548) (1973)
623-630.

D. Leitsch, et al., Nitroimidazole action in Entamoeba histolytica: a central role for
thioredoxin reductase, PLoS Biol. 5 (8) (2007).

D. Leitsch, et al., Trichomonas vaginalis: metronidazole and other nitroimidazole
drugs are reduced by the flavin enzyme thioredoxin reductase and disrupt the
cellular redox system. Implications for nitroimidazole toxicity and resistance, Mol.
Microbiol. 72 (2) (2009) 518-536.

D. Leitsch, et al., Nitroimidazole drugs vary in their mode of action in the human
parasite Giardia lamblia, Int. J. Parasitol.: Drugs Drug Resist. 2 (2012) 166-170.
W. Krause, et al., lodinated nitroimidazoles as radiosensitizers, Anticancer Res. 25
(3B) (2005) 2145-2151.

1.J. Hoogsteen, et al., Tumor microenvironment in head and neck squamous cell
carcinomas: predictive value and clinical relevance of hypoxic markers. A review,
Head Neck 29 (6) (2007) 591-604.

M. Nordsmark, M. Overgaard, J. Overgaard, Pretreatment oxygenation predicts
radiation response in advanced squamous cell carcinoma of the head and neck,
Radiother. Oncol. 41 (1) (1996) 31-39.

J. Overgaard, Clinical evaluation of nitroimidazoles as modifiers of hypoxia in solid
tumors, Oncol. Res. 6 (10-11) (1994) 509-518.

E. Hammond, et al., The meaning, measurement and modification of hypoxia in the
laboratory and the clinic, Clin. Oncol. 26 (5) (2014) 277-288.

A. Agarwal, et al., Metronidazole-induced cerebellar toxicity, Neurol. Int. 8 (1)
(2016) 4-6.

C. Plant, D. Edwards, The effect of tinidazole, metronidazole and nitrofurazone on
nucleic acid synthesis in Clostridium bifermentans, J. Antimicrob. Chemother. 2
(2) (1976) 203-209.

J.S. Sigeti, D.G. Guiney Jr., C.E. Davis, Mechanism of action of metronidazole on
Bacteroides fragilis, JID (J. Infect. Dis.) 148 (6) (1983) 1083-1089.

F.C. Maier, et al., 2-Nitroimidazole-Furanoside derivatives for hypoxia
imaging—investigation of nucleoside transporter interaction, 18F-labeling and
Preclinical PET imaging, Pharmaceuticals 12 (1) (2019) 31.

M. Lafleur, et al., Adduct Formation is involved in radiosensitization, mediated by
Cytochrome ¢, of X174 DNA by misonidazole, Int. J. Radiat. Biol. Relat. Stud.
Phys. Chem. Med. 47 (4) (1985) 379-382.

A. Varghese, G. Whitmore, Binding to cellular macromolecules as a possible
mechanism for the cytotoxicity of misonidazole, Cancer Res. 40 (7) (1980)
2165-2169.

A. Varghese, G. Whitmore, Modification of guanine derivatives by reduced 2-
nitroimidazoles, Cancer Res. 43 (1) (1983) 78-82.

F. Ahmadi, et al., Two DNA binding modes of a zinc-metronidazole and biological
evaluation as a potent anti-cancer agent, Nucleos Nucleot. Nucleic Acids 38 (7)
(2019) 449-480.

S.A. Dingsdag, N. Hunter, Metronidazole: an update on metabolism,
structure—cytotoxicity and resistance mechanisms, J. Antimicrob. Chemother. 73
(2) (2018) 265-279.

I.M. Ward, J. Chen, Histone H2AX is phosphorylated in an ATR-dependent manner
in response to replicational stress, J. Biol. Chem. 276 (51) (2001) 47759-47762.
S.B. Bader, M.W. Dewhirst, E.M. Hammond, Cyclic hypoxia: an update on its
characteristics, methods to measure it and biological implications in cancer,
Cancers 13 (1) (2021) 23.

A.IL Bachir, et al., Actin-based adhesion modules mediate cell interactions with the
extracellular matrix and neighboring cells, Cold Spring Harbor Perspect. Biol. 9 (7)
(2017), a023234.

K. Sobierajska, et al., Protein disulfide isomerase directly interacts with f-actin
Cys374 and regulates cytoskeleton reorganization, J. Biol. Chem. 289 (9) (2014)
5758-5773.


http://refhub.elsevier.com/S2213-2317(22)00072-6/sref1
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref1
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref2
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref2
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref3
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref3
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref3
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref4
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref4
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref5
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref5
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref5
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref6
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref6
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref6
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref7
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref7
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref7
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref7
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref8
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref8
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref8
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref9
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref9
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref9
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref10
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref10
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref10
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref10
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref11
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref11
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref11
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref12
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref12
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref12
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref13
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref13
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref13
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref13
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref14
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref14
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref14
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref15
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref15
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref16
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref16
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref16
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref17
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref17
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref17
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref18
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref18
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref18
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref19
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref19
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref19
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref20
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref20
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref21
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref21
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref22
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref22
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref22
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref23
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref23
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref24
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref24
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref25
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref25
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref26
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref26
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref26
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref27
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref27
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref27
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref28
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref28
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref29
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref29
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref29
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref30
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref30
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref31
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref31
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref32
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref32
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref32
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref33
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref33
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref34
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref34
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref34
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref35
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref35
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref36
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref36
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref36
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref36
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref37
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref37
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref37
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref38
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref38
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref39
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref39
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref40
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref40
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref41
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref41
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref41
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref42
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref42
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref43
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref43
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref43
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref44
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref44
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref45
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref45
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref45
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref45
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref46
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref46
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref47
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref47
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref48
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref48
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref48
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref49
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref49
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref49
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref50
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref50
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref51
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref51
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref52
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref52
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref53
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref53
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref53
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref54
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref54
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref55
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref55
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref55
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref56
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref56
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref56
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref57
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref57
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref57
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref58
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref58
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref59
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref59
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref59
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref60
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref60
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref60
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref61
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref61
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref62
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref62
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref62
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref63
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref63
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref63
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref64
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref64
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref64

F.B. Rashed et al.

[65]

[66]

[67]

P.G. Wislocki, et al., Drug residue formation from ronidazole, a 5-nitroimidazole.
V. Cysteine adducts formed upon reduction of ronidazole by dithionite or rat liver
enzymes in the presence of cysteine, Chem. Biol. Interact. 49 (1-2) (1984) 13-25.
M.S. Phadke, et al., Glyceraldehyde 3-phosphate dehydrogenase depletion induces
cell cycle arrest and resistance to antimetabolites in human carcinoma cell lines,
J. Pharmacol. Exp. Therapeut. 331 (1) (2009) 77-86.

K. Liu, et al., Glyceraldehyde-3-phosphate dehydrogenase promotes cancer growth
and metastasis through upregulation of SNAIL expression, Int. J. Oncol. 50 (1)
(2017) 252-262.

18

[68]

[69]

[70]

[71]

Redox Biology 52 (2022) 102300

T.M. Millar, V. Phan, L.A. Tibbles, ROS generation in endothelial hypoxia and
reoxygenation stimulates MAP kinase signaling and kinase-dependent neutrophil
recruitment, Free Radic. Biol. Med. 42 (8) (2007) 1165-1177.

M. Mutallip, et al., Glutathione S-transferase P1 (GSTP1) suppresses cell apoptosis
and its regulation by miR-133a in head and neck squamous cell carcinoma
(HNSCQ), Int. J. Mol. Med. 27 (3) (2011) 345-352.

K.J. Jensen, C.B. Moyer, K.A. Janes, Network architecture predisposes an enzyme
to either pharmacologic or genetic targeting, Cell Syst. 2 (2) (2016) 112-121.

L. Xiong, et al., Heat shock protein 90 is involved in regulation of hypoxia-driven
proliferation of embryonic neural stem/progenitor cells, Cell Stress & Chaperones
14 (2) (2009) 183-192.


http://refhub.elsevier.com/S2213-2317(22)00072-6/sref65
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref65
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref65
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref66
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref66
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref66
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref67
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref67
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref67
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref68
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref68
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref68
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref69
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref69
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref69
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref70
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref70
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref71
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref71
http://refhub.elsevier.com/S2213-2317(22)00072-6/sref71

	Cellular mechanism of action of 2-nitroimidazoles as hypoxia-selective therapeutic agents
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Drug stock preparation
	2.3 Crystal violet staining (CVS) assay
	2.4 Clonogenic survival assay
	2.5 Apoptosis assay
	2.6 Senescence assay
	2.7 Cell counting assay
	2.8 Cell cycle profile analysis
	2.9 Click-iT EdU incorporation assay
	2.10 DNA fibre assay
	2.11 Trapped in agarose DNA click staining (TARDCS)
	2.12 Immunocytochemistry
	2.13 Alkaline comet assay
	2.14 Assessing hydrogen peroxide (H2O2) levels
	2.15 Assessing cell viability and metabolic activity in drug-treated cells following replating
	2.16 Immunoblotting
	2.17 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity assay
	2.18 Glutathione S-transferase (GST) assay
	2.19 Total glutathione (GSH) quantification
	2.20 RNAi transfection
	2.21 In vivo toxicity assay
	2.22 Tumour growth delay assay and tissue staining
	2.23 Data processing and statistics

	3 Results
	3.1 IAZA and FAZA selectively affect viability and clonogenicity of O2 starved cells
	3.2 IAZA and FAZA treatment under hypoxia do not increase cell death or senescence, but affect cell proliferation
	3.3 Hypoxic treatment with IAZA or FAZA slows down cell cycle progression, represses DNA synthesis, and induces replication ...
	3.4 IAZA- and FAZA-treated hypoxic cells show higher γ-H2AX signal
	3.5 IAZA and FAZA treatment under hypoxia alter actin distribution and focal adhesion
	3.6 Hypoxic incubation with IAZA and FAZA reduce targeted enzyme activities
	3.7 IAZA-treated mice showed an initial delay in tumour growth and a decrease in endpoint hypoxia levels

	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References


