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Abstract

The ability of certain cancer cells to maintain a highly reduced intracellular environment is
correlated with aggressiveness and drug resistance. Since the gluthatione (GSH) and
thioredoxin (TRX) systems cooperate to a tight regulation of ROS in cell physiology, and to a
stimulation of tumor initiation and progression, modulation of the GSH and TRX pathways
are emerging as new potential targets in cancer. In vivo methods to assess changes in tumor
redox status are critically needed to assess the relevance of redox-targeted agents. The
current study assesses in vitro and in vivo biomarkers of tumor redox status in response to
treatments targeting the GSH and TRX pathways, by comparing cytosolic and mitochondrial
redox nitroxide Electron Paramagnetic Resonance (EPR) probes, and cross-validation with
redox dynamic fluorescent measurement. For that purpose, the effect of the GSH modulator
buthionine sulfoximine (BSO) and of the TRX reductase inhibitor auranofin were measured in
vitro using both cytosolic and mitochondrial EPR and roGFP probes in breast and cervical
cancer cells. In vivo, mice bearing breast or cervical cancer xenografts were treated with the
GSH or TRX modulators and monitored using the mito-TEMPO spin probe. Our data highlight
the importance of using mitochondria targeted spin probes to assess changes in tumor redox
status induced by redox modulators. Further in vivo validation of the mito-tempo spin probe
with alternative in vivo methods should be considered, yet the spin probe used in vivo in

xenografts demonstrated sensitivity to the redox status modulators.
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Introduction

Cancer cells sustain a much higher level of ROS production compared to normal cells
[1]. Reports have proposed that, by buffering ROS levels, cancer cells can restrict ROS within
a range of concentrations that should favor tumor progression [2, 3]. The ability of certain
cancer cells to maintain a highly reduced intracellular environment is therefore strongly
correlated with aggressiveness and drug resistance [4, 5]. In patients, the expression levels of
human antioxidant genes (HAGs) and oxidative markers were related to tumor aggressiveness
and predicted poor outcome in patients with early-stage lung adenocarcinoma [6]. Also,
tumor redox parameters measured by ®2Cu-ATSM PET determined the outcome of patients
with head and neck cancer [7]. This is in line with a recent study showing that the ratio of
oxidized versus reduced GSH was strongly correlated with locoregional control of HNSCC
tumors [8]. Finally, analysis of 25 independent cohorts with 5910 breast cancer patients
showed that overexpression of thioredoxin (Trx1) and thioredoxin reductase (TrxR1) was
associated with a poor overall survival, distant metastasis-free survival and disease-free
survival [9]. Other studies showed similar correlations in non-small cell lung carcinoma [10]
and colorectal cancer [11].

Within the scope, modulation of the GSH and TRX pathways are potential targets in
cancer. Both systems cooperate to a tight regulation of ROS in cell physiology. They were also
recently shown to cooperate for cancer initiation and progression: while GSH was required for
cancer initiation, it was not required for established tumors, partly due to upregulation of the
TRX pathway [12]. Moreover, blocking both GSH and TRX pathways synergistically inhibited
tumor growth [12].

Several anticancer agents in development target cellular redox regulation. Drugs
targeting S-glutathionylation have direct anticancer effects via cell signalling pathways and
inhibition of DNA repair [13]. Of these agents, NOV-002 and canfosfamide have been assessed
in phase Il trials but had no significant benefit with respect to standard therapies. Similarly,
initial therapy with a combination of imexon and gemcitabine did not improve the outcome
of metastatic pancreatic adenocarcinoma [14]. Buthionine sulfoximine (BSO) has been
successfully tested in the pre-clinical setting [15,16], and in patients in combination with
melphalan in a phase | studies [17, 18, 19], in line with the observation that GSH depletion

enhanced alkylator sensitivity in children with recurrent neuroblastoma [20]. Disulfiram is



currently studied in various cancer types including glioblastoma [21], glioma [22], leukemia
[23], and non-small cell lung cancer [24]. Finally, efforts are ongoing to release anticancer
drugs preferentially in cells having high GSH content [25].

Alternatively, agents including PX-12, auranofin and motexafin gadolinium (MGd) are
being developed to target thioredoxin, which is overexpressed in many human tumors. A
phase-Il study was conducted using PX-12 in patients with advanced pancreatic cancer. Due
to the lack of significant antitumor activity and unexpectedly low baseline Trx-1 levels, PX-12
did not prove active in unselected patients [26]. Similarly, the addition of MGd to a standard
6-week course of radiation did not improve the survival of pediatric patients with newly
diagnosed intrinsic pontine gliomas [27], and its combination with standard radiation therapy
was ineffective in supratentorial glioblastoma multiform [28]. Auranofin is now extensively
studied in the context of anticancer therapy. Preclinical studies evidenced effects in NSCLC
cells and xenografts via the inhibition of the PI3K/AKT/mTOR pathway [29], in osteosarcoma
metastasis [30], mesothelioma [31], and lymphoma [32], among others.

The ability to robustly measure changes in tumor redox status in vitro and in vivo is
critically needed to assess the relevance of these targeted agents. Within the scope, few
techniques have the potential for in vivo translation. One method is based on the redox cycle
of cell-penetrating nitroxide derivatives and their electron paramagnetic resonance (EPR) or
magnetic resonance imaging (MRI) detection properties [33-37] (Fig.1). In vitro studies
indicate that the « EPR detectable » nitroxide radical could be converted rapidly to the « EPR
silent » hydroxylamine and/or oxoammonium by different cellular compounds (e.g., free ions
of transition metals, hydroxyl and hydroperoxyl radicals, ubiquinols, NAD(P)H, and
ascorbate/dehydroascorbate). In turn, hydroxylamine and oxoamonium can restore the
nitroxide radical. In vivo, the interaction of hydroxylamine with superoxide and/or hydrogen
peroxide seems to dominate as the process that restores the nitroxide radical and its EPR/MRI
contrast [35]. The aim of the current study was to identify biomarkers of tumor redox status
in response to treatments targeting the GSH and thioredoxin pathways in vitro and in vivo, by
comparing cytosolic and mitochondrial nitroxide EPR probes, and cross-validation with redox
dynamic fluorescent measurement. For that purpose, two human tumor cell lines were tested
in the presence of the GSH inhibitor BSO and the Trx inhibitor auranofin, using cytosolic and

mitochondrial nitroxides EPR probes in comparison with redox-sensitive green fluorescent



protein probes. The mitochondrial nitroxide EPR probe was then assessed in vivo on tumor

xenografts following administration of BSO or auranofin.

Materials and methods

Cell Lines

Human mammary adenocarcinoma (MDA-MB-231) and Human cervix squamous cell
carcinoma (SiHa) cells (American Type Culture Collection [ATCC]) were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, Belgium) with GlutaMAX '™, D-Glucose 1g/L and
sodium pyruvate supplemented with 10 % fetal bovine serum (Invitrogen, Belgium) and 1%

(v/v) penicillin-streptomycin (Invitrogen, Belgium).

In vivo xenografts

Animal studies were undertaken in accordance with Belgian and Université catholique de
Louvain ethical committee regulations (agreements number UCL/2010/ MD/001 and
UCL/2014/MD/026).

A total of 10’ MDA-MB-231 cells or 107 SiHa cells, amplified in vitro, were collected by
trypsinization, washed three times with Hanks balanced salt solution and resuspended in 100
pL of Hanks balanced salt solution. Cells were then implanted by intramuscular injection in
the rear legs of NMRI nude mice. After inoculation, tumors were allowed to grow up to 7 mm
+/- 1 mm in diameter prior to experimentation. Mice were anesthetized by isoflurane
inhalation (Forene, Abbot, England) mixed with air in a continuous flow (2 L/min).
Physiological temperature was maintained using a warm water blanket connected to a

circulating water bath.

Chemicals

The nitroxide probes, mito-tempo and tempol were purchased from Sigma Aldrich (Diegem,
Belgium). Solutions of the nitroxide were prepared at a stock concentration of 300 mM in
saline and were then stored at -20°C before use. For in vitro experiments, nitroxide was used
as a probe at a final concentration of 100 uM added just before recording of EPR spectrum.
For in vivo experiments, nitroxide was used as a probe at a concentration of 6mM, mice were
given one dose via intratumoral injection with a saline solution of nitroxide and EPR spectra

were acquired directly after the injection.



Drug treatment

L-Buthionine-sulfoximine (BSO) and auranofin were purchased from Sigma Aldrich (Diegem,
Belgium). For in vitro experiments, BSO was dissolved in saline and added to cells at a final
concentration of 25 uM for 24 hours once the cells had reached 85 % confluence. Auranofin
was dissolved in DMSO (Invitrogen) and added to cells at a final concentration of 5 uM for 1
hour once the cells had reached 85 % confluence. For in vivo experiments, mice were divided
into 3 groups (n=5-10 mice/group). BSO group: BSO was dissolved in saline and administered
500 mg/kg by intraperitoneal injection (12.5 mg BSO/250 pl saline) in one dose 6 h before
recording EPR spectrum. Auranofin group: auranofin stock solution was diluted with saline
and administered 1.6 mg/kg by intraperitoneal injection in one dose 3 hours before recording
EPR spectrum. Control group: mice were administered with appropriate vehicle 24h or 3h

before experimentation.

In vitro EPR measurements

Cells at a density of 108 cells/ml were incubated with tempol (100 uM final concentration)
prior to EPR measurement. The reaction mixture was transferred to a gas permeable Teflon
capillary (Zeus industries, New Jersey, USA). Each capillary was then folded twice, inserted into
a quartz tube open on both ends, and placed into the EPR cavity. The EPR cavity was
continuously flushed at 37 °C with a gas mixture N,/O containing containing 1 % O,. EPR
spectra were recorded using a Bruker EMX EPR spectrometer operating at 9 GHz (Bruker
Biospin, Germany) with typical parameters: modulation amplitude 0.25 G; Time constant
20.24 msec; Modulation frequency 100 kHz; microwave power 2.02 mW; center field 3371 G.
The decay of the nitroxide EPR signal was monitored, signal intensity was recorded using a
double integration of the nitroxide EPR spectra. The reduction rates of nitroxides were

calculated from the initial slope.

In vitro redox dynamic fluorescent measurement
Protein thiol oxidation was measured as a marker of oxidative stress in cell lines using
untargeted (cytosolic and nuclear) and mitochondria-targeted redox-sensitive green

fluorescent protein (roGFP1/mt-roGFP1)[39].

Adenoviruses



The generation and amplification of adenoviruses encoding roGFP1 or mt-roGFP1 under the
control of the cytomegalovirus (CMV) promoter have been described previously [40]. They

were quantified using the Adeno-X Rapid Titer Kit (Clontech).
Adenoviral infection and treatments

Different types of cancer cell lines were plated on glass coverslips and cultured for 3 days in
DMEM medium containing 10% FBS. Approximately 2 days before fluorescence
measurements, cells were infected with Ad-roGFP1 or Ad-mt-roGFP1 at multiplicity of
infection of ~100. Test substances (auranofin or BSO) were added to the culture media 1 to

24 h before the experiments.
Dynamic measurements of (mt-)roGFP1 fluorescence ratio

After culture, the coverslip was mounted in a chamber maintained at 37°C and placed on the
stage of an inverted microscope equipped with a x40 objective. The cells were perfused at a
flow rate of ~1 ml/min with a bicarbonate-buffered Krebs solution containing 120 mM Nacl,
4.8 mM KCl, 2.5 mM CaCl;, 24 mM NaHCOs, 1 g/l BSA (Fraction V, Roche) and 10 mM glucose.
This solution was continuously gazed with 0,/CO; (94/6) to maintain pH at ~7.4. The
fluorescence ratio of (mt-)roGFP1 was measured every 30 s (Aexc 400/480 nm, Aem 535 nm).
The data were then normalized to the fluorescence ratio of the maximally reduced (set to 0%)
and maximally oxidized (set to 100%) probe, as measured at the end of each experiment in

the presence of 10 mM DTT then of 100 uM aldrithiol [41].

Measurement of intracellular GSH

The glutathione content of the samples was determined using the Tietze enzyme recycling
assay [42] with slight modifications [43]. The two cell lines: MDA-MB-231 and SiHa were
treated with BSO (25 pumol/L, 24h) or auranofin (5 umol/L, 1h). Cells were then washed twice
with ice-cold PBS and then lysed with a solution of 5-sulfosalicylic acid (5%). After two freeze-
thaw cycles, samples were centrifuged at 10.000 g for 10 minutes and the resulting
supernatants were kept at -80°C. Ten microliters of the samples were then placed in a mixture
containing 0.2 U/ml of glutathione reductase, 50 pg/ml 5,5’-dithio-bis(2-nitrobenzoic acid),
and 1 mmol/L EDTA at pH 7. The reaction was initiated by the addition of 50 umol/L NADPH,
and changes in absorbance were recorded at 412 nm. Glutathione and oxidized glutathione

were distinguished by the addition of methyl-2-vinylpyridine, and their concentrations were



determined from appropriate standard curves. All glutathione determinations were

normalized to the protein content of whole samples using the Pierce method.

In vitro Total Antioxidant Capacity assay

The total antioxidant capacity (TAC) in cells was analysed using the oxiselect Total Antioxidant
Capacity assay kit (cell Biolabs Inc.), per manufacturer’s instructions. The samples were then
analysed photometrically at 490 nm using the microplate reader “SpectraMax M2” (Molecular

Devices, UK).

In vivo EPR measurements

50ul of Mito-tempo (6mM in PBS) were administered by intratumoral injection to MDA-MB-
231 or SiHa tumor bearing mice when the mean tumor diameter reached a size of 7+/-1mm.
EPR spectra were recorded using a 1.15-GHz EPR spectrometer (ClinEPR, Lyme, NH).
Measurements were performed with the following parameters: amplitude modulation 0.37
G; frequency modulation 21.3 kHz; time constant 5 msec; power 6.31 mW; scan range 50 G;
center field 413 G; scan time 3 sec; 1024 points/scan, accumulation of 3 scans/measurement.
The first spectrum was recorded 2 minutes after the intratumoral injection of the nitroxide.
Then, spectra were recorded every 30 seconds. The decay of the nitroxide EPR signal was
monitored, signal intensity was recorded using a double integration of the nitroxide EPR
spectra. The reduction rates of nitroxides were calculated from the initial slope. Only tumors
with a spin probe signal to noise ratio > 3 and with a linear fit involving more than 5

experimental data points and a R? >0.75 were exploited.

Statistics

All results are expressed as mean * standard error of the mean (SEM). ANOVA and Dunnett’s
multiple comparison post-test, t-test were performed to assess the statistical significance
between the different groups and timings. Statistical significance was considered at the
p<0.05 level. Graph symbols represent the following p values: * p<0.05, ** p<0.01, ***

p<0.001.



Results

Assessment of target inhibition

To validate inhibition of the targets after administration of BSO or auranofin, glutathione
dosage and ‘total antioxidant capacity’ assays were performed. After treatment with BSO, GSH
decreased by 90 % in MDA-MB-231 and by 71% in SiHa cell lines (Fig.2 A&B; p<0.001,
Dunnett’s multiple comparison test) while auranofin had no significant effect on the GSH
content in both cell lines. The non-specific ‘total antioxidant capacity test’ decreased to a
lesser extent (32-42%) in both cell lines after treatment with BSO and auranofin (Fig.2 C&D;

p<0.05 Dunnett’s multiple comparison test).
In vitro assessment of tumor redox changes using cytosolic probes

As shown on Fig. 3 A&B, the reduction rate of the nitroxide cytosolic probe tempol was not
modified by BSO or auranofin in MDA-MB-231 or SiHa tumor cells. In contrast, the
fluorescence ratio of cytosolic redox-sensitive green fluorescent protein roGFP1 increased in
response to both treatments in MDA-MB-231 cells (Fig.3C; P<0.001, Dunnett’s multiple
comparison test) and to auranofin (P<0.001, Dunnett’s multiple comparison test) but not BSO

in SiHa cells (Fig.3D).
In vitro assessment of tumor redox changes using mitochondrial probes

The reduction rate of the nitroxide mitochondrial probe mito-tempo was significantly
modified by BSO and auranofin in MDA-MB-231 and in SiHa tumor cells, showing a 44 to 53%
decrease in relative mito-tempo reduction rates (Fig.4 A&B). Accordingly, the normalized
fluorescence ratio of mitochondrial roGFP1 (mt-roGFP1) increased 2 to 2.8-fold in response to

the treatments in both cell lines (Fig.4 C&D).
In vivo assessment of tumor redox changes using mito-tempo

In vivo MDA-MB-231 and SiHa xenografts redox status were assessed after intratumoral
administration of the mitochondrial nitroxide probe mito-tempo. We compared the relative
mito-tempo reduction rates in tumor-bearing mice treated with BSO and auranofin. A
significant decrease was observed in response to BSO in MDA-MB-231 xenografts (Fig.5A) and

in response to both BSO and auranofin in SiHa tumors (Fig.5B).



To exclude any potential effect of the clearance of the probe by the blood flow on the
estimation on the reduction rate, we compared the reduction rates of the nitroxide between
control MDA-MB-231 tumors and normal tissue (muscles) in vivo. Since the reduction rate of
mito-tempo was about two times slower in muscle than in tumor tissue (reduction rate in
muscle tissue: 0.57+/-0.1 relative to control tumors, n=4), we can consider that clearance by

tissue blood flow is not the major factor affecting the disappearance of the nitroxide signal.



Discussion

Contrarily to other techniques, spin probes have the potential for in vivo imaging of tumor
redox status, using either EPR imaging or MRI [35, 36]. Our data highlight two important
findings while assessing the modulation of tumor redox status using spin probes: (i) the
importance of using mitochondria-targeted spin probes to assess changes in tumor redox
status, as demonstrated in vitro in the current study, and (ii) the identification of a potential
in vivo redox biomarker in response to modulators of the GSH or Trx systems. Despite the
ability of the drugs to alter tumor redox status as confirmed using GSH dosage and the non-
specific “TCA’ dosage kit, our data show that the cytosolic spin probe tempol did not detect
changes in tumor redox status induced by the modulation of the GSH or Trx pathways in vitro,
contrarily to the mitochondrial spin probe mito-tempo. The fact that the cytosol is maintained
more reduced than the mitochondrial matrix in most mammalian cells might reduce the
sensitivity of the detection method in the former compartment [44, 45, 46]. The mt-roGFP1
probe was also able to demonstrate the changes induced by BSO or auranofin in both cell lines
under study. These in vitro results are in line with a previous study, using cytosolic and
mitochondrial Grx1-roGFP2, in which the cytosol of cells with impaired GSH synthesis resisted
oxidative stress, while significant oxidation was generated in the mitochondrial matrix upon

BSO treatment [47].

In vivo assays using the mitochondrial spin probe mito-TEMPO detected changes induced by
BSO or auranofin in SiHa xenografts and by BSO alone in MDA-MB-231 xenografts, although a
similar trend was visible for the auranofin condition. Of interest, treatment with auranofin has
been shown to inhibit TrxR activity, cell migration and clonogenic activity of MDA-MB-231 cells
[48, 49], and to inhibit MDA-MB-231 cell proliferation [50]. The effects of auranofin on SiHa
cells have not been documented yet. It would be relevant to compare antiproliferative,

migration, and clonogenic effects of auranofin in both cell lines.

One limitation of the roGFP1 data after BSO treatment is that roGFP1 is more sensitive to
gluthatione oxidation when total glutathione is reduced in the compartment of interest, as
explained in [51], figures 8 and 9. Therefore, the increase in roGFP1 oxidation in BSO-treated
cells may partly result from the 90% reduction in total glutathione content of the cells. In
contrast, auranofin treatment did not modulate total glutathione levels and its effect on

roGFP1 fluorescence ratio only reflects changes in glutathione redox state.



It is important to note that confounding effects on EPR signal dynamics may come from
clearance of the spin probe from the region of interest [52, 53]. Although intra-tumoral
injection of spin probes is invasive, it is the only possible delivery mode because of the fast
kinetics of spectral changes in comparison with the speed of the spin probe redistribution
after iv injection [53]. Nevertheless, intratumoral injection guarantees efficient spin probe
delivery and low toxicity thanks to the low dosage. Of note, mito-tempo at a concentration of
100uM can cause disruption of the mitochondrial membrane potential, thereby decreasing
oxygen consumption of tumor cells and increasing the level of oxygenation. In that case, the
bioreduction of the nitroxide would be slower. However, the effect would be similar between
the different conditions tested and would not affect the relative rates assessed in the current

study, although we cannot exclude an underestimation of the absolute reduction rates.

A couple of studies assessed in vivo redox status in tumors implanted in the thigh of mice, in
comparison with the contralateral muscle redox status [54,55]. However, few studies aimed
at assessing efficacy of modulators of the tumor redox status. One such study however
showed the ability of 3 carbamoyl-proxyl (3-CP), a cytosolic spin probe, to assess changes in
redox status induced by BSO in RIF-1 tumors [51]. Whether the reduction rate can be tumor
type-dependent has not been assessed so far, yet different redox properties have been

described between less and more aggressive tumor cells [35].

Further cross-validation with alternative techniques for in vivo measurements would be
required to assess the sensitivity of the EPR assay using mito-tempo. In vivo translation of the
roGFP probes is more difficult, but could be considered on frozen tumor sections using
transformed tumor cells expressing roGFP. Alternatively, transgenic mice expressing roGFP-
have also recently been described [56,57]. The mito-TEMPO in vivo reduction rate could be
compared to a recently published method, involving a different use of a nitroxide probe to
assess in vivo gluthatione in tumors. Authors used a nitroxide probe consisting of two nitroxide
rings bound by the S-S bond, which gives a different EPR spectrum from the typical one
nitroxide triplet pattern. Hence, it was possible to follow the reaction between the probe and
GSH by recording the increase of the monoradical EPR spectrum, and to assess the effect of
BSO in FSall tumors [36,53]. Finally, development of [1-13C] dehydroascorbate [DHA], the

oxidized form of Vitamin C, as an endogenous redox sensor for in vivo imaging using



hyperpolarized '3C spectroscopy, was applied in tumor models in vivo [58,59]. Cross-validation
with those two techniques would be relevant, yet keeping in mind that those probes are

cytosolic and not mitochondrial.

In conclusion, this study is the first cross-validation of EPR redox nitroxide probes with
sensitive roGFP probes, highlighting the ability of the mitochondrial EPR redox probe to assess
changes induced by gluthatione and thioredoxin modulators in tumor cell lines. Further in vivo
validation of the mito-tempo spin probe with alternative in vivo methods should be
considered, yet the spin probe used in vivo in xenografts demonstrated sensitivity to the redox
status modulators. The mitochondrial spin probe therefore seems to be promising for future

tumor redox targeted treatment validation.
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