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Abstract

Cancer growth and proliferation rely on intracellular iron availability. We studied the effects of
Deferiprone (DFP), a chelator of intracellular iron, on three prostate cancer cell lines: murine,
metastatic TRAMP-C2; murine, non-metastatic Myc-CaP; and human, non-metastatic 22rv1. The
effects of DFP were evaluated at different cellular levels: cell culture proliferation and migration;
metabolism of live cells (time-course multi-nuclear magnetic resonance spectroscopy cell
perfusion studies, with 1-13C-glucose; and Seahorse extracellular flux analysis); and expression
(Western Blot) and activity of mitochondrial aconitase (m-Acon), an iron-dependent enzyme. The
half and 90% inhibitory concentration (ICgg and 1Cqq, respectively) of DFP for the three cell lines
after 48 h incubation ranged within 51-67 uM and 81-186 puM, respectively. Exposure to 100 uM
DFP led to: (i) Significant inhibition of cell migration after different exposure times, ranging from
12 h (TRAMP-C2) to 48 h (22rv1), in agreement with the respective cell doubling times; (ii)
Significantly decreased glucose consumption and glucose-driven TCA cycle activity in metastatic
TRAMP-C2 cells, during the first 10 h of exposure, and impaired cellular bioenergetics and
membrane phospholipid turnover after 23 h exposure, consistent with a cytostatic effect of DFP. At
this time point, all cell lines studied showed (iii) significant decreases in mitochondrial functional
parameters associated with oxygen consumption rate, and (iv) both significantly lower m-Acon
expression and activity. Our results indicate the potential of DFP to inhibit prostate cancer
proliferation at clinically relevant doses and plasma concentrations.

Graphical abstract

Deferiprone (DFP), an intracellular iron-chelator, impaired mitochondrial metabolic activity,
leading to inhibition of cell growth (ICsg, 1Cgg) and migration in different prostate cancer cell
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lines: murine, metastatic TRAMP-C2; murine, non-metastatic Myc-CaP; and human, non-
metastatic 22rv1. Increased, decreased, and unchanged major metabolic effects in response to DFP
are depicted by green, pink, and blue markings, respectively. Our results indicate the potential of
DFP to inhibit prostate cancer growth at clinically relevant doses.
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INTRODUCTION

Iron is known to have both beneficial and deleterious effects in tumor cells, i.e. while
potentially toxic to cells and tissues, it is also essential for cancer cell growth and
proliferation (1). Although iron has been suggested as a potential chemotherapeutic target
(2), most available iron-chelating agents target extracellular iron, leading to systemic iron
deficiency and toxicity. Thus, no cancer treatment options targeting intracellular iron are
clinically available yet.

Deferiprone (DFP) is an orally administered iron-chelator, used clinically (3). Although
mostly used clinically for the treatment of thalassemia (4), Friedreich ataxia (5), and kidney
disease (6), DFP has also been shown to inhibit proliferation of skin fibroblasts and frataxin-
depleted neuroblastoma-derived cells in vitro (7,8). Unlike other chelating agents, DFP
readily enters cells and reaches the major intracellular sites of iron accumulation (8).
Specifically, DFP has been shown to remove iron from the mitochondria and impair the
activity of mitochondrial aconitase (m-Acon) (7). This enzyme, which catalyzes the two-step
isomerization of citrate to isocitrate in the tricarboxylic acid (TCA) cycle, has a unique
[FesS4]?* cluster with a labile iron atom that must be replaced occasionally, and is therefore
particularly sensitive to cellular iron levels — when these become depleted, the [Fe3S4]*
cluster cannot be regenerated and the enzyme becomes inactive (9).

Normal prostate peripheral tissue has low mitochondrial aconitase (m-Acon) activity, as
shown in the rat prostate (10). This has been associated with zinc-induced inhibition of m-
Acon in the peripheral prostate epithelial cells of rat and pig (10,11). Activation of m-Acon
is an early biochemical change during prostate cancer development and has been associated
with a down-regulation of zinc transporters (12). This leads to a shift from citrate-producing
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to a citrate-oxidizing malignant phenotype, which has been extensively observed in different
human prostate cancer cell lines (10). Thus, in the clinical setting, high levels of citrate are
typically observed in normal prostate epithelia and is reduced in prostate cancer tissue (13—
15), particularly in high-grade tumors (16). These findings, together with the ability of DFP
to affect intracellular iron levels and its good clinical profile, make this drug a potential
candidate for prostate cancer treatment.

We studied the effects of DFP on proliferation, migration, metabolism, and m-Acon
expression in three prostate cancer cell lines. Specifically: murine TRAMP-C2, which can
progress to androgen-independent metastatic disease (17); murine Myc-CaP, non-metastatic
(18); and human 22rv1, a castration-resistant variant of the parental androgen-dependent
CWR22 xenograft (19) that is non-metastatic in mice (20).

EXPERIMENTAL

Cell lines

Three cell lines with androgen receptor expression were used in this work: TRAMP-C2,
Myc-CaP, and 22rv1. The TRAMP-C2 cell line was derived from the transgenic
adenocarcinoma of the mouse prostate model (TRAMP) (17), and metastasizes. The non-
metastatic Myc-CaP cell line was derived from a c-myc transgenic mouse with prostate
cancer (18). The 22rv1 cell line was derived from a human prostatic carcinoma xenograft
(CWR22), serially propagated in mice after castration-induced regression and relapse of the
parental cell line (19). TRAMP-C2 cells were kindly provided by Dr. Sumit Subudhi (Dr.
James Allison’s laboratory at MSKCC; originated from ATCC Cat. No. CRL-2731) in 2012
and grown in Dulbecco’s Modified Eagle’s (DME) medium, containing 25 mM glucose, 4
mM glutamine, 1% penicillin/streptomycin (Gibco BRL, USA), 5% fetal bovine serum
(FBS, Sigma-Aldrich, St. Louis, MO, USA) and 5% Nu-serum 1V (BD Scientific, USA), 5
pg/mL human insulin (Gibco BRL, USA), 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer, and 10 nM dihydrotestosterone (Steraloids
Newport, RI, USA). Myc-CaP and 22rv1 cells were obtained from Dr. Michael Evans (Dr.
Charles Sawyer’s laboratory at MSKCC; also available from the American Type Culture
Collection (ATCC, Manassas, VA, USA) — catalog numbers CRL-3255 and CRL-2505,
respectively) in 2011. Myc-CaP cells were grown in DME medium (5.6 mM glucose, 4 mM
glutamine, and 1 mM pyruvate), supplemented with 10% FBS and 1% penicillin/
streptomycin (Gibco BRL, USA); 22rv1 cells were grown in Roswell Park Memorial
Institute (RPMI) culture medium supplemented with 10% FBS and 1% penicillin/
streptomycin (Gibco BRL, USA). All cell lines were grown in 5% CO, / 95% air (resulting
in 20% O») at 37 °C in a humidified chamber, split every two (or three) days and used up to
passage ten. All cell lines were tested by short tandem repeat (STR) profiling in March 2016
at the DNA Diagnostics Center (DDC Medical, Fairfield, OH); 22rv1 cells were
authenticated by comparison to the ATCC STR profile database for human cell lines (100%
match to CRL-2505). All compounds were purchased from Sigma-Aldrich (St. Louis, MO,
USA), unless otherwise specified.
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Cell proliferation studies

Cells were cultured in 12-well plates, with initial seeding densities of 3.8 x 10* cells
(TRAMP-C2 and Myc-CaP) or 5.0 x 104 cells (22rv1). All cells were allowed to attach for
24 h. After that, the number of viable cells was determined in three control wells (Cells;). In
the remaining wells, the medium was changed to culture medium with different
concentrations of DFP (139 g/mol): 0, 16, 30, 66, 100, 120, 300, and 660 uM for each cell
line. Triplicate wells were used for each DFP concentration. After a 48 h or 96 h incubation
period, the cells (Cellsf) were counted with the Trypan Blue exclusion assay using a
LUNA™ Automated Cell Counter (Logos Biosystems, Inc., Annandale, VA). The cell
doubling times were calculated according to the formula (Eq. 1):

Doubling Time (h) = Incubation Time (h) X Cellsr
o8, (it ) (Eq.1)

Cells; and Cells; indicate the initial and final number of cells, respectively. The half maximal
inhibitory concentration (ICsp) and 90% inhibitory concentration (ICqg) of DFP were
determined from normalized log-lin curves of cell proliferation, using a 3-parameter fit. The
normalization consisted in the following formula (Eg. 2):

T- T

100 x
C- Ty (Eq.2

Where T and C represent the number of viable cells: pretreated at time 0 (T); untreated
control at time t (C); treated at time t (T). The fitting equations used to determine 1Cgq and
ICq0, between Bottom and Top plateaus in the Y axis (100%, untreated control), were as
follows: for I1Csq, a 3-parameter fit of Bottom, HillSlope, and Log(ICsp) (Eq. 3).

Top — Bottom

Y = Bottom + 1+ 10(LosIC50~LogDrugbose)x HillSlope  (E 3)

The 1Cqg was then determined based on the HillSlope and the constant F (percentage
between Top and Bottom plateau: 50 for ICsq and 10 for 1Cqp), according to the formula

(Eq. 4):

1 F
Log IC5) = LogICF — ——cr— x Log | ————
08 ICs0 = LoglCF — garore > Log (100—F) (Eq.4)

Five independent experiments were carried out for the 48 h incubation period with DFP for
each cell line, each from duplicate samples; and three for 96 h incubation (22rv1 cells only),
each from triplicate samples.
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Cell migration studies

To measure cell migration we used the scratch (wound healing) assay (21). Each cell line
was seeded in 6 well plates (1.5 x 10° cells per well) and grown to confluent monolayers. At
that point, an ~ 500-um-wide strip was cut across the well with a standard 200-pl pipette tip
(21). The cut monolayers in each well were washed twice with Phosphate Buffered Saline
(PBS), to remove remaining cellular debris. Cell migration (the wound-healing process) was
monitored at different time points post-scratch (0 to 30 h for TRAMP-C2 and Myc-CaP; 0 to
192 h for 22rv1), using a Nikon Eclipse TS100 inverted microscope and an Insight Mono
2Mp microscope camera without IR filter (Spot Imaging™, Diagnostic Instruments, Sterling
HTS, MlI). Data were analyzed with TScratch (Developed by the Koumoutsakos group,
Computational Science & Engineering Laboratory, ETH Zirich, Switzerland; http://cse-
lah.ethz.ch/software/) as the mean percentage of cell-free area at each time point normalized
to the area of the initial wound (22). Three independent experiments were carried out for
each cell line, each from duplicate samples.

Cell perfusion magnetic resonance (MR) studies

TRAMP-C2 cells were studied in our MR-compatible cell perfusion system (23). For each
study, 3.0 x10° cells were initially seeded on polystyrene microcarrier beads of 125-212 um
diameter (PP104-1521, SoloHill, Ann Arbor, MI, USA), and cultured for two days on
bacteriological Petri dishes (08-757-28, Thermo Fisher Scientific, Pittsburgh PA, USA), with
daily medium change until reaching >70% confluence (23). At that point, the number of
cells growing on beads was estimated by counting the nuclei of a representative sample
(Petri dish), using the citric acid/crystal violet method, as before (23). A total of 1.3+0.1
x107 cells (mean+SE, n=7) were counted; the remaining cells growing on the microcarrier
beads (9.5+0.9 x107 (mean+SE, n=7)) were loaded into the perfusion system. The latter
consisted of a custom-made, 10 mm MR screw-cap tube (Wilmad-Labglass, Vineland, NJ,
USA) where culture medium and oxygen were continuously re-circulated, and the
temperature controlled (37 °C) by a heating water jacket and the control unit at the MR
spectrometer (23). The studies were carried out on a 500 MHz AVANCE |11 Bruker scanner
equipped with a 10 mm broad-band probe for H and 31P/13C acquisitions (Bruker BioSpin,
Billerica, MA, USA). During the experiments, the cells were continuously perfused for 32 h
with DME media: after setup and the first 1.5 h of each experiment, the perfusion medium
was replaced with 250 ml of medium containing 98-99% 1-13C-glucose (CLM-420-0,
Cambridge Isotope Labs, Billerica, MA, USA; and 297046, ISOTEC®, Sigma-Aldrich,
Miamisburg, OH, USA), for the remaining 30.5 h of the experiment. Three independent
experiments were performed in regular medium conditions and four additional experiments
in medium containing 100 pM DFP (~1Cqp). Several 3P MR spectra and *H-decoupled,
Nuclear Overhauser Effect-enhanced 13C MR spectra were acquired repeatedly, using in
both cases a pulse-acquire sequence with a 45° flip angle. Phosphorous (31P) MR spectra
were acquired with 20 kHz sweep width, 8 k points, 1.2 s relaxation time, and 1280 averages
(26.5 min total acquisition time); 13C MR spectra with 30 kHz sweep width, 16 k points, 1.0
s relaxation time, and 303 averages (8.5 min total acquisition time). Spectral analyses of
peak areas were carried out in the time domain using AMARES in jMRUI v4.0 (24)
(Supplementary Fig. S1). For each experiment, metabolite peaks areas calculated from 13C
MR data were normalized for initial cell number using the average initial areas of p-NTP (B-
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NTP;it) — the latter obtained from 31P MR spectra at the beginning of the experiment (1
hour) before change to culture medium containing 1-13C-glucose with or without DFP.

Extracellular flux analysis

Cells were seeded on 96-well XF96 polystyrene cell culture microplates (Seahorse
Bioscience, Billerica, MA), with the following seeding densities per well: TRAMP-C2 and
Myc-CaP, 1.0 x10%; 22rv1, 3.0 x10%. The cells were allowed to attach for 18 h in regular cell
culture conditions. The medium was then changed in each well, incubating half of the wells
with culture medium containing 100 uM DFP and the other half again with regular medium
for 24 h. At that point, the medium in each well was changed to unbuffered XF Assay
medium (102365-100, Seahorse Bioscience, Billerica, MA), with the same glutamine,
glucose and DFP concentrations as the respective 24 h-incubation media, and the plates kept
for 1 h in a CO,-free atmosphere. The cells were then studied in an Extracellular Flux
XF968 Analyzer (Seahorse Bioscience, Billerica, MA, USA), measuring in each well the
basal extracellular acidification rate (ECAR), and time-course oxygen consumption rates
(OCR) in response to sequential injections of: oligomycin (inhibition of ATP synthase);
Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; H+ ionophore, uncoupler);
and antimycin A plus rotenone (inhibition of mitochondrial complexes I and Ill,
respectively), disabling the electron transport completely in the respiratory chain (Sigma-
Aldrich, St. Louis, MO, USA) (25). For each well, the collected time-course data were
normalized to its total protein content. The latter were determined at the end of the
experiment from the cell lysates (RIPA buffer: Thermo Scientific, Rockford, IL, USA) using
the bicinchoninic acid protein assay (BCA kit: Thermo Scientific Pierce, Rockford, IL,
USA). Mitochondrial functional parameters (basal respiration, ATP production, maximal
respiration, spare respiratory capacity, non-mitochondrial respiration, and proton leak) were
calculated from OCR curves, normalized to the number of cells in each well (estimated from
the already determined total protein content), as previously reported (23). Two independent
experiments were carried out for each cell line, each one measuring an average of 16 wells
per experimental condition.

Expression of m-Acon

TRAMP-C2, MyCaP and 22rv1 cells were seeded in T75 flasks (TRAMP-C2, 7.5x105;
Myc-CaP and 22rv1, 1.0 x10%) and left to attach for 24 h, in standard conditions (as
described in the “cell lines” sub-section). The medium was changed and cells were
incubated with 100 uM DFP or in standard medium, for an additional 24 h period, after
which they were used for Western Blot studies. Cell pellets from 80% confluent TRAMP-
C2, Myc-CaP and 22rv1 cells were collected, kept frozen at =80 °C for up to 2 weeks, and
then lysed with RIPA Buffer and protease inhibitors cocktail (Halt Protease Inhibitor
Cocktail 1:100; Thermo Scientific, Rockford, IL, USA). The protein concentrations were
determined with the BCA Protein Assay Kit (Thermo Scientific Pierce, Rockford, IL, USA).
For each cell line, equivalent amounts of protein (20 mg) were separated by electrophoresis
using a NUPAGE 4-12% Bis-Tris gradient gel (Invitrogen, Life Tech. Corporation, Grand
Island, NYY, USA) and transferred to an Immun-Blot PVVDF membrane (BioRad, Hercules,
CA, USA) as before (26). Membranes were blocked in 5% milk in Tris-buffered saline
(TBS) with Tween-20 buffer and were immunoblotted with anti-m-Acon antibody (#6922;
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Cell Signaling Technology, Danvers, MA, USA) at a 1:1000 dilution. Bound primary
antibodies were visualized with appropriate horseradish peroxidase—conjugated secondary
antibodies (1:2000) using enhanced chemiluminescence reagent (Western Lightning-ECL,
PerkinElmer, Waltham, MA, USA). Immunoblots were stripped using Restore Western Blot
Stripping Buffer (Thermo Scientific, Rockford, IL, USA) and re-probed with anti-g-Actin
antibody (Cell Signaling, Beverly, MA, USA) at a 1:1000 dilution. The m-Acon and p-Actin
bands in the membranes were then scanned and quantified by pixel analyses using ImageJ
(NIH open source software, USA: http://rsh.info.nih.gov/ij/). Three independent experiments
were carried out for each cell line.

Activity of m-Acon

For m-Acon activity measurements, cells were seeded in T225 flasks (TRAMP-C2, 3.5x10°;
Myc-CaP and 22rv1, 1.0 x107) and left to attach for 24 h, in standard conditions (as
described in the “cell lines” sub-section). The medium was changed and cells were
incubated with 100 mM DFP or in standard medium, for an additional 24 h period. The total
activity of mitochondrial aconitase (m-Acon) was assessed in TRAMP-C2, Myc-CaP, and
22rv1 cells, using a specific enzyme activity microplate assay kit (ab109712, Abcam,
Cambridge, MA, USA). The protocol consisted of two steps, as described by the
manufacturer: (i) isolating the mitochondria from fresh cell lysates; (ii) measuring the
activity of m-Acon, as an increase in absorbance at 240 nm associated with the formation of
cis-aconitate (mmol/min). Activity was determined from the slope between two time point
measurements (10 and 30 min of incubation time, based on previous experiments showing a
strong linear dependence: Supplementary Fig. S2) and normalized to total cellular protein
content. Three independent experiments were performed for each cell line, with triplicate
measurements for each experimental condition, to evaluate the effect of 24 h exposure to
DFP.

Statistical analyses

Statistical analyses were carried out with Graph Pad Prism v6.01 (Graph Pad Software, La
Jolla, CA, USA). DFP inhibitory concentrations were compared between cell lines in each
experimental condition, using 1-way ANOVA with Tukey’s correction for multiple
comparisons; ICsq and I1Cgg were assessed independently. The effect of DFP treatment in
each cell line was evaluated independently for each parameter measured, using 2-way
ANOVA with Sidak’s multiple comparisons test, to account for either the cell passage /
experiment number (doubling times, ECAR and OCR parameters, and m-Acon activity) or
the incubation periods (migration). Finally, the treatment effects of DFP assessed by MR cell
perfusion and Western Blot expression, were analyzed independently for each cell line with
a Student’s t-Test: paired, when comparing the same cells in consecutive stages during the
same study to the initial reference value (MR cell perfusion studies), or cells from the same
batch in treatment and control groups (Western Blot studies); or unpaired, when comparing
different experiments (MR cell perfusion studies). ™ Indicates statistical significance (p <
0.05) and error bars indicate the standard error (SE) of the means, unless indicated
otherwise.
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RESULTS

DFP inhibits prostate cancer cell proliferation

DFP had a significant inhibitory effect on proliferation in all cell lines studied after 48 h
exposure (Fig. 1A). Under regular growth conditions (0 uM DFP) for 48 h, the doubling
times of TRAMP-C2, Myc-CaP, and 22rv1 cells were (average + SD): 12.1+0.3 h, 12.0+0.6
h, and 26.8+3.7 h, respectively (Fig. 1A). After 48 h, TRAMP-C2 and Myc-CaP cells in
control wells (0 uM DFP) would become confluent, which for Myc-CaP cells led to
detachment from the microplate surface. Due to their longer doubling time, we additionally
incubated 22rv1 cells with DFP for 96 h. All cell lines and treatment times tested showed a
significant inhibition of cell proliferation after incubation with all DFP concentrations tested
above 30 pM (Fig. 1A). Log-lin curves of base count-corrected, normalized cell numbers
over DFP concentrations were calculated for each cell line and treatment time, showing a
cytostatic effect of DFP (Fig. 1B) and resulting in ICsg and 1Cgqq values of about 50 and 100
UM, respectively (average + SD): 48 h TRAMP-C2, 50.7£1.0 and 81.1+4.7 pM; 48 h Myc-
CaP, 55.1+2.5 and 94.2+11.5 pM; 48 h 22rv1, 67.2+5.7 and 185.9+72.3 uM; 96 h 22rv1,
44.4+4.9 and 110.6£30.1 uM (Fig. 1C). Thus, for further studies we selected 100 uM DFP
as the average minimum concentration that generates a maximum inhibition of proliferation
in the three cell lines tested — a concentration also attainable clinically in plasma (27).

DFP inhibits prostate cancer cell migration

Besides its inhibitory effect on cell proliferation, DFP also inhibited cell migration, as
measured by the Scratch Assay (Fig. 2). We noticed significant differences in cell migration
starting at different time points for each cell line, ranging from 12 h in TRAMP-C2 cell to
48 h in 22rv1 cells; Myc-CaP cells showed a significant difference after 30 h incubation.
These differences should be related in part to the different basal cell doubling times, which
are considerably longer for 22rv1 cells (~27 h) than for TRAMP-C2 or Myc-CaP cells (~12
h).

DFP induces early changes in the metabolism of TRAMP-C2 cancer cells

We used our MR-compatible cell perfusion system to determine the effects of DFP on
prostate cancer cell metabolism during the first 32 h of exposure. Thus, TRAMP-C2 cells
were studied with and without 100 uM DFP in the circulating perfusion medium. During
that time, dynamic 3P-MRS monitoring (Fig. 3A) showed that cells exposed to DFP
internalize significantly less Pi from the medium after 17 h exposure (Fig. 3B); at this time
point, no apparent differences in B-NTP (which is mostly ATP (28,29)) were detected
between control and treated cells. No significant differences between control and DFP-
treated cells were detectable throughout the entire experiment for intra- and extra-cellular
pH (Supplementary Fig. S3). However, after 23 h exposure to the drug, tendencies were
clearly noted for lower ATP (B-NTP) and NAD(P)*(H) levels (Fig. 3B) in treated cells. At
the same time, differences in choline metabolism became significant, as shown by the
increase in the glycerophosphocholine-to-phosphocholine ratio (GPC/PC) in treated cells,
while GPC/PC was constant during the experiment for untreated cells (Fig. 3B). These
observations are consistent with inhibition of cell proliferation in DFP-treated cells; whereas
the over time stable intra- and extra-cellular pH, as well as increasing phospholipid
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precursor signal with a steady GPC/PC and energy (NTPs) metabolites in the control cells,
indicate healthy cell growth and proliferation without undue cellular stress due to lack of
nutrients or perfusion medium acidification (Fig. 3).

Parallel to 31P MRS, dynamic 13C MRS monitoring of TRAMP-C2 cells perfused with
1-13C-glucose (Fig. 4A) showed marked changes in glucose metabolism(Fig. 4B).
Specifically, DFP treatment led to a 6-fold decrease in 1-13C-glucose uptake rate from the
extracellular medium after 5 h perfusion (Fig. 4C). At the same time, cellular incorporation
of glucose (1-13C-Glc) into glycogen (1-13C-Glyc) was significantly higher in the presence
of DFP. Along the glycolytic pathway, no significant changes were detected at any time in
1-13C-glucose incorporation into dihydroxyacetone phosphate (1-13C-DHAP), although the
incorporation rate into glycerol-3-phosphate (3-13C-G3P) decreased after 22 h exposure to
DFP. Moreover, DFP did not induce any changes in the glycolytic synthesis rate of lactate
(3-13C-Lac), but less 1-13C-glucose was used for de novo synthesis of alanine (3-13C-Ala)
after 11 h exposure. It is noted that the unchanged rate of conversion of 1-13C glucose into
labeled lactate indicates that the cells maintain glycolysis despite the diminishing glucose
supply over time. As far as incorporation of 13C labeling from glucose into the
mitochondria, specific changes were noted in the TCA (tricarboxylic acid) cycle,
downstream of citrate. Thus, DFP essentially blocked the synthesis of glutamate (4-13C-Glu)
within the first hours of exposure, according to the kinetic plots (Fig. 4B), reaching
significance after 7 h (Fig. 4C). These observations suggest an inhibition of m-Acon, and
therefore restriction of the glucose-driven TCA cycle (Fig. 4D). The low labeling of Glu-C2
and Glu-C3 in the untreated cells, relative to Glu-C4 (Supplementary Fig. S4), also indicate
that most of the 1-13C-glucose labeling enters the TCA cycle via pyruvate dehydrogenase,
and not pyruvate carboxylase: while the latter would only generate Glu-C2 labeling in the
first turn of the TCA cycle (not observed), the former leads to Glu-C4 labeling in the first
turn (most prevalent), and additional labeling of Glu-C2 and Glu-C3 in the second turn.
Moreover, no changes were detected in the rate of incorporation of acetate (2-13C-acetate,
derived from 13C-labeled citrate exported to the cytosol) into fatty acids ((CH»)-13C-FA) but
the synthesis rate of G3P decreased.

DFP decreases oxygen consumption rate (OCR) and mitochondrial function in prostate
cancer cells

To further investigate the effects of DFP on prostate cancer cells, we carried out extracellular
flux analysis on TRAMP-C2, Myc-CaP, and 22rv1 cells. Our preliminary studies with
TRAMP-C2 cells suggested that OCR significantly decreased with increasing DFP
concentration and incubation periods (Supplementary Fig. S5). When studying the three cell
lines in parallel (Fig. 5), we observed that DFP (100 uM) did not induce significant changes
in basal ECAR in 22rv1 cells, while increasing this parameter by 40-48% in TRAMP-C2
and Myc-CaP cells (Fig. 5A). Based on the time-course OCR curves (Fig. 5B), DFP induced
significant reductions in both basal respiration and maximal respiration in all cell lines tested
(Fig. 5C): a stronger effect was noticed in TRAMP-C2 cells (-49% and —63%, respectively),
while basal respiration was only reduced by —14% in 22rv1 cells. TRAMP-C2 and Myc-CaP
cells also showed significant reductions in both mitochondrial ATP production (-53% and
—-32%, respectively) and proton leak (—38% and —42%, respectively), whereas spare
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respiratory capacity significantly decreased in TRAMP-C2 and 22rv1 cells (-90% and
—-237%, respectively).

DFP reduces the expression and activity of m-Acon in prostate cancer cells

The expression of m-Acon was investigated by Western Blot in TRAMP-C2, Myc-CaP, and
22rv1 cells, after 24 h exposure to 100 uM DFP (Fig. 6A). Deferiprone significantly
downregulated the expression of m-Acon in all cell lines, up to =55% in Myc-CaP cells (Fig.
6B). In the same experimental conditions (24 h exposure to 100 uM DPF), the activity of m-
Acon was also significantly reduced in all cell lines, by 2-fold in Myc-CaP and 22 rv1 cells
and up to —79% in TRAMP-C2 cells (Fig. 6C).

DISCUSSION

We have investigated the effects of DFP on cell proliferation, migration, and metabolism in
three prostate cancer cell lines: murine TRAMP-C2 (metastatic) and Myc-CaP (non-
metastatic), as well as human 22rv1 (non-metastatic). After a 48 h incubation period, the
ICsq of DFP was in the 51-67 uM range for all 3 cell lines; with full cytostatic effect at ~100
UM (ICgq in the 81-186 puM range). Deferiprone (100 M) inhibited cell migration at
different time points according to doubling times, with significant effects detected between
12 h (TRAMP-C2) and 48 h (22rv1). Time-course cell perfusion MR studies using TRAMP-
C2 cells showed early metabolic changes during the first 24 h of exposure to 100 uM DFP,
indicating altered glucose and phospholipid metabolism associated with mitochondrial
impairment. The latter was supported in all cell lines by extracellular flux analysis, showing
decreased mitochondrial functional parameters based on oxygen consumption, such as basal
and maximal respiration. Our results also indicate significant inhibition of m-Acon by DFP,
which was confirmed in all cell lines by Western Blot expression and enzymatic activity
assays, and consistent with reduced TCA cycle activity (Fig. 4D) and reduced oxygen
consumption rates (Fig. 5C).

The earliest metabolic changes in response to DFP exposure (100 pM) were dynamically
monitored during cell perfusion in the more aggressive prostate cancer cell line, TRAMP-
C2. Our cell perfusion studies showed a significant decrease in (1-13C labeled) glucose
uptake from the extracellular medium, and its higher incorporation into glycogen was
detected during the first 5 h. After 11 h of incubation with DFP, no significant changes were
detected in dihydroxyacetone phosphate or lactate synthesis rates, although other
metabolites branching from the glycolytic pathway were significantly decreased (alanine and
glycerol-3-phosphate), and glutamate synthesis through the TCA cycle had essentially been
blocked. The latter observation could (1) explain the simultaneous lower synthesis rate of
3-13C-alanine, as a consequence of reduced supply of glutamate for the transamination of
pyruvate, (2) is in agreement with inhibition of m-Acon detected in all cell lines (Western
Blot and activity assays), and (3) matches the decrease in mitochondrial functional
parameters in the complete cell line panel (extracellular flux analysis). While reducing their
mitochondrial metabolism under stress (iron chelation leading to cytostatic effect), TRAMP-
C2 retain their ability to synthesize fatty acids from glucose at a stable rate, in agreement
with the “lipogenic nature” of prostate cancer (30). However, the higher GPC/PC ratio
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indicated less aggressive growth and proliferation after 23 h, consistent with studies on
human prostate cancer tissues (31), and consistent with the associated lower levels of
glucose-derived glycerol-3-phosphate, as this metabolite is essential for de novo synthesis of
phospholipids.

The metabolic data obtained from TRAMP-C2 MR cell perfusion studies, including the
differences in ATP and total NAD (NAD*, NADH, NADP*, NADPH) detected after 23 h of
incubation with DFP, are in good agreement with the decreased cell proliferation detected in
all cell lines. More specifically, viable DFP treated cells with normal ATP levels (3-NTP)
internalize significantly less Pi than controls after 10 h of incubation while presenting no
significant changes in their total NAD levels throughout the entire study (Supplementary
Fig. S6). These changes are also compatible with the extracellular flux analysis results for
the complete cell line panel studied, showing a decrease in mitochondrial functional
parameters related to oxidative phosphorylation and TCA cycle activity. Accordingly, cells
should become more dependent on glycolysis to keep their redox balance (NAD* recycling).
This is suggested both by the early extracellular acidification rates measured in 2D cell
culture microplates (total lactate exported increased in the first 15 min in TRAMP-C2 and
Myc-CaP cell lines treated with DFP, while remaining unchanged in 22rv1 cells) and the
long term glucose-derived lactate synthesis rates determined in 3D growing, perfused cells
(unchanged after 32 h in treated TRAMP-C2 cells). These metabolite changes strengthen the
importance of glycolysis in prostate cancer metabolism (32), as a major provider of
biosynthetic precursors and bioenergetics.

We acknowledge that extending the cell perfusion studies of intermediary 1-13C-glucose
metabolism to additional prostate cancer cell lines could help elucidating the consistency of
our findings across different phenotypes of the disease. However, this was not compatible
with the long experimental times required for such studies and our limited access to the MR
system. We also acknowledge, and consider it likely, that DFP may target other intra-
cellular, iron-containing enzymes besides m-Acon, such as respiratory chain complexes and
ribonucleotide reductase, and may impact other cellular processes leading to cell inhibition
of cell proliferation. For example, the iron-chelator L-mimosine has been shown to
downregulate m-Acon, fatty acid synthase and lactate dehydrogenase A expression in
prostate cells through HIF-1a stabilization (33), demonstrating the potential multi-targeted
effects of iron. While we expect m-Acon to be particularly susceptible to the early effects of
intracellular iron chelation by DFP (due to its unique structure with a labile iron), further
studies — beyond the scope of the current study — are necessary to characterize other
potential biological effects of intracellular iron-chelation in prostate cancer by DFP,
including and not limited to testing additional prostate cancer cell lines with distinct
glycolytic profiles (34).

Based on the current clinical dosage of DFP in thalassemia (75 mg/kg/day (4)) and the
serum levels in patients (80-450 uM / 3 g dose (27)), our studies indicate the potential of
DFP to inhibit prostate cancer growth and proliferation at clinically relevant doses.
Importantly, patients have been treated for thalassemia for periods exceeding 15 years
without significant effects limiting quality of life (Alan R Cohen MD, University of
Pennsylvania and Children’s Hospital of Philadelphia, personal communication, 2013).
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While the majority of these patients have been in an iron overloaded state due to
thalassemia, other studies (5,6,35) have also investigated patients with non-iron overload
disease, at DFP doses ranging from 20-30 mg/kg/day to 75mg/kg/day, wherein it was well
tolerated. Thus, further studies with DFP, alone and in combination with chemotherapeutics,
shall elucidate to a greater extent its intracellular iron-chelation effects in prostate cancer and
other tumors, and investigate its efficacy /77 vivo in animal models to evaluate potential
clinical translation. The latter could be relatively quick, since dose, toxicity and schedule in
patients are known.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Inhibition of prostate cancer cell proliferation after incubation with different concentrations

of DFP. TRAMP-C2, Myc-CaP and 22rv1 cells were exposed to DFP for 48 h; 22rv1 cells
were additionally exposed for 96 h because of their longer doubling times. A, Doubling
times based on the number of viable cells at the time of medium change (base count, average
+ SD): 48 h TRAMP-C2 group, (4.5+1.4) x10%; 48 h Myc-CaP group, (7.4+1.0) x10% 48 h
22rv1 group, (4.8+0.8) x10%; 96 h 22rv1 group, (4.6+0.5) x10%. * mark significant
differences in cell doubling time compared to untreated control cells for each cell line. B,
Normalized log-lin curves (n=5 for 48 h exposure and n = 3 for 96 h exposure of 22Rv1) for
each cell line, indicating the thresholds for untreated (Top), cytostatic effect (Bottom), and
cytotoxic effect (inferior limit). Markers depict the experimental data, overlaid with the
curve fit (solid line) and the 95% confidence bands (dotted lines). For each independent
experiment, data were averaged from triplicate wells for each condition. C, ICsg and ICgq
average values determined for each cell line and incubation time, from the respective log-lin
curves, depicted in B.
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Figure 2.
Inhibition of cell migration due to DFP (100 pM) exposure. Scratch assays for: A, TRAMP-

C2; B, Myc-CaP; C, 22rv1.
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Figure 3.
Time-course effect of DFP (100 uM) on live TRAMP-C2 cell metabolism during MR

perfusion experiments, as detected by 3P MRS. A-B, Representative 31P MR spectral
profiles after 1 h (black) and at 32 h of cell perfusion for untreated control cells (green, A)
and DFP-treated cells (red, B) — major peak assignments displayed: phosphoethanolamine
(PE); phosphocholine (PC); extracellular (e) and intracellular (i) inorganic phosphate (Pi);
glycerophosphoethanolamine (GPE); glycerophosphocholine (GPC); phosphocreatine (PCr);
a, B and y nucleoside-diphosphate (NDP) and -triphosphate (NTP); total nicotinamide
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adenine dinucleotides (NADH, NAD*, NADPH, NADP™*); and diphosphodiesters (DPDE).
C, Average time-course changes of Pig; and Pi;, B-NTP, NADH, normalized to initial value
of B-NTP (B-NTPjnit), and GPC-to-PC ratio; experiments carried out in regular medium
(filled circles) and in the presence of 100 uM DFP (open circles). # (black for Ctr and grey
for DFP-treated cells), significantly different compared to the initial level, for each cell line
(paired t-Test); * significantly different values between Ctr and DFP-treated cells at the same
time point (unpaired t-Test).
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Time-course effect of DFP (100 uM) on live TRAMP-C2 cell metabolism during perfusion
experiments, as detected by 13C MRS. Position of carbon labeled by 13C from 1-13C-labeled
glucose (Glc C1) depicted by number following C. A, Representative 13C-MR spectral
profiles after 24 h of experiment time for untreated control (Ctr, black) and DFP-treated
(DFP, red) TRAMP-C2 cells — major peak assignments displayed: glycogen (Glyc); glucose
(Glc); dihydroxyacetone phosphate (DHAP); glycerol-3-phosphate (G3P); glutamate (Glu);
fatty acids (FA); glutathione (GSH); pyruvate (Pyr), glutamine (GIn); alanine (Ala); and
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lactate (Lac). B, Average time course of 1-13C-Glc consumption and synthesis of 1-13C-
Glyc, 1-13C-DHAP, 3-13C-G3P, 3-13C-Lac, 3-13C-Ala, 4-13C-Glu, and (CH5)-13C-FA,
normalized to initial value of B-NTP (B-NTPjnit). C, Average metabolite synthesis
(consumption) rates at different time intervals. D, Biochemical model illustrating the
inhibitory effect of DFP on m-Acon and the major metabolic changes detected in response to
DFP exposure: increase (green); decrease (red); no change (blue). PL, phospholipids. #
(black for Ctr and grey for DFP-treated cells), significantly different compared to the initial
level, for each cell line (paired t-Test); * significantly different values between Ctr and DFP-
treated cells at the same time point (unpaired t-Test).
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Figure5.
Extracellular flux analysis in TRAMP-C2, Myc-CaP and 22rv1 cells incubated with 100 uM

DFP for 24 h. A, Basal ECAR measurements for treated (DFP) and untreated (Ctr) groups,
averaged over 15 min experiment time. B, Average OCR time-course measurements in
TRAMP-C2 cells (single, control experiment) during sequential injections of different drugs,
and ranges for calculating the functional parameter, as described by the manufacturer. C,
Mitochondrial functional parameters derived from OCR time-course curves, for treated
(DFP) and untreated (Ctr) groups.
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Figure 6.
Effect of DFP (100 uM) on m-Acon expression in TRAMP-C2, Myc-CaP and 22rv1 cells

after a 24 h incubation period. A, Representative Western blot membrane showing
expression bands for m-Acon (top) and B-Actin (bottom) for each cell line and condition. B,
Quantification of m-Acon expression by Western Blot normalized to B-Actin for each
treated (DFP 100 uM) and untreated (Ctr) cell line (n=3 each). C, Effect of DFP (100 pM)
on m-Acon activity in each cell line. Activity normalized to total cell protein content for
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each cell line. * significant difference between Ctr and DFP-treated cells for each cell line
(paired t-Test).
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