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Novel di-2-pyridyl-derived iron chelators with marked and selective antitumor

activity: in vitro and in vivo assessment

Jun Yuan, David B. Lovejoy, and Des R. Richardson

Aroylhydrazone and thiosemicarbazone
iron (Fe) chelators have potent antitumor
activity. The aim of the current study was
to examine the antitumor effects and
mechanisms of action of a novel series of
Fe chelators, the di-2-pyridyl thiosemicar-
bazones. Of 7 new chelators synthesized,

4 showed pronounced antiproliferative
effects. The most active chelator was
Dp44mT, which had marked and selective
antitumor activity—for example, an IC 5o
of 0.03 nM in neuroepithelioma cells com-
pared with more than 25 pM in mortal
fibroblasts. Indeed, this antiproliferative

activity was the greatest yet observed for
an Fe chelator. Efficacy was greater than
it was for the cytotoxic ligand 311 and
comparable to that of the antitumor agent
doxorubicin. Strikingly, Dp44mT signifi-
cantly (P < .01) decreased tumor weight
in mice to 47% of the weight in the control
after only 5 days, whereas there was no
marked change in animal weight or hema-
tologic indices. Terminal deoxyribonucle-
otidyl transferase (TdT)-mediated dUTP
nick end-labeling (TUNEL) staining dem-
onstrated apoptosis in tumors taken from
mice treated with Dp44mT. This chelator

caused a marked increase of caspase-3
activity in murine Madison-109 (M109)
cells. Caspase activation was at least
partially mediated by the release of mito-
chondrial holo-cytochrome ¢ (h-cytc) af-
ter incubation with Dp44mT. In conclu-
sion, Dp44mT is a novel, highly effective
antitumor agent in vitro and in vivo that
induces apoptosis. (Blood. 2004;104:
1450-1458)

© 2004 by The American Society of Hematology

Introduction

Iron (Fe) is essential for proliferation, and many studies have The caspase enzymes are common executors of apofidsis.
shown that tumor cells are more sensitive to Fe deprivation thdwo caspase-activating cascades that regulate apoptosis have bee
normal cellst™! This sensitivity probably exists because cancetescribed; one is initiated through death receptors (eg, CD95), and
cells have greater Fe requirements than their normal countéite other is triggered by changes in mitochondrial integfiy:6°
partd215 and because cancer cells express higher levels of time the former, engaging death receptors by their ligands (eg, <
Fe-containing enzyme, ribonucleotide reductase (RR), which is tB®95L) leads to the formation of a death-inducing sig-
critical rate-limiting step in DNA synthesi$:2! naling complexX? Activated death receptors recruit and activate
Many in vitrg>47-921-28and in vivd#2°:30 studies and clinical caspase-8, which initiates executioner caspases, including caspase-
trials®>531-36have demonstrated that chelators are effective antiprim mitochondrial-dependent apoptosis, the release of holo-
liferative agents (for reviews, see HershRd,0vejoy and Richard- cytochromec (h-cytc) into the cytosol results in the formation of an
soni! and Richardsof). The most well-studied chelator is desferapoptosome containing h-cytc, Apaf-1, and procaspa3édn
rioxamine (DFO; Figure 13%1However, its short half-life and low the apoptosome, procaspase-9 becomes activated and trigger
efficacy at permeating membranes limit its antiproliferative activexecutioner caspases that initiate terminal events overlapping with
ty.22:38Indeed, these factors probably resulted in its failure to inhibihose induced by the death receptor path&&yMajor modulators
tumor growth in some studié82°One group of ligands with high of the mitochondrial pathway of apoptosis include Be-2/Bax
Fe chelation efficacy is the pyridoxal isonicotinoyl hydrazongene family26.62The Bcl-2 group of proteins is found in the outer
(PIH) class'144We characterized PIH analogs that show far greatemitochondrial membrane and plays a role in its stabii In
Fe chelation efficacy and antiproliferative activity than D¥@&%4> contrast, the Bax proteins are cytosolic molecules that, on receipt of
Some of these ligands, such as 2-hydroxy-1-naphthylaldehyale apoptotic signal, migrate to the mitochondrion binding to the
isonicotinoyl hydrazone (311; Figure 1) inhibit RR actiVitgnd permeability transition pore:2 Imbalance of Bcl-2 and Bax
affect the expression of molecules vital for cell cycle contfdE induces the loss of selective ion permeability resulting in h-cytc
One mechanism by which chelators and other factors (eg, oxidatietease, which initiates the caspase cascade responsible for apopto
stress) cause tumor cell death may be through the induction si$525362 |f chelators cause tumor cell death by engaging the
apoptosig22449-56However, the precise mechanisms involved impoptotic pathway, then inducting apoptosis becomes a vital aim.
chelator-mediated apoptosis remain unclear, particularly for aroyl- Previously, we characterized the in vitro antiproliferative activ-
hydrazone ligands. ity of hybrid Fe chelators derived from aroylhydrazones and
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Figure 1. Structural formulas of the Fe chelators described in this study. (A)
General structure of the DpT analogs showing the numbering scheme used. (B)
Structures of DFO, 311, 3-AP, and PKIH. (C) Structures of DpT, Dp2mT, Dp4mT,
Dp44mT, Dp4eT, Dp4aT, and Dp4pT.

thiosemicarbazones.7232463 Recently, we discovered that the
di-2-pyridyl moiety results in pronounced antitumor activity of
aroylhydrazones (eg, di-2-pyridylketone isonicotinoyl hydrazone
[PKIH]; Figure 1).8 Therefore, it was important to condense
di-2-pyridyl with a range of thiosemicarbazides to derive a new
group of Fe chelators, the di-2-pyridyl thiosemicarbazone (DpT)
analogs (Figure 1).

Our investigation demonstrated that novel DpT analogs, in
particular di-2-pyridylketone-4,4,-dimethyl-3-thiosemicarbazone
(Dp44mT; Figure 1), showed selective antitumor activity. In
addition, Dp44mT strikingly decreased tumor growth in micewhile
not markedly affecting animal weight or a range of hematologic
indices. This chelator also induced tumor cell apoptosis that was at
least partially mediated through the release of mitochondrial h-cytc
into the cytosol and the activation of caspase-3, -8, and -9. The
release of h-cytc could be mediated by the imbalance of Bcl-2 and
Bax expression induced by incubation of cellswith Dp44mT.

Materials and methods

Chelators

DpT analogs and 311 were prepared using standard procedures.86465 DFO
was obtained from Novartis (Basel, Switzerland). 3-AP (Triapine; 3-amino-
pyridine-2-carboxal dehyde thiosemicarbazone) was a gift from Vion Phar-
maceuticals (New Haven, CT).
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Antibodies

Rabbit antiactive caspase-3 antibody, rabbit antiactive caspase-8 anti-
body, and Annexin V—fluorescein isothiocyanate (FITC) were from BD
PharMingen (San Diego, CA). Anti—h-cytc monoclonal antibody (mAb)
was from R&D Systems (Minneapolis, MN). Rabbit antiactive caspase-9
antibody, mouse anti-Bcl-2, and mouse anti-Bax antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antimouse
B-actin antibody, horseradish peroxidase—conjugated antirabbit, and
antimouse immunoglobulin G (IgG) were from Sigma Chemical (St
Louis, MO).

Cell culture

Human MRC-5 fibroblasts, SK-N-MC neuroepithelioma cells, SK-Mel-28
melanoma cells, and MCF-7 breast cancer cells were obtained from the
American Type Culture Collection (Rockville, MD). The murine Madison-
109 (M109) lung cancer cell type was obtained from the National Cancer
Institute (Fredrick, MD). Cells were grown as described previously.'?

Labeling of transferrin with 5°Fe

Apotransferrin (Sigma) was labeled with iron Fe 59 (*°Fe; Dupont-NEN,
Boston, MA) to produce °Fe-transferrin (%°Fe-Tf) using standard
procedures 1314

Effect of chelators on cellular proliferation

The effect of the chelators on proliferation was examined using the
MTT assay.?

Iron uptake and iron efflux assays

The effect of chelators on cellular °Fe efflux and reducing 5°Fe uptake from
59Fe-Tf by cellswas studied using standard procedures.?2-24

Determining the maximum tolerated dose in CD,F; hybrid mice

BALB/c and DBA/2 mice were crossed to produce CD,F; animals
(procedures approved by the Animal Ethics Committee, University of New
South Wales, Australia). Groups of 8 female CD,F; mice (8-10 weeks old)
werefed and watered ad libitum and were injected through thetail vein with
the chelators in 30% propylene glycol in 0.9% sterile saline, twice a day, 6
hours apart, 5 days a week for 2 weeks.*> The maximum tolerated dose
(MTD) was defined as the dose at which 30% of acohort waskilled because
of markedly deteriorating health or lost weight in excess of 10%.4°

Inhibition of M109 lung cancer cell growth by iron
chelators in vivo

CD,F; mice were subcutaneously implanted with 1 X 10°> M 109 cells.®
Dp44mT was dissolved in propylene glycol, as described above. An
established protocol® was used to test antitumor activity of the chelators
inthe M 109 cancer model. Four days after engraftment, the tumors were
palpable and the ligands were administered intravenously, twice a day
for 5 days, followed by arest period of 2 days when the animal was not
injected.® On the 12th day after tumor implantation, mice were killed
using methoxyflurane, and blood was obtained by cardiac puncture.
Blood indices were measured using a Sysmex Blood Counter (Prince of
Wales Hospital, Sydney, Australia). Mouse body weight changes during
the treatment period were recorded. The tumor grew subcutaneously asa
well-circumscribed mass surrounded by fibrous membranes and was
simple to excise. Tumors were weighed and fixed for histologic
examination. Experimental groups consisted of 8 mice for the control
and each treatment. 3-AP (Vion Pharmaceuticals) was used as antitumor
agent control because it is a chelator with potent antitumor activity with
amechanism of action similar to that of the chelators under investigation
(ie, it binds Fe).6:34.35
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In situ end labeling of fragmented DNA assay

DNA cleavage was assessed using the termina deoxyribonucleotidyl
transferase (TdT)—mediated dUTPnick end-labeling (TUNEL) reaction.5768

Apoptosis assay using flow cytometry

Apoptotic cells were detected using a flow cytometer (FACSCadlibur;
Becton Dickinson, San Jose, CA) with fluorescein isothiocyanate (FITC)—
labeled Annexin V (BD PharMingen) binding to translocated plasma
membrane phosphatidylserine (PS).%° Propidium iodide (Pl) was added to
identify loss of integrity, which is indicative of necrotic and late-stage
apoptotic cells.5®

Preparation of cytosolic and stromal-mitochondrial membrane
fractions and Western blot analysis

Cytosolic and stromal-mitochondrial membrane (SMM) fractions and
Western blotting were prepared using standard techniques.*6:70

Caspase activation and activity assay

Cultured M 109 cells were treated with or without Dp44mT (1 wM) for 0 to
48 hours at 37°C. Cells were lysed,”®© and caspase activities were
determined using the BD Apolert Caspase Assay Plate (BD Biosciences,
San Diego, CA). Cell-permeable pancaspase-3, -8, and -9 inhibitors (BD
Biosciences) were included as inhibitory controls.

Intracellular reactive oxygen species assay

Intracellular reactive oxygen species (ROS) generation was assessed using
2/, 7'-dichloro-fluorescein-diacetate (H,DCF-DA; Sigma).”* H,DCF-DA
diffuses into cells, where it is hydrolyzed to the nonfluorescent derivative
H,DCF, which is trapped within cells. H,DCF becomes highly fluorescent
when oxidized by O,~, H,O,, or HO—." Cellular fluorescence intensity is
directly proportional tointracellular ROS.”2 M 109 cells (1 X 10° cells'well)
were incubated with or without 1 wM Dp44mT for O to 48 hours or 50 .M
H,0, (positive control) for 10 minutes at 37°C. Cells were then incubated
with H,DCF-DA (5 wM) for 20 minutes at 37°C and washed twice.”* The
fluorescence of oxidized DCFin cellswas measured using flow cytometry.”™

Statistical analysis

All values are expressed as mean = SEM of 3 experiments. Statistical
analysis was performed using the Student t test. Results were considered
statistically significant when P values were lower than .05.

Results

Effect of the DpT analogs on the proliferation
of neoplastic cells

Initialy, the ability of the DpT analogs to inhibit proliferation was
assessed using SK-N-MC neuroepitheliomacells (Table 1) because
the effect of chelators on their growth iswell characterized.”23.2445
Our studies identified Dp44mT, Dp4eT, DpdaT, and Dp4pT as
having very high antiproliferative activity (ICsp, 0.03-0.06 uM;
Table 1). These ligands were significantly (P < .0001) more active
than DFO (1Csp, 5 M) and have greater efficacy than other potent
Fe chelators assessed in our laboratory, namely 311 (I1Cs, 0.3 uM;
Table 1). Adding Fe to these DpT analogs to form their complexes
did not significantly affect antiproliferative activity, indicating a
possible role for the Fe complexes in their cytotoxic effects.
Compared with the antiproliferative activity of the established
cytotoxic agent, doxorubicin, in SK-N-MC cells (ICsp, 0.02 pM;
Table 1), Dp44mT, Dp4eT, Dp4aT, and Dp4pT had similar efficacy.
The chelator 3-AP (Figure 1B), which is undergoing clinical trials

BLOOD, 1 SEPTEMBER 2004 - VOLUME 104, NUMBER 5

Table 1. ICg values in neoplastic and normal cells

Normal
Neoplastic cells cells
SK-N-MC SK-Mel-28 ~ MCF-7 breast MRC-5
neuroepithelioma  melanoma cancer fibroblasts
DFO 5+2 157 14+9 > 25
311 0.3+0.2 09 +05 — > 25
DpT > 25 > 25 > 25 > 25
Dp2mT > 25 > 25 > 25 > 25
Dp4mT 0.19 0.1 0.6 =05 0.3 0.2 > 25
Dp44mT 0.03 = 0.01 0.06 + 0.03 0.06 = 0.01 > 25
Dp4eT 0.06 = 0.01 0.09 = 0.06 0.08 = 0.01 > 25
Dp4aT 0.06 = 0.01 0.10 + 0.06 0.07 = 0.01 > 25
Dp4pT 0.05 * 0.006 0.09 = 0.05 0.07 = 0.01 > 25
3-AP 0.26 = 0.01 2.6 0.6 30*+15 —
Doxorubicin 0.02 = 0.01 0.35 = 0.09 0.6 +0.2 —

Each ICs value (given in pM) is the mean = SEM of at least 3 experiments
performed. Cells were incubated in the presence and absence of DFO, 311,
3-aminopyridine-2-carboxaldehyde thiosemicarbazone, doxorubicin, and the DpT
series of chelators (0-25 puM) for 72 hours at 37°C. After this incubation period,
cellular proliferation was determined by the MTT assay.?® — indicates not deter-
mined.

as an antitumor agent,3*3> had less activity (ICsp, 0.26 uM; Table 1)
than these latter DpT anaogs. Dp4mT also demonstrated appre-
ciableactivity against SK-N-MC cells and was comparableto 3-AP
with an 1Csy value of 0.19 uM (Table 1).

In contrast to the most active DpT analogs described above, the
parent compound of this series, DpT (Figure 1), showed little
activity against SK-N-MC cells; the 1Cs value was greater than 25
pM (Table 1). Similarly, the Dp2mT anal og also demonstrated low
activity, probably because the 2-methyl group (Figure 1A,C)
prevented electron delocalization and metal ion binding. Hence,
Dp2mT served as a negative control, demonstrating that at least
part of the antiproliferative effect of these chelators was attributed
to metal binding.

To investigate the spectrum of antineoplastic activity, the DpT
analogs were assessed against the SK-Mel-28 melanoma and the
MCF-7 breast cancer cell lines(Table 1). All the DpT analogs, apart
from DpT and Dp2mT, were far more active (P < .0001) than DFO
at inhibiting the proliferation of SK-Mel-28 melanomaand MCF-7
breast cancer cells (Table 1). Against these cell lines, Dp44mT,
Dp4eT, DpdaT, and Dp4pT were the most active (ICsq, 0.06-0.10
wM; Table 1). Dp44mT was the most effective antiproliferative
agent when assessing all tumor cell lines. Dp4mT was less active
against these cell types than the latter DpT analogs (1Csp, 0.3-0.6
wM; Table 1). Again, DpT and Dp2mT showed little activity
against SK-Mel-28 melanoma cells and MCF-7 breast cancer cells
(ICg greater than 25 pM).

Chelators have less effect on the proliferation of normal cells
than neoplastic cells

Clinically useful antitumor agents have little effect on normal cells
while inhibiting neoplastic cell growth. Hence, it was important to
compare the antiproliferative effects of the active DpT series
chelators between neoplastic and normal cells (Figure 2; Table 1).
In contrast to the marked antiproliferative activity of Dp44mT,
Dp4eT, Dp4aT, and Dp4pT against immortal neoplastic cells, these
chelators had relatively little effect on the proliferation of mortal
MRC-5 fibroblasts; 1Csy values were greater than 25 M (Figure 2;
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Figure 2. The most effective DpT analogs and 311 (internal control) show
selective antiproliferative activity against immortal SK-N-MC neuroepithelioma
cells (S) compared with mortal MRC-5 fibroblasts (F). Cells were incubated in the
presence or absence of the chelators (0-25 wM) for 72 hours at 37°C.23 After this
incubation period, cellular density was measured using the MTT assay. Cellular
proliferation was expressed as a percentage of that found for the untreated cells.
Each data point represents the mean of 2 replicates in a typical experiment of at least
3to 5 experiments.

Table 1). The difference in the antiproliferative effect shown in
Figure 2 may be attributed to the slower proliferation of MRC-5
fibroblasts (doubling time, 22 hours) compared with SK-N-MC
cells (doubling time, 16 hours).”

Effect of the DpT analogs on iron efflux from SK-N-MC cells

To determine the possible role of Fe chelation efficacy in the
antiproliferative activity of the DpT analogs, we examined the
ability of the ligandsto directly mobilize %°Fe from SK-N-MC cells
(Figure 3A). Cellswere prelabeled for 3 hours at 37°C with 5°Fe-Tf
(0.75 M), washed, and then reincubated for 3 hours at 37°C with
the chelators (25 wM; Figure 3A). As standards, DFO and 311 were
used, astheir activities are well characterized.”92%-24

Broadly, the ligands can be grouped into 2 classes depending on
their ability to mobilize cellular °Fe. The first group had very low
activity and included DpT and Dp2mT, which caused the efflux of
6% to 7% of total cellular %°Fe, whereas control cells reincubated
with media alone released 5% of °Fe (Figure 3A). These data
correlate with the small effect of these chelators on theinhibition of
tumor cell growth (Table 1). As shown previously,”%2224 DFO only
resulted in the mobilization of 14% of cellular 3°Fe (Figure 3A).

The second group consisted of the remaining DpT analogs,
which were significantly (P < .0001) more effective than DFO at
mobilizing %°Fe and resulted in the release of 37% to 47% of
cellular 59Fe (Figure 3A). Trypan blue staining and phase-contrast
microscopy demonstrated that the increased °Fe release was not
caused by adecreasein cellular viability over the 3-hour incubation
with the chelator. Dp44mT was the most efficient DpT analog
assessed, resulting in the release of 47% of %Fe and having an
efficacy similar to that of the potent ligand 3117-° (Figure 3A). The
high efficacy of this second group of DpT analogs at inducing 5°Fe
efflux correlated with their antitumor activity (Table 1).
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Effect of the chelators on iron uptake from transferrin by
SK-N-MC neuroepithelioma cells

To further characterize the effects of the chelators on Fe metabo-
lism, we examined their ability to inhibit °Fe uptake from %°Fe-Tf
(0.75 pM) by SK-N-MC cells in the absence or presence of the
chelators (25 pM) for 3 hours at 37°C (Figure 3B). DpT and
Dp2mT had little effect on preventing 5°Fe uptake (Figure 3B). The
most efficient chelators, 311 and Dp44mT, limited 5°Fe uptake to
5% to 9% of the control, and their activity was greater (P < .0001)
than that of DFO (Figure 3B). These results agree with the ability of
these ligands to mobilize cellular °Fe (Figure 3A). All DpT
analogs (except DpT and Dp2mT) show much greater efficacy than
DFO in preventing >°Fe uptake from °Fe-Tf by cells (Figure 3B).

Effects of Dp44mT on iron uptake from Tf and iron mobilization
from M109 cells

These experiments and our previous work suggested that of all
chelators assessed in our laboratory,”92324 Dp44mT showed the
most promise for in vivo evaluation. Further studies aimed to
assess the ability of this chelator to inhibit the growth of M 109 lung
carcinoma cellsin mice. This model was chosen because the tumor
is refractory to cytotoxic drugs and has been used to assess the
activity of the chelator 3-APS
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Figure 3. Effect of the DpT analogs compared with DFO and 311 on %%Fe
mobilization and cellular °Fe uptake from 5°Fe-Tf in SK-N-MC neuroepithe-
lioma and M109 cells. (A) Effect of chelators on 5°Fe mobilization from prelabeled
SK-N-MC neuroepithelioma cells. Cells were prelabeled with 5°Fe-Tf (0.75 uM) for 3
hours at 37°C, washed, and then reincubated for 3 hours at 37°C in the presence of
medium alone (control) or medium containing the chelators (25 wM). (B) Effect of the
chelators at preventing 5°Fe uptake from 59Fe-Tf by SK-N-MC cells. Cells were
incubated for 3 hours at 37°C in media containing either 5°Fe-Tf (0.75 wM) alone
(control) or 5°Fe-Tf (0.75 pM) and the chelators (25 pM). After this incubation, the
cells were washed and incubated with pronase (1 mg/mL) for 30 minutes at 4°C to
measure internalized 5°Fe.13.14 (C) Effect of the chelators on 5°Fe mobilization from
prelabeled M109 cells as a function of chelator concentration. M109 cells were
prelabeled as described for panel A, then reincubated with the chelator (0.2-25 M)
for 3 hours at 37°C. (D) Effect of the chelators at preventing 5°Fe uptake from 5°Fe-Tf
by M109 cells as a function of chelator concentration. M109 cells were incubated with
59Fe-Tf (0.75 wM) in the presence of the chelators (0.2-25 pM) for 3 hours at 37°C.
Cells were washed and incubated with pronase as described for panel B. Results are
expressed as the mean =+ SD of 3 replicates in a typical experiment of 3 performed.
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Figure 4. Dose-dependent inhibition of M109 lung carcinoma growth in mice by Dp44mT and 3-AP. (A) Dp44mT and, to a greater extent, 3-AP markedly decreased the
growth of M109 lung carcinoma in mice after a 5-day treatment regimen. (B) Induction of apoptosis in tumors after injection of (i) vehicle control or (ii) Dp44mT, as determined
using TUNEL assay. (A) 1 X 105 M109 cells were subcutaneously implanted in CD2F1 mice. The chelators Dp44mT and 3-AP were injected intravenously twice daily for 5
consecutive days starting on the fourth day after tumor implantation. Tumor weight was measured on the 12th day after implantation. n = 8 in each experimental group. Data
were analyzed using the Student t test. *P < .05 compared with control. **P < .01 compared with control. ***P < .0001. (B) M109 lung carcinoma specimens from mice treated
as for panel Awith (i) vehicle control or (i) Dp44mT were fixed in 10% (vol/vol) buffered formalin and embedded in paraffin. Sections were stained for apoptotic cells in situ using
the TUNEL assay. Positive nuclei stained brown, and negative nuclei stained blue. Results in panel Aare mean *= SEM for 3 experiments, whereas data in panel B are typical of

results found in 3 separate experiments.

Initial studies were performed using M109 carcinoma cells in
culture to determine the effect of Dp44mT on mobilizing intracellu-
lar 5°Fe (Figure 3C) and inhibiting 5°Fe uptake from *°Fe-Tf (Figure
3D). Again, as controls, cells were incubated with DFO and
311.232445 The effect of ligand concentration on increasing >°Fe
mobilization was examined by labeling M109 cells with °Fe-Tf
(0.75 M) for 3 hours at 37°C followed by washing and reincuba-
tion with the chelators (0.2-25 wM) for 3 hours at 37°C (Figure
3C). DFO was the least effective ligand examined, and at 25 pM it
released only 12% *+ 1% 59Fe, whereas control medium released
8% *+ 1% (Figure 3C). In contrast, 311 increased cellular *°Fe
release from 8% = 1% (control medium) to 60% = 1% at 5 wM
(Figure 3C). Dp44mT was slightly less effective than 311; at 1 uM,
59Fe release plateaued, resulting in the efflux of 48% = 2% of °Fe
(Figure 3C).

The most active compound for inhibiting 5°Fe uptake by M109
cells was 311 (Figure 3D). At 1 uM, 311 reduced %°Fe uptake to
40% = 4% of the control. In contrast, DFO had little effect. The
activity of Dp44mT was similar to that of 311 upto 5 uM, whereit
reduced 9Fe uptake to 30% =+ 1% of the control (Figure 3D). At
higher concentrations, up to 25 wM, 311 was more effective than
Dp44mT. These studies (Figures 2 and 3) and the marked
antiproliferative activity of Dp44mT (Figure 2; Table 1) demon-
strated that it was a potent antitumor agent.

Dose-dependent inhibition of M109 lung carcinomain mice

In control mice, the M 109 tumor grew rapidly. In fact, 7 days after
engraftment, the tumor wet weight was approximately 0.1 g, and
thisincreased after 14 days to approximately 1 g. Figure 4A shows
the effects of 0.15, 0.3, and 0.4 mg/kg Dp44mT (MTD, 0.4 mg/kg)

on tumor growth after intravenous injection twice daily for 5
consecutive days. As a relevant positive control, animals were
administered 3-APat itsMTD (6 mg/kg). Dp44mT inhibited tumor
growth in a dose-dependent manner (Figure 4A). At 0.4 mg/kg, it
reduced tumor weight to 47% (P < .01) of control values (control
tumor weight, 0.48 = 0.08 g). 3-AP was markedly more effective
than Dp44mT, significantly (P < .001) reducing tumor weight to
10% of the control (Figure 4A).

No significant differences occurred in weight loss or leukocyte
cell count in the control mice compared with mice treated with
Dp44mT (Table 2). However, compared with the control group,
slight (P < .05) decreasesin hemoglobin level, hematocrit, erythro-
cyte count, and platelet count were observed in animals treated
with Dp44mT at itsMTD (0.4 mg/kg) but not at lower doses (Table
2). Interestingly, Dp44mT at 0.15 and 0.3 mg/kg significantly
(P < .005) increased platelet counts (Table 2), an observation
consistent with the finding that some thiosemicarbazones mimic
thrombopoietin.”? In contrast to Dp44mT, 3-AP at its MTD (6
ma/kg) markedly and significantly (P < .0001) decreased animal
weight, hemoglobin level, hematocrit, and erythrocyte and leuko-
cyte cell counts (Table 2). These data suggested that though 3-AP
markedly reduced tumor weight, at this dose the compound was
systemically toxic.

Increased numbers of apoptotic cells in Dp44mT-treated tumor
samples from mice and examination of apoptosis in
cultured M109 cells

Using the in situ TUNEL assay, tumor samples from animals
treated with Dp44mT (0.4 mg/kg) (Figure 4Bii) showed clear

Table 2. Weight loss and hematologic indices from mice treated with vehicle alone (control), Dp44mT, or 3-AP

Dp44mT
Control 0.15 mg/kg 0.3 mg/kg 0.4 mg/kg 3-AP, 6 mg/kg

Body weight loss, g 0.8 +0.3 1.4 +0.2 1.3 +0.3 1.1 +0.2 53+04
WBC count, X 109/L 44+ 04 42 +0.8 42 +04 3.9*+06 14+03
RBC count, X 10%2/L 9.1 0.2 9.4 +0.1 89+04 8.0 = 0.6 6.1 +0.4
Hemoglobin level, g/L 137 = 2 140+ 2 133 =5 118 = 8 86 =5
Hematocrit 0.46 += 0.01 0.46 = 0.01 0.40 = 0.03 0.40 = 0.01 0.28 = 0.01
Platelet count, x 109/L 788 = 47 1047 *+ 42 1019 =+ 87 636 = 88 976 = 171

Female CD2FI mice, aged 8 to 10 weeks, underwent xenografting with M109 tumor cells. Dp44mT or 3-AP was administered intravenously twice daily for 5 consecutive

days from day 4 after tumor implantation. Total body weight was measured on the 12th day after implantation (see “Materials and methods”). Mice were killed, and cardiac
puncture was performed. Hematologic indices were measured as described in “Materials and methods.” Results are mean = SEM (3 separate experiments). WBC indicates
white blood cell; RBC, red blood cell.
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evidence of increased apoptotic cell death compared with vehicle-
treated controls (Figure 4Bi). To further investigate the apoptotic
pathwaysinduced by Dp44mT, cultured M 109 cells wereincubated
with the chelator for 24 hours and were analyzed for apoptosis or
necrosig/late-stage apoptosis using Annexin V—FITC and Pl stain-
ing, respectively. There was a dose-dependent elevation in apopto-
tic and necrotic/late-stage apoptosis cells after Dp44mT treatment
(Figure 5A). Exposing cellsto 1 wM Dp44mT caused a significant
(P < .05) increase of apoptotic and necrotic/late-stage apoptotic
cell numbers, and thisincrease in apoptotic cells peaked at 100 uM
Dp44mT (Figure 5A). Using Dp44mT at 250 wM, apoptotic cell
numbers decreased to 20% =+ 2%, and the necrotic cell/late-stage
apoptotic population increased to 42% =+ 6%, suggesting dose-
dependent cytotoxicity.

Induction of apoptosis by Dp44mT (1 pwM) was aso time
dependent (Figure 5B). Incubation with 1 wM Dp44mT for 12
hours caused a significant (P < .001) increase in apoptotic cells
(12% =+ 2%). Hence, at 1 wM, Dp44mT markedly promoted 5°Fe
release (Figure 3A,C), inhibited %°Fe uptake (Figure 3B,D), and
induced apoptotic cell death (Figure 5B). Therefore, 1 uM
Dp44mT was assessed to further investigate the apoptotic path-
ways that were induced.

Protein levels and activities of caspase-3, -8, and -9 in M109
cells after incubation with Dp44mT

To determine the role of caspase activation in Dp44mT-induced
apoptosis in M109 cells, we examined protein levels of active
caspase-3, -8, and -9 (Figure 6A-B) and their enzymatic activity
(Figure 6C-D). Short incubations of 2 hours with Dp44mT (1 M)
increased the protein levels of caspase-3, -8, and -9 to 168%, 122%,
and 171% of the control, respectively. Incubating M109 cells with
Dp44mT (1 wM) for 6 hours resulted in an increase of caspase-3 to
400% of the control; increases of caspase-9 and caspase-8 wereless
marked at 280% and 150% of control, respectively (Figure 6A-B).
A 12-hour incubation with Dp44mT resulted in caspase-8 protein
levels of 400% of the control; levels for caspase-3 and -9 remained
approximately the same asthey were at 6 hours (380% and 280% of
control, respectively). An incubation of 24 hours with Dp44mT
increased the protein level of all caspases to approximately 4-fold
that of control cells. After 48 hours, caspase-3, -8, and -9 levels
were 5.5-, 3.4-, and more than 10-fold those of control cells,
respectively (Figure 6A-B).

After incubation with Dp44mT (1 wM), the enzymatic activity
of the caspases (Figure 6C) did not directly correlate with their
protein levels (Figure 6A-B). The reasons for this could be due to
differencesin the sensitivity of the Western blot compared with the
enzymatic activity assays and the different catalytic efficiencies of
each caspase for its substrate. Caspase-3 activity increased most
markedly after 6 hours, and this occurred in a time-dependent
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Figure 6. Effect of Dp44mT (1 pM) on the protein levels of active caspase-3, -8,
and -9 and the activity of caspase-3, -8, and -9 in cultured M109 cells in the
absence and presence of cell-permeable caspase inhibitors. (A) Caspase-3, -8,
and -9 levels after Dp44mT treatment at the indicated times as detected by Western
blotting (top blots). Anti—B-actin antibody was used to ensure equal protein loading
(bottom blot). (B) Densitometric analysis of the expression of caspase-3, -8, and -9 as
a function of time normalized to B-actin. (C) Caspase activity induced by Dp44mT (1
M) at 0 to 48 hours was expressed as a percentage of the 0-hour time value. (D)
Cell-permeable inhibitors of caspase-3, -8, or -9 at 1 wM prevented activation of these
enzymes when incubated with Dp44mT (1 wM) for 48 hours. Results are mean *
SEM of 3 separate experiments. Horizontal dashed line indicates 100%.

manner to 2900% of the control after 48 hours (Figure 6C).
Caspase-8 and -9 activities increased to afar lesser extent, namely
to 299% and 354% of the control after 12-hour incubation with
Dp44mT (Figure 6C). The activity of these latter enzymes pla-
teaued at 400% to 600% of the control after 24 hours (Figure 6C).
Membrane-permeable inhibitors of each caspase at 1 pM reversed
their activation when incubated with Dp44mT (1 M) for 48 hours
(Figure 6D), demonstrating the specificity of the activity.

Release of h-cytc from mitochondria into the cytosol after
incubation with Dp44mT

Because of the importance of mitochondrial h-cytc release in
apoptosis induction,%253 we investigated the effect of Dp44mT on
this process using Western blot analysis (Figure 7A). Little h-cytc
expression was evident in the cytosolic fractions of control M 109
cells (ie, at 0 hours), with the greatest amount of the molecule
found in the SMM at this time (Figure 7A). However, after 2-hour
exposure to Dp44mT (1 wM), h-cytc was found in the cytosolic
fraction of M 109 cells, and there was a concomitant decrease in the
SMM levels of this molecule (Figure 7A). The release of h-cytc
into the cytosol plateaued after 4-hour incubation with Dp44mT
and then decreased to that found in control cells after 24 and 48
hours. This increase in cytosolic h-cytc correlated with the loss
from the SMM (Figure 7A). The near complete disappearance of
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40 Apoptotic cells 40 Apoptotic cells
Figure 5. Effect of Dp44mT on M109 cellular apoptosis or necrosis/ 30 10
late-stage apoptosis. (A) Chelator concentration. M109 cells were
incubated with Dp44mT at 0 to 250 pM for 24 hours at 37°C. Cellular 20 20

apoptosis and necrosis/late-stage apoptosis were measured using An-
nexin V=FITC and Pl staining, respectively (see “Materials and methods”).
(B) Incubation time. M109 cells were treated with Dp44mT (1 wM) for
various incubation times (0-48 hours). Cellular apoptosis and necrosis/late-
stage apoptosis were measured as described for panel A. Data plotted are
mean = SEM of 3 separate experiments.
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Figure 7. Effect of Dp44mT (1 pM) in cultured M109 cells on the holo-
cytochrome c (h-cytc) levels in cytosolic and stromal-mitochondrial membrane
(SMM) fractions and mitochondrial protein levels of Bcl-2 and Bax. (A) Cytosolic
and SMM fractions of M109 cells were separated and subjected to Western blotting
with anti-h-cytc antibody. The blot was reprobed with an anti—B-actin antibody to
ensure equal protein loading. Densitometric analyses are shown beneath the blots;
expression is normalized to B-actin. (B) Protein levels of Bcl-2 and Bax were
determined through Western blotting using the SMM fraction of M109 cells after
incubation with Dp44mT for O to 48 hours. Anti—B-actin antibody was used to ensure
equal protein loading. Densitometric analysis is shown beneath each blot, where
expression is normalized to B-actin. Results in panels Aand B are representative of 3
experiments.

h-cytc from the cytosol at 24 and 48 hours may have been dueto its
release from cells or its degradation®3 (Figure 7A).

Bcl-2 and Bax expression in M109 cells after incubation
with Dp44mT

Considering the roles of Bcl-2 and Bax in the mitochondrial
pathway of apoptosis and their roles in h-cytc release,526162 the
effect of Dp44mT (1 wM) on the SMM protein levels of these
molecules was determined through Western blotting (Figure 7B).
After incubation with Dp44mT (1 wM), the antiapoptotic molecule
Bcl-2 gradually decreased as a function of time to 69% and 37% of
the O-hour time point after 2 hours and 48 hours, respectively
(Figure 7B). Conversely, Bax expression increased markedly after
a48-hour incubation with Dp44mT, reaching 500% of that found at
0 hours (Figure 7B).

Intracellular ROS generation after incubation with Dp44mT

Cytotoxic mechanisms of some thiosemicarbazones involve redox
cycling of their bound Fe and the generation of ROS.”° Consider-
ing that oxidative stress readily induces h-cytc release from the
mitochondrion (Figure 7A) and the imbalance of Bcl-2/Bax
expression® (Figure 7B), we hypothesized that these responses
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were caused by ROS generated by the Dp44mT-Fe complex. To test
this, intracellular ROS were measured by flow cytometry using the
H,DCF-DA probe, which becomes fluorescent when oxidized by
0,7, H,O,, or HO-."t

Incubating M109 cells with Dp44mT (1 wM) increased the
levels of oxidized probe as a function of time. After 2 hours, a
25% =+ 10% increase in oxidized H,DCF-DA fluorescence was
found compared with the 0-hour time point, and this increased to
486% =+ 96% after 48 hours. For comparison, a 10-minute incuba-
tion with the positive control, H,O, (50 wM), increased fluores-
cenceto 1312% =+ 46% of that at the O-hour time point.

Discussion

Increased resistance among some cancers to standard treatment has
led to the investigation of new therapeutic strategies and to our
examination of the activity of novel DpT analogs. The antiprolifera-
tive activity of some of these chelators (eg, Dp44mT) was greater
than ligands previously characterized by others?>28 and our labora-
tory.923.24 |ndeed, their activity was greater than that of 311 and
3-AP and was similar to that of doxorubicin (Table 1). Signifi-
cantly, Dp44mT induced apoptosis and inhibited the growth of an
aggressive lung carcinoma in vivo to 47% of control after only 5
days of treatment (Figure 4A). This pronounced activity was not
accompanied by marked systemic hematologic indications of Fe
deprivation or toxicity (Table 2), demonstrating its selectivity
against tumor cells. Clearly, though these data suggest some
selectivity in terms of chelator activity, more detailed studies are
essential to assess the hematologic effects of the compounds and
their influence on hematopoiesis using arange of time points.

Theability of DpT ligandstoinhibit tumor cell growth (Table 1) was
shown to correlate with their efficacy to induce >°Fe release (Figure 3A)
and to prevent S9Fe uptake (Figure 3B). Indeed, the Fe chelation
activitiesof Dp44mT, DpdmT, Dp4eT, Dp4al, and DpdpT were sSmilar
to those found for 311 and greater than those mediated by DFO. The
ahility of these compounds to inhibit growth by binding Fe was evident
by assessing Dp2mT. This ligand has a methyl group at the 2-position
(Figure 1A) that prevented eectron delocdization and inhibited metal
binding (Figure 3A-B), and it resulted in no antiproliferative activity
(Table 1). Collectively, these results demondtrate that ligands are potent
chdlators and that Fe chelation is involved in their ability to inhibit
proliferation.

Our design rationale in creating these compounds has been
based on the tridentate aroylhydrazone chelators characterized in
our laboratory.”-921-244564 \We recently showed that the analogous
PKIH series of ligands (Figure 1) are tridentate.”* Hence, based on
the close structural similarities between the PKIH and DpT
chelators (Figure 1), these latter ligands will be tridentate and will
have a high affinity for Fe. Considering the formation constants for
the related PCIH™ and the solution and electrochemistry of the
PKIH analogs,” it can be predicted that the DpT analogs will bind
Fe(I1) with high affinity. Aswith all Fe chelators, these ligands will,
to some extent, also bind Zn(lI1) and Cu(I1).” Because depletion of
other metals, such as Zn(ll), can also modulate apoptosis,’ we
cannot exclude that the apoptosis observed may be caused by
chelators binding more than one type of metal ion.

Previous studies have shown that the ability of a chelator to bind
cellular Feleads to gpoptosis 2426435156 |f Fe chelators effect tumor cell
desth by engaging the apoptotic pathway, then regulating gpoptosis
becomes important for inhibiting cancer cell proliferation. Because
Dp44mT was the most effective chelator yet screened for antitumor
activity, it was crucial to assessits ahility to induce gpoptosis.
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Consdering the mode of apoptoss, the most striking increase in
enzymatic activity was observed for caspase-3, which increased 29-fold
compared with the control after a 48-hour incubation with Dp44mT
(Figure 6C). In previous studies the chelators, hinokitiol,”” and O-
Trensox® aso markedly incressed caspase-3 activity, though other
caspases were not assessed. The most detailed analysis of caspase
activity after incubation with chelators has been provided for tachpyri-
dine5! This latter invedtigation showed that caspase-9 activity was the
most markedly induced, with less activity observed for caspase-3 and
-85 |n contradt, in the current work, Dp44mT markedly increased
caspase-3, with less activation of caspase-8 and -9 (Figure 6C), and
these differences probably related to the different chemical properties of
Dp44mT and tachpyridine.

To further investigate the mechanism of caspase activation, we
examined the efflux of h-cytc from the mitochondrion (Figure 7A).52
Incubation with Dp44mT for only 2 hours resulted in h-cytc release
from the mitochondrion (Figure 7A), and this occurred at asmilar time
to activation of caspase-3, -8, and -9 (Figure 6A-C). Thisindicated that
Dp44mT induced the mitochondrid pathway of apoptosis and ac-
counted, a least in part, for the activation of caspases. Interestingly,
h-cytc release within 2 hours (Figure 7A) coincided with the decreasein
mitochondriad Bcl-2 expression (Figure 7B), which is involved in
preventing h-cytc release® However, a marked increase in Bax
expression, which playsarolein h-cytc release and caspase activation,>
was only observed after 48 hours (Figure 7B).52 Theimbalance of Bcl-2
and Bax expression might have resulted in mitochondria h-cytc release,
asfound under other conditions.>?

Consdering h-cytc efflux from mitochondria, previous studies have
demonstrated that oxidant stressisan inducer of itsreleaseaswell asthe
down-regulation of Bcl-2, the up-regulation of proapo-
ptotic proteins (eg, Bax), the activation of caspases, and the rupture of
lysosomes. 07882 |ntriguingly, thiosemicarbazone-Fe complexes are
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markedly redox active.”.® Moreover, we have shown that the closdy
related group of PKIH chelators binds Fe(ll) and mediates Fenton
chemistry, resulting in DNA degradation.” In this investigation, an
increase in ROS was detected after 2-hour incubation with Dp44mT,
coinciding with h-cytc release (Figure 7A). Hence, aswith the doxorubi-
cin-Fe complex that redox cyclesto generate radical s, the Fe complex
of Dp44mT is redox active, and this could play arole in its cytotoxic
effects. Although our observationswere consistent with arole of ROSin
inducing h-cytc release, we cannot exclude other mechanisms. Indeed,
one pronounced effect of Dp44mT was Fe chelation (Figure 3A-D). Itis
well known that ligandsthat do not generate ROS on binding Fe, such as
DFO and 311,7%%* induce apoptosis?+®! The fact that DFO induces
h-cytc release® suggests Fe chelation alone may be sufficient to induce
thiseffect.

In conclusion, the novel DpT anal ogs show potent and selective
antiproliferative activity against cancer cells in vitro and in vivo.
Indeed, Dp44mT isone of the most effective chelators developed in
terms of its selective antitumor activity, and it warrants further
vigorousinvestigation.
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