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ABSTRACT

Pancreatic cancer is an aggressive neoplasm, with a mortality
rate close to 100%. The most successful agent for pancreatic
cancer treatment is gemcitabine, although the overall effect in
terms of patient survival remains very poor. This study was
initiated to evaluate a novel class of anticancer agents against
pancreatic cancer. This group of compounds belongs to the
dipyridyl thiosemicarbazone class that have been shown to
have potent and selective activity against a range of different
neoplasms in vitro and in vivo. We demonstrate for the first time
in pancreatic cancer that these agents increase the expression
of the growth and metastasis suppressor N-myc downstream-
regulated gene 1 and its phosphorylation at Ser330 and Thr346
that is important for its activity against this tumor. In addition,
these agents increased expression of the cyclin-dependent

kinase inhibitor p21¢/7"/WAF? " \whereas decreasing cyclin D1 in
pancreatic cancer cells. Together, these molecular alterations
account, in part, for the pronounced antitumor activity ob-
served. Indeed, these agents had significantly higher antipro-
liferative activity in vitro than the established treatments for
pancreatic cancer, namely gemcitabine and 5-fluorouracil.
Studies in vivo demonstrated that a novel thiosemicarbazone,
namely di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemi-
carbazone hydrochloride, completely inhibited the growth of
pancreatic cancer xenografts with no evidence of marked al-
terations in normal tissue histology. Together, our studies have
identified molecular effectors of a novel and potent antitumor
agent that could be useful for pancreatic cancer treatment.

Introduction

Pancreatic cancer is a devastating disease that is fatal in
98 to 100% of cases, with the survival from this disease being
the same today as it was 20 years ago (Jemal et al., 2009).
Although there have been increasing efforts to better under-
stand the pathogenesis and improve treatment options for
pancreatic cancer (Custodio et al., 2009; Furukawa, 2009),
the prognosis for those with this illness remains poor. The
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standard treatment for pancreatic cancer is the anticancer
agent gemcitabine (Fig. 1A), often given in combination with
other chemotherapeutics such as 5-fluorouracil (Fig. 1B)
(Custodio et al., 2009). Gemcitabine is an analog of the nu-
cleoside deoxycytidine, which functions to inhibit ribonucle-
otide reductase and also initiates DNA strand termination
and apoptosis (Wong et al., 2009). However, the success of
gemcitabine and its combinations with other agents for pan-
creatic cancer treatment has been limited, with an average
increase in patient lifespan of only 3 months (Custodio et al.,
2009).

Considering the highly aggressive nature of this disease
and the limited progress in the development of effective ther-
apeutic strategies, we sought to examine a new approach to
pancreatic cancer treatment that involves targeting the prod-
uct of the growth and metastasis suppressor N-myc down-

ABBREVIATIONS: NDRG1, N-myc downstream-regulated gene 1; Bax, Bcl-2-associated X protein; Bcl-2, B-cell CLL/lymphoma 2; DFO,
desferrioxamine; DpC, di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone hydrochloride; Dp44mT, di-2-pyridylketone 4,4-dimethyl-
3-thiosemicarbazone; HIF-1, hypoxia-inducible factor-1; MTD, maximum tolerated dose; PARP, poly(ADP-ribose) polymerase; 3-AP, 3-amino-
pyridine-2-carboxaldehyde thiosemicarbazone; 311, 2-hydroxy-1-naphthaldehyde isonicotinoyl hydrazone; AV, Annexin V; MTT, 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium; PI, propidium iodide; ROS, reactive oxygen species.
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stream-regulated gene 1 (NDRG1) (Kovacevic and Richard-
son, 2006; Ellen et al., 2008). This latter protein inhibits both
growth and metastasis and angiogenesis of pancreatic cancer
in vivo, leading to reduced tumor progression (Maruyama et
al., 2006). Moreover, NDRG1 expression has also been corre-
lated with increased differentiation of pancreatic cancers
(Angst et al., 2006). Therefore, NDRG1 may be a promising
therapeutic target for the treatment of this disease.

One potential strategy for targeting NDRG1 in pancreatic
cancer is through the use of novel thiosemicarbazones, which
have been demonstrated previously to up-regulate NDRG1 in
vitro and in vivo via their ability to increase the hypoxia-
inducible factor-1 (HIF-1) (Le and Richardson, 2004; Whit-
nall et al., 2006; Kovacevic et al., 2008). The mechanism
involved in this effect is mediated through the binding of
intracellular iron by thiosemicarbazones and other iron ch-
elators, which inhibits HIF-1«a degradation (Le and Richard-
son, 2004).

Iron is an essential element necessary for a variety of
crucial metabolic processes, including ribonucleotide reduc-
tase, which catalyzes the rate-limiting step in DNA synthesis
(Kalinowski and Richardson, 2005). The suitability of iron
chelators as anticancer agents was first discovered when the
iron chelator desferrioxamine (DFO; Fig. 1C), which is pri-
marily used for iron-overload diseases such as B-thalassemia
(Aouad et al., 2002), was successfully used in clinical trials
for neuroblastoma (Buss et al., 2003). Since then, iron chela-
tors designed specifically for the treatment of cancer have
been developed with the thiosemicarbazone 3-aminopyri-
dine-2-carboxaldehyde thiosemicarbazone (3-AP; Fig. 1D),
entering a wide variety of phase I and II clinical trials (Lan-
dry et al., 2010). However, the latter agent has shown con-
siderable problems, including low efficacy and serious side
effects, including methemoglobinemia and hypoxia (Kali-
nowski and Richardson, 2005).

Thiosemicarbazones can bind both iron and copper, leading
to the formation of redox-active complexes that produce re-
active oxygen species (ROS) that induce cancer cell cytotox-
icity (Yuan et al., 2004; Kalinowski and Richardson, 2005;
Jansson et al., 2010). One of the most active thiosemicarba-
zones developed to date is di-2-pyridylketone 4,4-dimethyl-3-
thiosemicarbazone (Dp44mT; Fig. 1E) (Yuan et al., 2004;
Kalinowski and Richardson, 2005; Whitnall et al., 2006).
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Dp44mT has been demonstrated to markedly reduce the
growth of multiple tumors in vitro and in vivo, being more
potent and less toxic than 3-AP (Whitnall et al., 2006). How-
ever, studies using high, nonoptimal doses of Dp44mT found
that it induced cardiotoxicity in nude mice (Whitnall et al.,
2006). Hence, in an effort to develop highly potent yet less
toxic thiosemicarbazones, Dp44mT was modified to generate
a novel second-generation thiosemicarbazone, di-2-pyridyl-
ketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone hydrochlo-
ride (DpC; Fig. 1F).

The aim of this study was to examine the mechanism of
action and the activity of Dp44mT and its novel analog, DpC,
in vitro and in vivo. We demonstrate that these thiosemicar-
bazones affect a variety of molecular targets including
NDRG1, p21CPVWAFL  and cyclin D1 and are significantly
more effective at inhibiting proliferation and inducing apop-
tosis in vitro compared with the current agent of choice,
gemcitabine, in three of four pancreatic cancer cell types.
Furthermore, in vivo studies showed that DpC completely
inhibits pancreatic tumor growth, being significantly more
effective and less toxic than Dp44mT. Hence, DpC may be an
effective new treatment strategy against pancreatic cancer.

Materials and Methods

Cell Culture. The pancreatic cancer cell lines MIAPaCa-2,
PANC-1, CAPAN-2, and CFPAC-1 were from the American Type
Culture Collection (Manassas, VA). MIAPaCa-2 and PANC-1 cells
are both epithelial cells that were derived from pancreatic carci-
nomas. CAPAN-2 cells are polygonal cells derived from a pancre-
atic adenocarcinoma, whereas CFPAC-1 cells are epithelial cells
derived from a liver metastasis that originated from a pancreatic
adenocarcinoma.

The MIAPaCa-2, PANC-1, and CFPAC-1 cell types were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen, Sydney, Australia),
whereas CAPAN-2 cells were grown in McCoy’s medium (Invitro-
gen). All media were supplemented with 10% (v/v) fetal calf serum,
1% (v/v) nonessential amino acids, 1% (v/v) sodium pyruvate, 2 mM
L-glutamine, 100 pg/ml streptomycin, and 100 U/ml penicillin (all
from Invitrogen). Cells were grown in an incubator (Thermo Fisher
Scientific, Waltham, MA) at 37°C in a humidified atmosphere of 5%
CO, and 95% air and subcultured by standard methods, as described
previously (Le and Richardson, 2004).

Reagents. Gemcitabine (Gemzar) was purchased from Eli Lilly &
Co. (Indianapolis, IN). 5-Fluorouracil was obtained from Sigma-
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Aldrich (St. Louis, MO). DFO was from Novartis (Basel, Switzer-
land). The iron chelator Dp44mT was synthesized and characterized
as described previously (Richardson et al., 2006).

The novel iron chelator DpC was synthesized using a combination
of established methods (Scovill, 1990; Richardson et al., 2006). In
brief, carbon disulphide (0.2 mol) was added drop-wise to N-methyl-
cyclohexylamine (0.2 mol) in NaOH solution (250 ml, 0.8 M) and
allowed to react until the organic layer almost disappeared. Next,
sodium chloroacetate (0.2 mol) was added to the aqueous extract and
allowed to react overnight at room temperature. The addition of
concentrated HCI (25 ml) produced the solid carboxymethyl thiocar-
bamate intermediate. Then, 0.08 mol of the latter compound was
dissolved in 20 ml of hydrazine hydrate plus 10 ml of water. This was
followed by five cycles of gentle heating (until fuming) and cooling.
The solution was then allowed to stand until fine white crystals of
thiosemicarbazide formed. A solution of the thiosemicarbazide (10
mmol) in water (15 ml) was added to di-2-pyridyl ketone (10 mmol)
dissolved in EtOH (15 ml). Next, five drops of glacial acetic acid were
added, and the mixture was refluxed for 2 h and cooled to 5°C to give
the yellow Dp4cycH4mT precipitate. Finally, Dp4cycH4mT was dis-
solved in a minimum volume of ice-cold hexane, and equimolar HCl
was added to create the HCI salt Dp4cych4mT-HCI1 (DpC). The purity
of the compound was characterized using a combination of elemental
analysis (calculated: C, 47.52%; H, 6.82%; N, 14.58%; Found: C,
47.04%; H, 6.54%; N, 15.02%; Department of Chemistry and Biomo-
lecular Sciences, Macquarie University, Sydney, NSW, Australia),
infrared spectroscopy, mass spectroscopy, and *"H NMR spectroscopy
(data not shown).

Western Blot Analysis. Protein isolation was performed as de-
scribed previously (Dunn et al., 2006), and Western analysis was
achieved via established protocols (Gao and Richardson, 2001). The
primary antibodies used were goat anti-human NDRG1 (Abcam Inc.,
Cambridge, MA); rabbit anti-human p21¢7#VWAFI rapbit anti-hu-
man pNDRG1 (Ser330), rabbit anti-human pNDRG1 (Thr346), rab-
bit anti-human cleaved PARP, rabbit anti-human Bax, and rabbit
anti-human Bcl-2 (all from Cell Signaling Technology, Danvers,
MA); and mouse anti-human cyclin D1 and B-actin (both from Santa
Cruz Biotechnology, Santa Cruz, CA).

Flow Cytometry. Flow cytometry using Annexin V and pro-
pidium iodide (PI) labeling was used to examine apoptosis in re-
sponse to the thiosemicarbazones and gemcitabine using standard
methods (Yuan et al., 2004). In brief, cells were seeded in T25 flasks
and allowed to adhere overnight. The cells were then treated with
either 10 or 20 uM gemcitabine, Dp44mT, or DpC and incubated for
48 h at 37°C. The cells were harvested and prepared using the
Annexin V apoptosis kit (BD Biosciences, San Jose, CA) following the
manufacturer’s instructions and examined using a FACSCalibur
flow cytometer (BD Biosciences). Results were analyzed using Cell-
Quest software (BD Biosciences).

MTT Cellular Proliferation Assay. Cellular proliferation was
examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium (MTT; Sigma-Aldrich) assay after a 72-h/37°C incubation
using standard methods (Richardson et al., 1995). As shown previ-
ously, MTT color formation was directly proportional to the number
of viable cells (Richardson et al., 1995), validating its use in these
studies.

Maximum Tolerated Dose Studies in Nude Mice. In vivo
experiments were approved by the Animal Ethics Committee (Uni-
versity of Sydney). Before studies assessing antitumor activity of the
novel thiosemicarbazone DpC were initiated, maximum tolerated
dose (MTD) experiments were performed, as described previously
(Yuan et al., 2004; Whitnall et al., 2006) using BALBc nu/nu nude
mice (Animal Resources Facility, Perth, Western Australia). The
MTD was defined as the dose at which 30% of the cohort was killed
because of markedly deteriorating health or lost body weight in
excess of 10% (Yuan et al., 2004; Whitnall et al., 2006).

Tumor Xenografts in Nude Mice. In these studies, 8-week-old
female nude mice (BALBc nu/nu) were used and tumor xenografts

established by standard techniques (Whitnall et al., 2006). In brief,
each mouse was injected subcutaneously with 2 X 10 PANC-1 cells
suspended in Matrigel (BD Biosciences). Tumor size was measured
by Vernier calipers, and tumor volume was calculated as described
previously (Balsari et al., 2004). Once the tumors reached an average
of 90 mm?, the treatment began (day 0; Fig. 7A). The chelators,
Dp44mT and DpC, were dissolved in 30% propylene glycol in 0.9%
saline and injected intravenously (via the tail vein) 5 days/week
(Monday to Friday) (Whitnall et al., 2006). Gemcitabine was dis-
solved in 15% propylene glycol/0.9% saline and injected intraperito-
neally every third day as per an established protocol (Laquente et al.,
2008). Each group of mice (n = 8) received either gemcitabine (5
mg/kg), Dp44mT (0.4 mg/kg), DpC (5 mg/kg), or the vehicle control.
This treatment regimen was implemented based on the MTD studies
performed in our laboratory and previous studies using these agents
(Whitnall et al., 2006; Laquente et al., 2008). The vehicle control
group was subdivided into two groups (n = 4) with the first group
receiving an intravenous injection of 30% propylene glycol/0.9% sa-
line, 5 days/week, which acted as a control for the iron chelator
treatment group. The second control group received 15% propylene
glycol/0.9% saline intraperitoneally every third day and was the
appropriate control for the gemcitabine treatment. Once control tu-
mors reached 1000 mm?, the animals were euthanized because of
ethical requirements.

Hematology and Histology. Upon completion of the in vivo
experiment, blood was collected by cardiac puncture and hematolog-
ical indices assayed by standard methods (Dunn et al., 2006). Tis-
sues, including organs and tumors, were embedded in paraffin blocks
and sectioned. Three different stains were used, namely hematoxylin
and eosin, Perls, or Gomori-Trichrome. The histological analysis and
quantification of pathological features was performed by an indepen-
dent veterinary pathologist, Dr. Terrence Rothwell (Rothwell Con-
sulting, Avalon Beach, NSW, Australia).

Statistical Analysis. Data were compared by using the Student’s
t test. Results were expressed as mean * S.D. unless otherwise
indicated. Data were considered statistically significant when p <
0.05.

Results

In Vitro Analysis of Novel Thiosemicarbazones for
the Treatment of Pancreatic Cancer. To assess the effi-
cacy of novel thiosemicarbazones against pancreatic cancer
and to compare their activity to gemcitabine, we first per-
formed in vitro studies examining crucial molecular targets.
These included the growth and metastasis suppressor,
NDRG1 (Kovacevic and Richardson, 2006), the cyclin-depen-
dent kinase inhibitor, p21¢/F¥/WAFI (Yy et al., 2007), and
cyclin D1 that is necessary for cell cycle progression (Yu et
al., 2007). Moreover, a number of apoptosis markers, as well
as the ability of these agents to induce apoptosis, was also
investigated. We also examined the anti-proliferative activity
of DFO, Dp44mT and DpC against four different pancreatic
cancer cell types in vitro compared with the standard chemo-
therapeutics for this disease, namely gemcitabine and 5-flu-
orouracil (Custodio et al., 2009).

Thiosemicarbazones Up-Regulate the Growth and
Metastasis Suppressor NDRG1 in Pancreatic Cancer
Cells. In the current study, we examined the effect of the
novel thiosemicarbazones, Dp44mT and DpC, and gemcit-
abine on total and phosphorylated NDRG1 (Ser330 and
Thr346) expression in four pancreatic cancer cell types (Fig. 2,
A-D). This was crucial to assess considering the widely re-
ported antitumor function of NDRG1 (Kovacevic and Rich-
ardson, 2006; Ellen et al., 2008) and its potential as a prom-
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Fig. 2. The thiosemicarbazones Dp44mT and DpC significantly up-regulate NDRG1 and its phosphorylation at Ser330 and Thr346, whereas
gemcitabine (Gem) has no effect. MIAPaCa-2 (A), PANC-1 (B), CAPAN-2 (C), and CFPAC-1 (D) cells were incubated with either control medium or

this medium containing Gem (5 or 10 uM), Dp44mT (5 or 10 uM), or DpC (5

or 10 uM) for 24 h/37°C, and NDRG1 expression was examined by Western

blotting. Two bands were detected for NDRG1 at approximately 43 and 44 kDa, and both were quantitated using densitometry. Antibodies specific for
NDRGT1 phosphorylated at Ser330 and Thr346 were also used to assess the effect of the agents on its phosphorylation. The gel photographs in A, B,

C, and D are representative of three experiments performed, whereas the
analysis, each treatment was compared with the untreated control; *, p <0

ising therapeutic target against pancreatic cancer (Angst
et al., 2006; Maruyama et al., 2006). Four pancreatic tu-
mor cell types, namely MIAPaCa-2, PANC-1, CAPAN-2,
and CFPAC-1 were incubated with 5 or 10 uM Dp44mT, DpC
or gemcitabine for 24 h/37°C, and NDRG1 protein expression
was then examined. Our results demonstrate that both
Dp44mT and DpC significantly (p < 0.05) up-regulated total
and phosphorylated (Ser330 and Thr346) NDRG1 protein
levels in all cell types examined (Fig. 2, A-D). On the other
hand, gemcitabine did not significantly (p > 0.05) alter total
or phosphorylated NDRG1 expression in any of the cell types
assessed compared with the untreated controls (Fig. 2).

As demonstrated previously (Murray et al., 2004; Kova-
cevic et al., 2011), we observed two bands for total NDRG1 in
each cell type examined (migrating at 43 and 44 kDa; Fig. 2),
and these may represent the different phosphorylation states
of this protein, as has been described previously (Murray et
al., 2004). Considering that both Dp44mT and DpC signifi-
cantly (p < 0.05) up-regulated the top band of NDRG1, as
well as the two different phosphorylated forms of this protein
(Ser330 and Thr346; at 44 kDa) in each cell-type examined
(Fig. 2), the top band may correspond to its phosphorylated
form. It is important to note that we also observed a very faint
lower band when probing with the antibody for Thr346 phos-
phorylated NDRG1, which may indicate another NDRG1 iso-
form. Although the biological relevance of the different phos-

densitometric analysis is mean * S.D. (three experiments). For statistical

.05 versus control; #*, p < 0.01 versus control; ##*, p < 0.001 versus control.

phorylation states of NDRG1 is yet to be conclusively
determined, a recent study has demonstrated that phosphor-
ylation of NDRG1 is important for its antitumor function in
pancreatic cancer (Murakami et al., 2010). Thus, our current
results are important for understanding the antitumor activ-
ity of these thiosemicarbazones.

Novel Thiosemicarbazones Modulate Other Key Pro-
teins Involved in Cell Cycle Progression, Namely
p21CIPVWAFL and Cyeclin D1. We recently discovered that
NDRGT1 can up-regulate the expression of the cyclin-depen-
dent kinase inhibitor p21¢F¥WAFI i a variety of cancer cell
types (Kovacevic et al., 2011). Considering this, together with
the fact that p21°/F?/WAF! j5 regulated by cellular iron levels
(Fu and Richardson, 2007) and that it plays a crucial role in
preventing G,/S progression (Yu et al., 2007), we further
examined the effect of our novel thiosemicarbazones and
gemcitabine on p21¢FYWAFL oxpression. Moreover, we also
investigated the expression of another crucial protein in-
volved in cell cycle progression, namely cyclin D1, which has
been demonstrated to be markedly decreased by iron chela-
tors in cancer cells (Nurtjahja-Tjendraputra et al., 2007) and
is another potential molecular target of thiosemicarbazones.

MIAPaCa-2, PANC-1, CFPAC-1, and CAPAN-2 cells were
incubated with either gemcitabine, Dp44mT, or DpC at a
concentration of 5 or 10 uM for 24 h/37°C, and protein levels
of p21C¢7P1WAFT and cyclin D1 were examined. Both Dp44mT
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and DpC significantly (p < 0.05) increased p21°7F7/WAFL ox.
pression, whereas significantly (p < 0.05) reducing cyclin D1
levels in each of the four cell types examined (Fig. 3, A-D). It
is noteworthy that gemcitabine was also able to markedly
reduce cyclin D1 levels in the MIAPaCa-2, PANC-1, and
CFPAC-1 cells, whereas having no significant effect in
CAPAN-2 cells (Fig. 3C). On the other hand, gemcitabine
reduced p21¢/7/WAFT gxpression in the PANC-1, CFPAC-1,
and CAPAN-2 cells, with no effect being observed in
MIAPaCa-2 cells relative to the control (Fig. 3). Hence, the
molecular effects of gemcitabine seem to be cell type-
dependent.

Together, the results above demonstrate that NDRG1 and
p21CIPVWAET are markedly up-regulated, whereas cyclin D1
is reduced in the pancreatic cancer cell types by Dp44mT and
DpC. Considering the antitumor function of NDRG1 in pan-
creatic cancer (Maruyama et al., 2006), these results suggest
that thiosemicarbazones may be a beneficial treatment strat-
egy against this disease. Hence, further in vitro studies ex-
amining the anti-proliferative efficacy of these agents were
performed.

Novel Thiosemicarbazones Are Significantly More
Effective at Inhibiting Proliferation of Pancreatic
Cancer Cells In Vitro Compared with Gemcitabine and
5-Fluorouracil. To examine the antiproliferative activity of
Dp44mT and DpC against pancreatic cancer in vitro, we
performed MTT proliferation assays with each of the four
pancreatic cancer cell types studied above compared with
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currently used treatments for this disease, namely gemcit-
abine and 5-fluorouracil (Custodio et al., 2009). Moreover, as
a further control, we also examined the well characterized
iron chelator DFO (Kalinowski and Richardson, 2005).

Examining the MIAPaCa-2, PANC-1, and CAPAN-2 cell
types, the highest antiproliferative activity was observed
with Dp44mT and DpC (Fig. 4, A-C) with their IC;, values
being significantly (p < 0.01) lower compared with gemecit-
abine and 5-fluorouracil (Table 1). In fact, the IC;, values for
Dp44mT and DpC were at least 4- and 2000-fold lower in
three of the four cell types compared with gemcitabine and
5-fluorouracil, respectively (Table 1). On the other hand,
DFO had relatively low antiproliferative activity, being sig-
nificantly (p < 0.001) less effective than the thiosemicarba-
zones probably because of its low membrane permeability
(Kalinowski and Richardson, 2005).

In contrast to the other cell types in which the thiosemi-
carbazones had the highest antiproliferative activity,
CFPAC-1 cells were more sensitive to gemcitabine than ei-
ther Dp44mT or DpC (Fig. 4D). In fact, the IC;, value for
gemcitabine was significantly (p < 0.05) lower than that of
Dp44mT or DpC (Fig. 4D; Table 1). However, it is notable
that Dp44mT and DpC had lower IC,, values than gemcit-
abine in CFPAC-1 cells (Fig. 4D; Supplemental Table 1),
suggesting that the thiosemicarbazones are effective at in-
hibiting proliferation of this cell type in vitro when used at
higher concentrations (Fig. 4D). These results demonstrate
the heterogeneity of pancreatic cancer and may reflect the
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Fig. 3. Effects of gemcitabine (Gem), Dp44mT, and DpC on p21¢/7?WAFI and cyclin D1 expression in pancreatic cancer cells. The thiosemicarbazones
Dp44mT and DpC markedly and significantly up-regulate p21“"#WAF! expression while significantly reducing cyclin D1 levels. MIAPaCa-2 (A),
PANC-1 (B), CAPAN-2 (C), and CFPAC-1 (D) cells. Cells were incubated with either control medium or this medium containing either Gem (5 or 10
uM), Dp44mT (5 or 10 uM), or DpC (5 or 10 uM) for 24 h/37°C, and Western blotting was then performed. The gel photographs are representative of
three experiments performed, whereas the densitometric analysis is the mean * S.D. (three experiments). For statistical analysis, each treatment was
compared with the untreated control; *, p < 0.05 versus control; **, p < 0.01 versus control.
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TABLE 1

Concentration (uM)

IC,, values of DFO, Dp44mT, DpC, and gemcitabine in four different pancreatic cancer cell lines after a 72-h incubation

Data are presented as ICj, values + S.D. (three to five experiments).

ICs
DFO Dp44mT DpC Gemcitabine 5-Fluorouracil
M
MIAPaCa-2 38.703 + 6.205 0.001 + 0.001 0.005 + 0.001 0.016 + 0.005 24.267 + 6.345
PANC-1 9.463 + 1.415 0.004 = 0.001 0.030 £ 0.002 10.988 + 0.799 62.303 = 6.536
CAPAN-2 6.954 + 5.427 0.001 + 0.001 0.020 * 0.008 40.791 * 4.723 54.247 + 17.129
CFPAC-1 14.742 * 3.059 0.200 = 0.054 0.203 £ 0.155 0.022 £ 0.020 41.221 = 1.069

different molecular alterations that determine sensitivity to
anticancer agents (Furukawa, 2009).

Both Gemcitabine and the Novel Thiosemicarba-
zones Dp44mT and DpC Induce Apoptosis in Pancre-
atic Cancer Cells. Considering that Dp44mT and DpC sig-
nificantly altered the expression of a number of proteins that
play key roles in growth and metastasis, namely NDRGI,
p21CIPVWAFL and cyclin D1, we further examined the effects
of these agents by assessing apoptosis in the four cell types
compared with gemcitabine.

Each cell type was incubated with 5 or 10 uM concentra-
tions of either gemcitabine, Dp44mT, or DpC for 24 h and a
number of apoptosis markers assessed, including cleaved
PARP, Bax, and Bcl-2 (Tang and Porter, 1996). We observed
that cleaved PARP was most effectively up-regulated by gem-
citabine in the MIAPaCa-2 and CFPAC-1 cell types compared
with the other pancreatic cancer cells examined (Fig. 5), and
this corresponds to the higher sensitivity of these cells to
gemcitabine (Fig. 4 and Table 1). However, PARP was also
cleaved by the thiosemicarbazones in these cells types, but to
a lesser degree than gemcitabine (Fig. 5, A and D). It is
noteworthy that PANC-1 and CAPAN-2 cells were more or
similarly sensitive to the thiosemicarbazones than gemcit-
abine, with Dp44mT (10 puM) being the most efficient at
inducing cleaved PARP (Fig. 5, B and C).

Expression of proapoptotic Bax (Tang and Porter, 1996)
was up-regulated by each of the compounds examined in all
four cell types with the exception being Dp44mT in
MIAPaCa-2 cells, in which no significant effect was observed
(Fig. 5A). Moreover, the expression of the antiapoptotic pro-
tein Bcl-2 (Tang and Porter, 1996) was significantly (p <
0.01) reduced by the thiosemicarbazones in each of the cell
types assessed, whereas gemcitabine only markedly reduced
Bcl-2 in CFPAC-1 cells (Fig. 5). Further studies examining
the expression of these molecules after a 48-h incubation
with these agents revealed generally similar results to that
observed after 24 h (Supplemental Fig. 1). The results above
highlight the different sensitivities of the pancreatic cancer
cells to the agents examined, demonstrating various molec-
ular responses that indicate the induction of apoptosis. To
clarify whether apoptosis was occurring, and to what degree,
we further examined pancreatic cancer cells by flow cytom-
etry after incubation with these agents.

Using Annexin V and PI labeling, we examined apoptosis
in each cell type via flow cytometry after treatment with
either 10 or 20 uM concentration of gemcitabine, Dp44mT, or
DpC for 48 h/37°C. These concentrations were used because
our molecular studies suggested that the thiosemicarbazones
induced markers of apoptosis at 10 uM more efficiently than
at 5 uM (Fig. 5). In addition, we examined the higher con-
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Fig. 5. Dp44mT, DpC, and gemcitabine modulate molecular markers of apoptosis in pancreatic cancer cells. To examine the ability of Dp44mT, DpC,
or gemcitabine to induce apoptosis, the following pancreatic cancer cell types were assessed: MIAPaCa-2 (A), PANC-1 (B), CAPAN-2 (C), and CFPAC-1
(D). Cells were incubated for 24 h/37°C with gemcitabine (Gem), Dp44mT, or DpC (5 or 10 uM), and then cleaved PARP, Bax, and Bcl-2 were examined
by Western analysis. The gel photographs are representative of three experiments, whereas the densitometric analysis is the mean = S.D. (three
experiments). For statistical analysis, each treatment was compared with the untreated control; *, p < 0.05 versus control; #*, p < 0.01 versus control.

centration of 20 uM to better distinguish the apoptotic effects
of the different agents. In these studies, DpC was consis-
tently the most effective agent at inducing late apoptosis
(Annexin V- and PI-positive) in each of the four cell types
examined at a concentration of 20 uM compared with both

gemcitabine and Dp44mT at the same concentration (Fig. 6).
The effects of DpC were most pronounced in the MIAPaCa-2,
PANC-1, and CAPAN-2 cell types, in which it was signifi-
cantly (p < 0.05) more effective than gemcitabine at the same
concentration (Fig. 6, A-C). However, in CFPAC-1 cells,

PANC-1
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ONo Apoptosis £ ONo Apoptosis
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§ 400 - ®Late Apoptosis § 200 - WLate Apoptosis
g 5 8
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Fig. 6. DpC was most efficient at inducing
late apoptosis in each of the four pancreatic
cancer cell types examined as determined by
flow cytometry. MIAPaCa-2 (A), PANC-1 (B),
CAPAN-2 (C), and CFPAC-1 (D) were incu-
bated with 10 or 20 uM concentration of ei-
ther gemcitabine (Gem), Dp44mT, or DpC
for 48 h/37°C, and apoptosis was examined
by flow cytometry using PI and Annexin V
(AV) staining. The amount of cells in early
S apoptosis was defined as cells positive for AV
only, whereas late apoptosis was defined as
cells positive for both AV and PI. The

CFPAC-1 amount of cells in late apoptosis was most

400 ONo Apoptosis

BEarly Apoptosis
ML ate Apoptosis

ONo Apoptosis
BEarly Apoptosis

300 ®Late Apoptosis

% of control
% of control
*

pronounced in cells treated with DpC (20
uM). The data presented are representative
of three separate experiments performed
* and are presented as mean = S.D. *, p < 0.05
versus control; #%, p < 0.01 versus control;
#x% p < 0.001 versus control. DpC treat-
ments were also compared with Gem treat-
ments at the same concentration, and statis-
tical significance is depicted using #, p <
0.05, and ##, p < 0.01.
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there was no significant difference between DpC and gemcit-
abine at both concentrations, with both agents being equally
effective at inducing apoptosis in this cell type (Fig. 6D).
Again, these results confirm our earlier findings that
CFPAC-1 cells are more sensitive to gemcitabine compared
with the other cell types examined (Fig. 4D). It is noteworthy
that PANC-1 cells were only sensitive to DpC at a concen-
tration of 20 uM, with the other treatments having no sig-
nificant effect on apoptosis in this cell type (Fig. 6B).

Overall, our results demonstrate that each agent examined
was able to modulate markers of apoptosis in the pancreatic
cancer cells. However, DpC was the only agent that induced
apoptosis in all cell types, being significantly more effective
than gemcitabine in three of the four cell types.

In Vivo Analysis of Novel Thiosemicarbazones ver-
sus Gemcitabine in Pancreatic Cancer. To further char-
acterize the efficacy of thiosemicarbazones against pancre-
atic cancer and their potential as a novel therapeutic
strategy, further studies examining these agents were per-
formed in vivo. In these experiments, PANC-1 cells were
used because they have been demonstrated to be suitable for
generating xenografts that are more resistant to gemcitabine
compared with other pancreatic tumors in vivo (Réjiba et al.,
2009). Once established in nude mice, the tumors were al-
lowed to grow to 90 mm?, and the treatment was then initi-
ated with either the vehicle alone, gemcitabine (5 mg/kg i.p.
every third day), Dp44mT (0.4 mg/kg i.v. 5 days/week), or
DpC (56 mg/kg i.v. 5 days/week). This dosing schedule and
route of administration for Dp44mT was used because it
showed good tolerability and high antitumor efficacy against
other tumor types in previous studies (Whitnall et al., 2006),
whereas for DpC and gemcitabine, preliminary maximum
tolerated dose studies (data not shown) demonstrated that
this administration schedule was also well tolerated and
demonstrated substantial efficacy against tumors.

After 44 days of treatment, the vehicle control mice had
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reached an average volume of 675 + 138 mm?® (Fig. 7A). It
should be noted that there were two sets of vehicle controls
administered either intraperitoneally or intravenously as the
active agents were administered via these routes (see Mate-
rials and Methods). However, both controls led to the same
response, and thus, these data have been combined and pre-
sented as one group throughout. Treatment of mice with
gemcitabine, Dp44mT, or DpC decreased tumor volumes to
202 + 70, 230 = 52, and 86 + 20 mm?, respectively. In fact,
gemcitabine (p < 0.01), Dp44mT (p < 0.05), and DpC (p <
0.001) all significantly reduced tumor volumes to 30 = 10,
34 + 8, and 13 = 3% of the control, respectively (Fig. 7A).
Furthermore, the final tumor weights after 44 days of treat-
ment reflected the tumor volumes. In fact, control tumors
weighed 292 * 65 mg, whereas tumors treated with gemecit-
abine, Dp44mT, and DpC were significantly smaller and
weighed 67 = 25 (p < 0.01), 122 + 33 (p < 0.05), and 40 * 12
mg (p < 0.001), respectively (Fig. 7B). It is noteworthy that
DpC was significantly (p < 0.05) more effective than Dp44mT
at reducing tumor weight. Hence, each treatment was able to
markedly inhibit the growth and progression of the pancre-
atic tumor xenografts in vivo, with DpC showing the greatest
antitumor efficacy (Fig. 7, A—C).

Although the difference between DpC and gemcitabine was
not significant (p > 0.05) at all time points, these data indi-
cate that after day 32, both gemcitabine and Dp44mT treat-
ments were increasingly less effective at inhibiting tumor
growth compared with DpC (Fig. 7A). Considering that the
tumor size of the vehicle control group was the limiting factor
in the length of this experiment because of ethical reasons, it
was not possible to continue further treatment after 44 days.
This was due to the tumor volume in some control animals
reaching the maximum limit prescribed by the local animal
ethics committee. However, future studies examining the
longer-term effects of gemcitabine and DpC are warranted

Fig. 7. Dp44mT, DpC, and gemcitabine
inhibit pancreatic cancer growth in vivo.
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PANC-1 tumor xenografts were allowed
to grow to 90 mm?® subcutaneously, and
the treatment was then initiated with ei-
ther the vehicle alone (Control), gemcit-
* abine (5 mg/kg i.p. every third day),
Dp44mT (0.4 mg/kg/day i.v. 5 days/week),
or DpC (5 mg/kg/day i.v. 5 days/week). A,
each agent examined effectively inhibited
the growth of PANC-1 pancreatic cancer
xenografts in vivo with DpC completely

A O inhibiting tumor growth. B, average tu-
&f QQ mor weights were lowest in the DpC and
QQ gemcitabine (Gem)-treated animals. DpC
was significantly (p < 0.05) more effective
at reducing tumor weight compared with
Dp44mT after 44 days of treatment. C,
photograph of a representative tumor

Animal weight

Vehicle Gemcitabine Dp44mT
control 5mg/kg 0.4mg/kg

DpC
5 mg/kg

10
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from the control, gemcitabine, Dp44mT,
and DpC groups at euthanasia after 44
days of therapy. D, the average weight of
animals in each treatment group during
the course of the study. Data presented in
A, B, and D are shown as the average =
S.E.M. (n = 8). For statistical analysis,
each treatment was compared with the
untreated control; *, p < 0.05 versus con-
trol; #*, p < 0.01 versus control; ##*, p <

0 4 8 12 16 20 24 28 32 36 40 44

0.001 versus control. Dp44mT was also
compared with DpC as indicated on the

Day of treatment graph.
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TABLE 2

Body weight loss and organ and tumor weights in mice treated with vehicle control, Dp44mT, DpC, and gemcitabine after 44 days of treatment

Values are mean + S.E.M. (n = 8 mice/group).

Experimental Groups (n = 8)

Organ IS 1 Dp44mT DpC Gemcitabine
ontro (0.4 mg/kg/day i.v.) (5 mg/kg/day i.v.) (5 mg/kg/3 days i.p.)

Body weight loss, % of total weight 104.9 = 4.6 99.4 = 5.7 88.0 = 6.5%** 104.5 = 2.2
Liver, g 0.96 = 0.11 0.88 = 0.03 0.80 = 0.03 1.04 = 0.03
Spleen, g 0.12 = 0.01 0.13 = 0.01 0.08 = 0.01%* 0.13 = 0.01
Kidney, g 0.15 = 0.02 0.16 = 0.02 0.17 = 0.02 0.19 = 0.03
Heart, g 0.10 = 0.01 0.10 += 0.01 0.09 = 0.01 0.10 = 0.01
Brain, g 0.32 = 0.02 0.31 = 0.01 0.30 = 0.01 0.32 = 0.01
Tumor, g 0.29 = 0.07 0.12 + 0.03* 0.04 = 0.01%%* 0.07 = 0.02%*

*p < 0.05.

#p < 0.01.

##%E p < 0.001.

and will further distinguish the efficacy of these two antican-
cer agents against pancreatic cancer.

Examining Weight, Hematological Indices, and His-
tology to Determine Toxicity. To determine whether the
different agents used in the in vivo studies above were asso-
ciated with any toxicity, the hematological indices and the
body and organ weights of the mice were analyzed after
euthanasia. The body weight of the animals after 44 days of
treatment remained close to 100% of the pretreatment
weight for each group with the exception of DpC (Fig. 7D;
Table 2). These animals showed a significant (p < 0.001)
weight loss of 12% compared with their pretreatment weight
(Table 2). Although we found no significant differences in
most organ weights (Table 2) between the different treat-
ment groups, we did observe that the DpC group also had a
significantly (p < 0.01) smaller spleen compared with the
vehicle control group (i.e., 0.08 versus 0.12 g; Table 2). His-
tological analysis of the spleen found that the splenic red
pulp of mice in all groups contained a normal population of
hematopoietic cells (Fig. 8).

Gomori-Trichrome
Heart (100 x)

H&E
Spleen (100x)

Control

Gemcitabine

Dp44mT

DpC

Another crucial parameter examined in the animals
treated with these agents was the hematological indices in
relation to the potential side effect of anemia considering
that iron-chelating agents (Dp44mT and DpC) were used. We
found no significant difference in the red blood cell, white
blood cell, or platelet counts between the control and differ-
ent treatment groups (Table 3). However, we did observe that
the Dp44mT and DpC groups had significantly (p < 0.01)
lower hemoglobin levels and a slight but significant (p <
0.05) increase in reticulocyte counts compared with the con-
trol group (Table 3). This may be an indicator of a slight
anemia in these animals.

To further investigate the potential toxic effects of the
different treatments on the organs, a histological analysis of
the spleen, kidney, liver, heart, lungs, brain, and bone mar-
row was performed by staining with 1) hematoxylin and
eosin (to detect general ultrastructural pathological condi-
tions), 2) Perls (for presence of iron), and 3) Gomori-
Trichrome (for fibrosis). An independent veterinary patholo-
gist performed the histological analysis, and these findings

H&E
Liver (100x)

Fig. 8. Histological analysis of the heart, spleen, and liver
after euthanasia after 44 days treatment of nude mice
bearing a PANC-1 pancreatic tumor xenograft with either
the vehicle alone (control), gemcitabine, Dp44mT, or DpC.
The study was performed as described in the legend to Fig.
7. Black arrows indicate myocardial fibrosis in the Dp44mT
group only. Scale bar, 200 pm; original magnification,
100X. Histological assessment was performed as described
under Materials and Methods. The images shown are rep-
resentative of the results obtained for each group. Further
analysis of the histological data are provided in Supple-
mental Table 2.
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Hematological indices of mice treated with vehicle control, Dp44mT, DpC, and gemcitabine after 44 days of treatment

Values are displayed as mean = S.E.M. (n = 8 mice/group).

Experimental Groups (n = 8)

Control DpddmT DpC Gemcitabine
(0.4 mg/kg/day i.v.) (5 mg/kg/day i.v.) (5 mg/kg/3 days i.p.)
Red blood cells, x 10'%/1 10.17 = 0.15 9.99 * 0.12 9.46 £ 0.31 9.65 = 0.08
Hemoglobin, g/1 146.44 + 1.68 137 = 1.77%* 131.88 + 4.31%* 147.88 = 1.19
Hematocrit 0.44 = 0.01 0.43 = 0.01 0.41 = 0.01 0.45 = 0.01
Platelets, X 10%1 1042.22 + 146.57 1418.63 = 164.11 1281.88 = 159.97 1060.13 = 204.75
White blood cells, X 10%/1 4.53 = 0.44 3.15 = 0.51 3.5 +0.34 5.51 = 0.56
Reticulocytes, X 10'%/1 0.56 = 0.06 0.87 = 0.11* 0.77 = 0.08* 0.35 £ 0.12
*p < 0.05.
w4 < 0.01

are presented in Supplemental Table 2. Two of the eight
Dp44mT-treated mice showed some evidence of hematopoi-
etic cells in the liver. In approximately half of the Dp44mT-
and DpC-treated mice, there was also some evidence of mild
histopathological conditions in the liver. In addition, iron
deposits were identified in the kidneys of four of the eight
control-treated mice and all of the Dp44mT- and DpC-treated
animals (Supplemental Table 2). These observations could be
related to iron in the diet and the excretion of the chelator-
iron complex in the urine, respectively. On the other hand,
the gemcitabine-treated group had no evidence of iron depos-
its in the kidney (Supplemental Table 2). Moreover, the myo-
cardium of each mouse in the Dp44mT group displayed myo-
cardial lesions that were characterized by myocardial fiber
degeneration and necrosis, with replacement by fibrous tis-
sue (Fig. 8 and Supplemental Table 2). The pathological
changes observed were most pronounced in the wall of the
right ventricle and in the myocardium beneath the endocar-
dium of the left ventricle (Fig. 8). This is in agreement with
an earlier study that also detected cardiofibrosis in Dp44mT-
treated nude mice (Whitnall et al., 2006). It is noteworthy
that there was no evidence of fibrotic lesions in the heart of
the DpC-treated group, demonstrating that this compound
exhibits potent antitumor activity at the dose used and is far
less toxic than Dp44mT in vivo. Significantly, these results
represent a substantial improvement in the selective antitu-
mor activity of this class of compounds. There was no evi-
dence of marked pathological tissue in any of the other or-
gans examined (Supplemental Table 2), suggesting that
neither DpC nor gemcitabine induced significant tissue dam-
age compared with the vehicle control-treated group.

Discussion

Pancreatic cancer is an aggressive disease, with a poor
response to the currently available treatments, including the
standard gemcitabine (Jemal et al., 2009). To this end, we
examined a new class of thiosemicarbazones that are de-
signed to target the crucial nutrient iron (Richardson et al.,
2009). Thiosemicarbazones have been found to have potent
and selective activity against a range of different tumors
(Yuan et al., 2004; Kalinowski and Richardson, 2005; Whit-
nall et al., 2006). In fact, these agents were also demon-
strated to overcome chemoresistance (Whitnall et al., 2006),
which is an appreciable problem in the treatment of pancre-
atic cancer (Custodio et al., 2009). However, the efficacy of
these novel thiosemicarbazones against pancreatic cancer
has not been assessed previously.

One of the first indicators that thiosemicarbazones and
other iron chelators may be a suitable strategy for the treat-
ment of pancreatic cancer was the finding that they up-
regulate the growth and metastasis suppressor NDRG1 in a
range of cancer cell types (Le and Richardson, 2004; Whitnall
et al., 2006; Kovacevic et al., 2008). In fact, earlier studies
have demonstrated that iron-depletion is responsible for in-
creased NDRGT1 levels, which occurs in part, through HIF-1
(Le and Richardson, 2004). In agreement with these studies,
we found that both Dp44mT and DpC markedly increased
the expression and phosphorylation of NDRG1 in each of the
four pancreatic cancer cell types examined, whereas gemcit-
abine did not significantly modulate its expression. The in-
crease in phosphorylated NDRG1 in response to the thio-
semicarbazones is of significance in terms of the mechanism
of action of these agents, because NDRG1 phosphorylation at
Ser330 and Thr346 is necessary for its antitumor activity in
pancreatic cancer (Murakami et al., 2010).

We have demonstrated that NDRG1 is also able to up-
regulate the cyclin-dependent kinase inhibitor p21<72#/WAF!
in a number of cancer cell types (Kovacevic et al., 2011).
Here, we further demonstrated that both Dp44mT and DpC
also increased p21¢/FV/WAFT expression in pancreatic cancer
cells, which was correlated with increased NDRG1 levels. It
is noteworthy that an earlier study examining MCF-7 breast
cancer cells demonstrated that other iron chelators, [DFO
and 2-hydroxy-1-naphthaldehyde isonicotinoyl (311)], re-
duced p21°7FWAFI protein levels (Fu and Richardson, 2007).
This may indicate that the response of p21¢777/WAFI 4 chela-
tors may be cell type-specific or dependent on the type of
ligand used, because chelators demonstrate different effects
depending on their structure. In fact, thiosemicarbazones
induce ROS generation upon binding iron, whereas DFO and
311 bind iron without inducing ROS (Kalinowski and Rich-
ardson, 2005). In contrast to the thiosemicarbazones, gemcit-
abine reduced p21¢7P¥WAFI expression in three of the four
pancreatic cancer cell types tested.

It is notable that the function of p21“#¥WAFL jn cell cycle
regulation is complex, with its overexpression leading to G,/S
arrest due to its ability to act as a cyclin-dependent kinase
inhibitor, whereas a reduction of p21¢F¥/WAF! expression
induces apoptosis (Cheng et al., 1999). In fact, basal expres-
sion of p21¢/FV/WAF1 i required to stabilize the cyclin D1/cdk
complex, which is necessary for cell cycle progression (Cheng
et al., 1999). Hence, the decreased p21°FYWAFL expression
after incubation with gemcitabine in some cells may contrib-
ute to its antitumor activity via the induction of apoptosis,
whereas increased p21¢/77/WAF? levels in response to the
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thiosemicarbazones could inhibit cell cycle progression and
proliferation, as demonstrated in this study.

We also examined the expression of another important cell
cycle regulatory molecule, cyclin D1, which is involved in
proliferation (Yu et al., 2007). Both Dp44mT and DpC re-
duced cyclin D1 levels in each cell type examined, which was
in agreement with an earlier study that also demonstrated
the ability of iron chelators to reduce cyclin D1 (Nurtjahja-
Tjendraputra et al., 2007). Gemcitabine was also able to
markedly decrease cyclin D1 levels in three of the four cell
types, as demonstrated previously using pancreatic cancer
cells (Kunnumakkara et al., 2007), but had no effect on its
expression in CAPAN-2 cells. Significantly, cyclin D1 func-
tions as an oncogene in pancreatic cancer, often being over-
expressed in these tumors, and is correlated with poor pa-
tient survival (Kornmann et al., 1998). Hence, anticancer
agents that are able to effectively reduce cyclin D1 levels are
likely to be beneficial for pancreatic cancer treatment.

Considering the marked effect of the thiosemicarbazones
on the three key molecular targets described above, it was of
interest that Dp44mT and DpC were >4-fold more effective
at inhibiting proliferation of three of the four pancreatic
cancer cell types compared with gemcitabine and >2000-fold
more effective than 5-fluorouracil in all cell types. Overall,
our in vitro analysis demonstrated that the novel thiosemi-
carbazones, Dp44mT and DpC, were more effective at inhib-
iting the proliferation of pancreatic cancer cells compared
with gemcitabine and 5-fluorouracil. Because these agents
up-regulate both NDRG1 and p21¢F¥WAFL expression and
considering the role of these molecules in inducing apoptosis
(Stein et al., 2004; Yu et al., 2007), we further examined their
effect on apoptosis compared with gemcitabine. Each agent
modulated markers of apoptosis including cleaved PARP,
Bax, and Bcl-2. However, the extent to which these were
affected was dependent on the cell type and drug concentra-
tion. Using flow cytometry, we demonstrated that DpC was
the most efficient agent at inducing late apoptosis, being
significantly more effective than gemcitabine in three of the
four pancreatic cancer cell-types.

It is notable that CFPAC-1 cells were consistently less
sensitive to the thiosemicarbazones than the other three
cell types but were more vulnerable to the antiproliferative
effects of gemcitabine. These results demonstrate that
CFPAC-1 cells have other molecular attributes that render
them more resistant to these agents. In fact, recent studies
have demonstrated that CFPAC-1 and MIAPaCa-2 cells have
higher endogenous levels of ROS compared with PANC-1
cells, which makes them more sensitive to gemcitabine (Don-
adelli et al., 2007). This is in agreement with our results
showing that among the pancreatic tumor cell types tested,
CFPAC-1 and MIAPaCa-2 cells were most sensitive to gem-
citabine. It is unclear how endogenous ROS levels may lead
to greater resistance of CFPAC-1 cells to thiosemicarbazones.
However, higher ROS could lead to these cells having bol-
stered antioxidant defense mechanisms (e.g., increased cat-
alase, etc.) and because the cytotoxic effector mechanisms of
these thiosemicarbazones is due to their ability to generate
ROS (Yuan et al., 2004; Richardson et al., 2006), this may
potentially explain the greater resistance of CFPAC-1 cells to
these agents.

Studies in vivo examining the efficacy of these agents
against PANC-1 pancreatic cancer xenografts found that the

most effective treatment was DpC, which seemed to com-
pletely inhibit tumor growth. Considering the high efficacy of
DpC against pancreatic cancer, it was important to examine
any potential toxic side effects of this therapeutic regimen. In
contrast to the other treatment groups, we noted weight loss
(12%) by the last day of treatment with DpC. In addition,
both DpC- and Dp44mT-treated groups exhibited a slight but
significant increase in reticulocyte counts and decreased he-
moglobin levels. This may be indicative of mild anemia and
highlights the importance of establishing an effective treat-
ment regimen that will overcome these side effects while
maintaining antitumor activity.

Another important outcome of the current study was the
comparison between the two thiosemicarbazones Dp44mT
and DpC. Earlier studies examining Dp44mT against mela-
noma xenografts in vivo in nude mice noted some cardiac
fibrosis at higher, nonoptimal doses of this chelator (Whitnall
et al., 2006). It is noteworthy that we also observed limited
cardiac fibrosis in mice treated with Dp44mT (0.4 mg/kg),
whereas there was no cardiotoxicity after treatment with
DpC (5 mg/kg). Therefore, DpC was able to overcome the
major toxicity observed with Dp44mT while maintaining po-
tent anti-cancer activity. These results clearly establish DpC
as the most effective and selective iron chelator developed in
our laboratories and warrants further studies into its poten-
tial for pancreatic cancer treatment.

It is notable that the thiosemicarbazone 3-AP has already
been through clinical trials for the treatment of a range of
tumors including pancreatic cancer (Attia et al., 2008). In
fact, phase II clinical trials were performed using 3-AP in
combination with gemcitabine, because these drugs were ob-
served to have synergistic effects (Mackenzie et al., 2007).
However, these studies found that 3-AP induced significant
toxicity with little therapeutic benefit (Mackenzie et al.,
2007; Attia et al., 2008). Considering that Dp44mT is far
more potent and less toxic than 3-AP (Yuan et al., 2004;
Whitnall et al., 2006), both Dp44mT and DpC are new and
more effective alternatives to this agent. Hence, studies ex-
amining potential synergy between gemcitabine and DpC are
warranted and may result in a more effective therapeutic
regimen.

In conclusion, the current study is the first to examine the
anticancer activity of novel thiosemicarbazones against pan-
creatic cancer. We demonstrated that Dp44mT and DpC up-
regulate NDRG1 and p21“/"WAF? and down-regulate cyclin
D1, which are key molecular targets that lead to inhibition of
proliferation. Furthermore, DpC was generally more effec-
tive than the current standard treatments, namely gemcit-
abine and 5-fluorouracil. Additional studies demonstrated
that DpC completely inhibited pancreatic tumor xenograft
growth and, unlike Dp44mT, did not lead to cardiac fibrosis.
These data clearly highlight the potential of DpC as an ef-
fective treatment strategy against pancreatic cancer.

Acknowledgments

We thank Dr. Christopher Austin, Dr. Katie Dixon, Dr. Patric
Jansson, Dr. Yu Yu, Dr. Darius Lane, Angelica Merlot, and Dr.
Daohai Zhang of the Iron Metabolism and Chelation Program (Uni-
versity of Sydney) for their critical appraisal of the manuscript before
submission.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

Authorship Contributions

Participated in research design: Kovacevic, Lovejoy, and Richardson.

Conducted experiments: Kovacevic and Chikhani.

Contributed new reagents or analytic tools: Lovejoy.

Performed data analysis: Kovacevic and Richardson.

Wrote or contributed to the writing of the manuscript: Kovacevic
and Richardson.

References

Angst E, Sibold S, Tiffon C, Weimann R, Gloor B, Candinas D, and Stroka D (2006)
Cellular differentiation determines the expression of the hypoxia-inducible protein
NDRG1 in pancreatic cancer. Br J Cancer 95:307-313.

Aouad F, Florence A, Zhang Y, Collins F, Henry C, Ward RJ, and Crichton RR (2002)
Evaluation of new iron chelators and their therapeutic potential. Inorg Chim Acta
339:470-480.

Attia S, Kolesar J, Mahoney MR, Pitot HC, Laheru D, Heun J, Huang W, Eickhoff J,
Erlichman C, and Holen KD (2008) A phase 2 consortium (P2C) trial of 3-amino-
pyridine-2-carboxaldehyde thiosemicarbazone (3-AP) for advanced adenocarci-
noma of the pancreas. Invest New Drugs 26:369-379.

Balsari A, Tortoreto M, Besusso D, Petrangolini G, Sfondrini L, Maggi R, Ménard S,
and Pratesi G (2004) Combination of a CpG-oligodeoxynucleotide and a topoisom-
erase I inhibitor in the therapy of human tumour xenografts. Eur J Cancer
40:1275-1281.

Buss JL, Torti FM, and Torti SV (2003) The role of iron chelation in cancer therapy.
Curr Med Chem 10:1021-1034.

Cheng M, Olivier P, Diehl JA, Fero M, Roussel MF, Roberts JM, and Sherr CJ (1999)
The p21(Cipl) and p27(Kip1l) CDK ‘inhibitors’ are essential activators of cyclin
D-dependent kinases in murine fibroblasts. EMBO J 18:1571-1583.

Custodio A, Puente J, Sastre J, and Diaz-Rubio E (2009) Second-line therapy for
advanced pancreatic cancer: a review of the literature and future directions.
Cancer Treat Rev 35:676—684.

Donadelli M, Costanzo C, Beghelli S, Scupoli MT, Dandrea M, Bonora A, Piacentini
P, Budillon A, Caraglia M, Scarpa A, et al. (2007) Synergistic inhibition of pan-
creatic adenocarcinoma cell growth by trichostatin A and gemcitabine. Biochim
Biophys Acta 1773:1095-1106.

Dunn LL, Sekyere EO, Rahmanto YS, and Richardson DR (2006) The function of
melanotransferrin: a role in melanoma cell proliferation and tumorigenesis. Car-
cinogenesis 27:2157-2169.

Ellen TP, Ke Q, Zhang P, and Costa M (2008) NDRG1, a growth and cancer related
gene: regulation of gene expression and function in normal and disease states.
Carcinogenesis 29:2—8.

Fu D and Richardson DR (2007) Iron chelation and regulation of the cell cycle: 2
mechanisms of posttranscriptional regulation of the universal cyclin-dependent
kinase inhibitor p21CIP1/WAF1 by iron depletion. Blood 110:752-761.

Furukawa T (2009) Molecular pathology of pancreatic cancer: implications for mo-
lecular targeting therapy. Clin Gastroenterol Hepatol 7 (11 Suppl):S35-S39.

Gao J and Richardson DR (2001) The potential of iron chelators of the pyridoxal
isonicotinoyl hydrazone class as effective antiproliferative agents, IV: The mech-
anisms involved in inhibiting cell-cycle progression. Blood 98:842—850.

Jansson PJ, Sharpe PC, Bernhardt PV, and Richardson DR (2010) Novel thiosemi-
carbazones of the ApT and DpT series and their copper complexes: identification of
pronounced redox activity and characterization of their antitumor activity. J Med
Chem 53:5759-5769.

Jemal A, Siegel R, Ward E, Hao Y, Xu J, and Thun MJ (2009) Cancer statistics, 2009.
CA Cancer J Clin 59:225-249.

Kalinowski DS and Richardson DR (2005) The evolution of iron chelators for the
treatment of iron overload disease and cancer. Pharmacol Rev 57:547-583.

Kornmann M, Ishiwata T, Itakura J, Tangvoranuntakul P, Beger HG, and Korc M
(1998) Increased cyclin D1 in human pancreatic cancer is associated with de-
creased postoperative survival. Oncology 55:363—-369.

Kovacevic Z, Fu D, and Richardson DR (2008) The iron-regulated metastasis sup-
pressor, Ndrg-1: identification of novel molecular targets. Biochim Biophys Acta
1783:1981-1992.

Kovacevic Z and Richardson DR (2006) The metastasis suppressor, Ndrg-1: a new
ally in the fight against cancer. Carcinogenesis 27:2355-2366.

Kovacevic Z, Sivagurunathan S, Mangs H, Chikhani S, Zhang D, and Richardson DR
(2011) The metastasis suppressor, N-myc downstream regulated gene 1 (NDRG1),
upregulates p21 via p53-independent mechanisms. Carcinogenesis 32:732—740.

Kunnumakkara AB, Guha S, Krishnan S, Diagaradjane P, Gelovani J, and Aggarwal
BB (2007) Curcumin potentiates antitumor activity of gemcitabine in an orthotopic

609

Novel Iron Chelators for Pancreatic Cancer Treatment

model of pancreatic cancer through suppression of proliferation, angiogenesis, and
inhibition of nuclear factor-kappaB-regulated gene products. Cancer Res 67:3853—
3861.

Landry J, Catalano PdJ, Staley C, Harris W, Hoffman J, Talamonti M, Xu N, Cooper
H, and Benson AB 3rd (2010) Randomized phase II study of gemcitabine plus
radiotherapy versus gemcitabine, 5-fluorouracil, and cisplatin followed by radio-
therapy and 5-fluorouracil for patients with locally advanced, potentially resect-
able pancreatic adenocarcinoma. J Surg Oncol 101:587-592.

Laquente B, Lacasa C, Ginesta MM, Casanovas O, Figueras A, Galan M, Ribas IG,
Germa JR, Capella G, and Vidals F (2008) Antiangiogenic effect of gemcitabine
following metronomic administration in a pancreas cancer model. Mol Cancer Ther
7:638—-647.

Le NT and Richardson DR (2004) Iron chelators with high antiproliferative activity
up-regulate the expression of a growth inhibitory and metastasis suppressor gene:
a link between iron metabolism and proliferation. Blood 104:2967-2975.

Mackenzie MJ, Saltman D, Hirte H, Low J, Johnson C, Pond G, and Moore MdJ (2007)
A phase II study of 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP)
and gemcitabine in advanced pancreatic carcinoma. A trial of the Princess Mar-
garet hospital phase II consortium. Invest New Drugs 25:553-558.

Maruyama Y, Ono M, Kawahara A, Yokoyama T, Basaki Y, Kage M, Aoyagi S,
Kinoshita H, and Kuwano M (2006) Tumor growth suppression in pancreatic
cancer by a putative metastasis suppressor gene Cap43/NDRG1/Drg-1 through
modulation of angiogenesis. Cancer Res 66:6233—6242.

Murakami Y, Hosoi F, Izumi H, Maruyama Y, Ureshino H, Watari K, Kohno K,
Kuwano M, and Ono M (2010) Identification of sites subjected to serine/threonine
phosphorylation by SGK1 affecting N-myc downstream-regulated gene 1
(NDRG1)/Cap43-dependent suppression of angiogenic CXC chemokine expression
in human pancreatic cancer cells. Biochem Biophys Res Commun 396:376-381.

Murray JT, Campbell DG, Morrice N, Auld GC, Shpiro N, Marquez R, Peggie M,
Bain J, Bloomberg GB, Grahammer F, et al. (2004) Exploitation of KESTREL to
identify NDRG family members as physiological substrates for SGK1 and GSK3.
Biochem J 384:477—488.

Nurtjahja-Tjendraputra E, Fu D, Phang JM, and Richardson DR (2007) Iron chela-
tion regulates cyclin D1 expression via the proteasome: a link to iron deficiency-
mediated growth suppression. Blood 109:4045—4054.

Réjiba S, Bigand C, Parmentier C, and Hajri A (2009) Gemcitabine-based chemogene
therapy for pancreatic cancer using Ad-dCK::UMK GDEPT and TS/RR siRNA
strategies. Neoplasia 11:637—-650.

Richardson DR, Kalinowski DS, Lau S, Jansson PJ, and Lovejoy DB (2009) Cancer
cell iron metabolism and the development of potent iron chelators as anti-tumour
agents. Biochim Biophys Acta 1790:702-717.

Richardson DR, Sharpe PC, Lovejoy DB, Senaratne D, Kalinowski DS, Islam M, and
Bernhardt PV (2006) Dipyridyl thiosemicarbazone chelators with potent and se-
lective antitumor activity form iron complexes with redox activity. J Med Chem
49:6510-6521.

Richardson DR, Tran EH, and Ponka P (1995) The potential of iron chelators of the
pyridoxal isonicotinoyl hydrazone class as effective antiproliferative agents. Blood
86:4295-4306.

Scovill JP (1990) A facile synthesis of thiosemicarbazides and thiosemicarbazones by
the transamination of 4-methyl-4-phenyl-3-thiosemicarbazine. Phosphorus Sulfur
Silicon Relat Elem 60:15-19.

Stein S, Thomas EK, Herzog B, Westfall MD, Rocheleau JV, Jackson RS, 2nd, Wang
M, and Liang P (2004) NDRG1 is necessary for p53-dependent apoptosis. J Biol
Chem 279:48930—48940.

Tang DG and Porter AT (1996) Apoptosis: a current molecular analysis. Pathol Oncol
Res 2:117-131.

Whitnall M, Howard J, Ponka P, and Richardson DR (2006) A class of iron chelators
with a wide spectrum of potent antitumor activity that overcomes resistance to
chemotherapeutics. Proc Natl Acad Sci USA 103:14901-14906.

Wong A, Soo RA, Yong WP, and Innocenti F (2009) Clinical pharmacology and
pharmacogenetics of gemcitabine. Drug Metab Rev 41:77—88.

Yu Y, Kovacevic Z, and Richardson DR (2007) Tuning cell cycle regulation with an
iron key. Cell Cycle 6:1982—-1994.

Yuan J, Lovejoy DB, and Richardson DR (2004) Novel di-2-pyridyl-derived iron
chelators with marked and selective antitumor activity: in vitro and in vivo
assessment. Blood 104:1450—1458.

Address correspondence to: Dr. D. R. Richardson, Iron Metabolism and Che-
lation Program, Department of Pathology and Bosch Institute, University of
Sydney, Sydney, New South Wales, 2006 Australia. E-mail: d.richardson@
med.usyd.edu.au

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

