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Background: Effective treatment of prostate cancer should be based on targeting interactions between tumour cell signalling
pathways and key converging downstream effectors. Here, we determined how the tumourigenic phosphoinositide 3-kinase/
protein kinase B (PI3K/AKT), tumour-suppressive phosphatase and tensin homologue deleted on chromosome 10 (PTEN) and
transforming growth factor-b (TGF-b) pathways are integrated via the metastasis suppressor, N-myc downstream-regulated gene-1
(NDRG1). Moreover, we assessed how the novel anti-tumour agent, Dp44mT, may target these integrated pathways by increasing
NDRG1 expression.

Methods: Protein expression in Dp44mT-treated normal human prostate epithelial cells and prostate cancer cells (PC-3, DU145)
was assessed by western blotting. The role of NDRG1 was examined by transfection using an NDRG1 overexpression vector or
shRNA.

Results: Dp44mT increased levels of tumour-suppressive PTEN, and decreased phosphorylation of ERK1/2 and SMAD2L, which
are regulated by oncogenic Ras/MAPK signalling. Importantly, the effects of Dp44mT on NDRG1 and p-SMAD2L expression were
more marked in prostate cancer cells than normal prostate epithelial cells. This may partly explain the anti-tumour selectivity of
these agents. Silencing NDRG1 expression increased phosphorylation of tumourigenic AKT, ERK1/2 and SMAD2L and decreased
PTEN levels, whereas NDRG1 overexpression induced the opposite effect. Furthermore, NDRG1 silencing significantly reduced
the ability of Dp44mT to suppress p-SMAD2L and p-ERK1/2 levels.

Conclusion: NDRG1 has an important role in mediating the tumour-suppressive effects of Dp44mT in prostate cancer via selective
targeting of the PI3K/AKT, TGF-b and ERK pathways.
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Prostate cancer is the most frequently diagnosed non-cutaneous
cancer in men (Jemal et al, 2009). However, effective chemother-
apeutic options are limited due to drug resistance and toxicity (Lee
et al, 2008), and therefore potent and specifically targeted therapies
are required. Prostate cancer is a highly heterogeneous disease with
many points of disruption in cell signalling (Assinder et al, 2009).
Three such pathways are the tumourigenic phosphoinositide
3-kinase/protein kinase B (PI3K/AKT), tumour-suppressive phos-
phatase and tensin homologue deleted on chromosome 10 (PTEN)
and transforming growth factor-b (TGF-b) pathways (Assinder
et al, 2008, 2009). Several points of integration appear to occur
between these pathways, with N-myc downstream-regulated gene-
1 (NDRG1) being a possible common point of cross-talk (Assinder
et al, 2008, 2009).

NDRG1 has a range of biological functions (Kovacevic and
Richardson, 2006), including that NDRG1 upregulation has a
critical role in preventing tumour growth and metastasis
(Bandyopadhyay et al, 2003, 2004a, b). While NDRG1 is widely
expressed in normal tissues (Lachat et al, 2002), its levels are
significantly lower in various cancers (Guang et al, 2000;
Bandyopadhyay et al, 2003, 2004a). In contrast, elevated levels of
active (phosphorylated) AKT (p-AKT) are correlated with poor
prostate cancer prognosis (Samuels and Ericson, 2006), while in
the normal prostate its level is very low (Assinder et al, 2009). The
major tumour-suppressive activity of PTEN is via AKT pathway
antagonism (Cantley and Neel, 1999), with opposite effects on
proliferation and survival. Approximately 50% of prostate cancer
cases display loss of PTEN (Facher and Law, 1998) and re-
expression of normal PTEN in prostate cancer cells induces
apoptosis (Davies et al, 1999).

PTEN expression can be induced by TGF-b through the
canonical mothers against decapentaplegic homologue (SMAD)-
dependent pathway, involving phosphorylation of SMAD
homologue 2 (SMAD2) at the COOH-terminal residues Ser465/467

(p-SMAD2C) to stimulate a tumour-suppressive response (Chow
et al, 2007). In addition, SMAD activation suppresses oncogenic
c-Myc (Massague et al, 2000) and anti-apoptotic Bcl-2 expression
(Guo and Kyprianou, 1999), but increases expression of the cyclin-
dependent kinase inhibitors: p15, p21 and p27 (Guo and
Kyprianou, 1998).

Transforming growth factor-b/SMAD signalling is negatively
regulated by the Ras/mitogen-activated protein kinase kinase
(MEK)/extracellular signal-regulated kinase (ERK) cascade, which
is induced by epidermal growth factor receptor signalling
(Kretzschmar et al, 1999). Specifically, Ras signalling inhibits
TGF-b-induced nuclear accumulation of the SMAD complex
by phosphorylating SMAD2 at the linker region at Ser245/250/255

(p-SMAD2L) (Kretzschmar et al, 1999). In normal epithelial cells,
TGF-b overcomes the proliferative effects of Ras-activating factors
(Kretzschmar et al, 1999), indicating that Ras-mediated SMAD2
phosphorylation acts to modulate TGF-b/SMAD signalling.
However, in cancer cells where Ras is hyper-activated by oncogenic
mutations, this same mechanism could silence the tumour-
suppressive functions of TGF-b/SMAD signalling and promote
tumour progression (Kretzschmar et al, 1999). Thus, inhibiting
SMAD2L phosphorylation may result in a novel therapeutic
strategy.

Interestingly, NDRG1 is upregulated by PTEN in the PC-3 and
DU145 prostate cancer cell lines via suppression of the AKT
pathway (Bandyopadhyay et al, 2004b). NDRG1 is also markedly
upregulated by cellular iron depletion induced by chelators such as
desferrioxamine (DFO; Supplementary Figure 1A) (Merlot et al,
2012), via hypoxia inducible factor-1a (HIF1a)-dependent
and -independent pathways (Le and Richardson, 2004). Novel
thiosemicarbazone chelators such as those of the dipyridyl thiosemi-
carbazone (DpT) class (e.g., di-2-pyridyl ketone-4,4-dimethyl-3-
thiosemicarbazone, Dp44mT; Supplementary Figure 1B) demonstrate

potent and selective anti-tumour activity (Yuan et al, 2004;
Whitnall et al, 2006; Kovacevic et al, 2011a). Their mechanism of
action has been demonstrated to be due to the ability to bind
cellular iron and form iron and copper complexes that generate
cytotoxic radicals (Yuan et al, 2004; Richardson et al, 2006; Lovejoy
et al, 2011; Merlot et al, 2012). In addition, Dp44mT inhibits
topoisomerase (II)a (Rao et al, 2009) and upregulates NDRG1
expression (Le and Richardson, 2004), which inhibits metastasis
in vivo (Liu et al, 2012).

Interestingly, iron chelation upregulates TGF-b that mediates its
anti-proliferative activity through p27kip1 (Yoon et al, 2002) and
also inhibits TGF-b-induced epithelial-mesenchymal transition via
upregulation of NDRG1 (Chen et al, 2012). Moreover, NDRG1
upregulates neural precursor cell expressed developmentally
downregulated 4-like (NEDD4L), which modulates the TGF-b
pathway (Kovacevic et al, 2012). These latter studies also show that
NDRG1 upregulates the tumour suppressors, PTEN and SMAD4
(Kovacevic et al, 2012).

We hypothesised that the tumour-suppressive effects of iron
chelators in prostate cancer are mediated by the integration of the
AKT/PTEN and TGF-b cell signalling pathways via NDRG1. To
test this idea, we specifically investigated the effects of DFO and
Dp44mT on the AKT/PTEN and TGF-b pathways in prostate
cancer cell lines relative to normal prostate epithelial cells (PrECs).
Further, we assessed whether differences in signalling could explain
the marked selectivity of these ligands against tumour cells relative
to normal cells (Whitnall et al, 2006; Kovacevic et al, 2011a, 2012;
Liu et al, 2012).

MATERIALS AND METHODS

Cell treatments. The chelator, Dp44mT, was synthesised using
standard methods (Richardson et al, 2006), while DFO was
purchased from Novartis (Basel, Switzerland). Dp44mT was
dissolved in DMSO at 10mM and then diluted in media containing
10% (v/v) fetal bovine serum (Sigma-Aldrich, New South Wales,
Australia) so that the final (DMSO) was p0.1% (v/v). Dp44mT
was used at a final concentration of 2.5mM in media, while DFO
was used at a concentration of 250 mM for most studies, but also at
50, 100, 150 and 200 mM in dose-response experiments. IGF-1
(BioVision Inc., CA, USA) was utilised at 50 ngml� 1 and TGF-b
(R&D Systems, MN, USA) was used at 10 ngml� 1.

Cell lines and culture. Primary cultures of normal human PrECs
(Lonza Australia Pty. Ltd., Victoria, Australia) were grown and
maintained in prostate epithelial growth medium (Lonza). The
DU145 and PC-3 human prostate cancer cell lines (American Type
Culture Collection, Manassas, VA, USA) were grown in RPMI
1640 medium supplemented with 10% fetal bovine serum,
penicillin (100 IUml� 1), streptomycin (100 mgml� 1), glutamine
(2mM), non-essential amino acids (100mM) and sodium pyruvate
(100mM; all supplements from Life Technologies, Victoria,
Australia). The PC-3 cells stably transfected with PTEN (PC-3-
PTEN) (Zhao et al, 2004) were obtained from Dr D LeRoith (NIH,
MD, USA).

Plasmid construction and transfection. For NDRG1 overexpres-
sion, we used the pCMV-tag2-FLAG-NDRG1 vector (GenHunter,
Nashville, TN, USA) and the empty vector (pCMV-tag2-FLAG;
Stratagene, Santa Clara, CA, USA) as a control. Both plasmids
contained a G418 resistance marker. The shRNA and scrambled
control plasmids were from Qiagen (cat. no.: KH02202H; Valencia,
CA) and contained a hygromycin resistance marker. All cells were
transfected using Lipofectamine 2000 (Life Technologies) following
the manufacturer’s protocol. Cells were selected by incubation with
G418 (400 mgml� 1; Alexis Biochemicals, CA, USA) for over-
expression clones or hygromycin (500mgml� 1; Roche Diagnostics,
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Mannheim, Germany) for knock-down clones for a period of
4 weeks.

Flow cytometry. Cell cycle analysis was performed by flow
cytometry using standard techniques (Yao et al, 2012).

Cellular proliferation assay. Proliferation was examined by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT) assay
and confirmed by viable cell counts using Trypan blue (Kovacevic
et al, 2011b).

Protein extraction and western analysis. Western blots were
performed using established procedures (Chen et al, 2012).
Primary antibodies to PTEN (1 : 1000), p-NDRG1 (Ser330;
1 : 1000), p-NDRG1 (Thr346; 1 : 1000), p-mTOR (Ser2448; 1 : 1000),
SMAD2 (1 : 1000), p-SMAD2L (Ser245/250/255; 1 : 1000), p-SMAD2C
(Ser465/467; 1 : 1000), p-ERK1/2 (1 : 2000), ERK1/2 (1 : 2000) were
from Cell Signaling Technology (Beverly, MA, USA). Primary
antibodies to p-AKT1/2/3 (Ser473; 1 : 400), AKT1/2/3 (1 : 400) and
cyclin D1 (1 : 1000) were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The primary antibody to NDRG1 (1 : 6000) was
from Abcam (Cambridge, MA, USA), while the antibody to b-actin
(1 : 10 000) was from Sigma-Aldrich. Protein band densitometry
was measured using Image J (NIH, Bethesda, MD, USA).

Statistical analysis. Statistical analyses were carried out using
Graphpad Prism (GraphPad Software Inc., La Jolla, CA, USA).
Significant differences were determined by one-way analysis of
variance followed by Dunnett’s post-test. Significant differences
between treatment groups were determined by analysis of variance
followed by the Tukey–Kramer post-test.

RESULTS

To characterise the integration of the tumourigenic PI3K/AKT and
the tumour-suppressive PTEN and TGF-b pathways via NDRG1,
we compared primary cultures of normal human PrECs with the
well-characterised prostate cancer cell lines, PC-3 and DU145. Of
relevance, PC-3 and DU145 cells were compared owing to their
molecular heterogeneity in these signalling pathways. In fact, PC-3
does not express PTEN (Vlietstra et al, 1998), which antagonises
p-AKT levels (Assinder et al, 2009) and this difference was used to
examine the integration between PTEN and p-AKT, as well as the
effects of the chelators on these pathways.

Cells were incubated over 24 h at 37 1C with the iron chelators,
DFO (250 mM) or Dp44mT (2.5 mM). Under these conditions, the
ligands have been shown to inhibit iron uptake from the iron-
binding protein, transferrin, and increase iron release from cells to
induce iron deprivation (Richardson et al, 1994; Yuan et al, 2004).
As a positive control for the depletion of cellular iron pools, the
effect of the chelators was examined on cell cycle distribution after
a 24-h incubation (Supplementary Table 1A). This was done as
these compounds are known to induce a G1/S arrest upon iron
depletion (Noulsri et al, 2009). As shown previously, the fraction of
PC-3 and DU145 cells in the G0/G1 phase was significantly
(Po0.01) increased, while the proportion in S phase significantly
(Po0.01–0.05) decreased after incubation with DFO or Dp44mT
(Noulsri et al, 2009) (Supplementary Table 1A), demonstrating
inhibition of cell cycle progression. In clear contrast, no significant
alterations to cell cycle distribution were observed in normal PrEC
cells following incubation with the chelators (Supplementary
Table 1A). Moreover, proliferation assays demonstrated that the
IC50 values for DFO or Dp44mT measured after a 72-h incubation
with PrEC cells were markedly and significantly (Po0.001–0.01)
higher than the values for PC-3 and DU145 prostate cancer cells
(Supplementary Table 1B), which is consistent with studies
demonstrating the selective anti-tumour activity of these agents
(Whitnall et al, 2006).

In all studies herein, a higher concentration of DFO was
implemented due to its limited ability to permeate membranes
(Richardson et al, 1994). The chelator Dp44mT was utilised at a
lower concentration because this ligand shows high membrane
permeability and demonstrates marked iron chelation efficacy in
cultured cells (Yuan et al, 2004).

Iron chelators increase expression of NDRG1 and its phosphor-
ylation. Initial studies showed that incubation of normal PrECs
(Figure 1A) with either DFO or Dp44mT significantly (Po0.01–
0.05) increased levels of NDRG1 relative to the control. Notably,
the same treatment with DFO or Dp44mT in prostate cancer cells
had a more pronounced effect on NDRG1 expression than in
PrECs when specifically comparing the treatment and control
groups, significantly increasing its levels in PC-3 (Po0.001) and
DU145 (Po0.01) cells (Figure 1B and C). Interestingly, one
NDRG1 band only (B44 kDa) was observed in PrECs (Figure 1A),
while two bands were found for NDRG1 in PC-3 and DU145 cells
at B43 kDa and B44 kDa (Figure 1B and C). In PC-3 cells, the
B44 kDa band was markedly more abundant and regulated after
incubation with iron chelators, with the lower B43 kDa band
being very faint (Figure 1B) or difficult to detect in other blots. In
contrast, in DU145 cells, both NDRG1 bands were usually
detectable and each was increased after incubation with DFO or
Dp44mT (Figure 1C). The exact identity of these two NDRG1
bands remains unclear, but they have been suggested to correspond
to the different phosphorylation states of the protein (Sugiki et al,
2004). Considering this, the phosphorylation of NDRG1 at Ser330

and Thr346 was examined and found also to be significantly
(Po0.01–0.05) increased after incubation with DFO or Dp44mT
in PrECs (Figure 1A). Both DFO and Dp44mT significantly
(Po0.001) increased NDRG1 phosphorylation in PC-3 and
DU145 cells to a greater extent than in PrECs (Figure 1A–C).
Furthermore, the effect of DFO on increasing NDRG1 and
p-NDRG1 levels at Ser330 and Thr346 in PrEC, PC-3 and DU145
cells was generally concentration dependent (Supplementary
Figure 2A–C).

Iron chelators increase PTEN levels and influence AKT
phosphorylation. Next, we examined the effects of the iron
chelators on PTEN and AKT signalling. Both DFO and Dp44mT
significantly (Po0.01–0.05) increased the levels of tumour
suppressor PTEN in PrEC and DU145 cells (Figure 1A and C).
As expected, PTEN was undetectable in PC-3 cells due to the
homozygous deletion of the PTEN gene (Vlietstra et al, 1998)
(Figure 1B). PTEN levels also generally increased as a function of
DFO concentration in both PrECs and DU145 cells
(Supplementary Figure 3A and C).

Unexpectedly, both DFO and Dp44mT significantly increased
p-AKT (Ser473) in PrECs and prostate cancer cells (Po0.001;
Figure 1A–C), whereas there was no significant (P40.05)
alteration in levels of total AKT (Figure 1A–C). Notably, a higher
DFO concentration (250mM) was required to significantly
(Po0.05) increase p-AKT levels in PrECs, while concentrations
as low as 100 mM resulted in increased p-AKT in PC-3 and DU145
cells (Supplementary Figure 3A–C). Hence, the prostate cancer
cells were more sensitive to the effects of the chelators than normal
PrECs, which correlates to their relative lack of susceptibility to the
anti-proliferative activity of these agents (Supplementary Table 1).
Total AKT levels remained unaltered regardless of the DFO
concentration (Supplementary Figure 3A–C).

The effects of DFO and Dp44mT on NDRG1, PTEN and p-AKT
are reversed by addition of the iron donor, ferric ammonium
citrate (FAC). As these iron chelators have clear anti-proliferative
effects in cancer cells and can modify levels of NDRG1, PTEN and
p-AKT, we investigated whether the ability of DFO and Dp44mT
to increase the levels of these proteins was dependent on their
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ability to chelate iron. The three cell types were incubated with
either growth medium alone, or medium containing DFO or
Dp44mT for 14 h, followed by a second incubation with either
RPMI, DFO, Dp44mT or the iron donor, FAC, for a further 14 h.
Ferric ammonium citrate is well known to replenish intracellular
iron levels after iron depletion (Le and Richardson, 2004), and

hence, it should reverse the effects of chelators if their activity is
due to chelation of cellular iron pools.

Initial experiments examined PrECs and after the first
incubation with DFO or Dp44mT followed by a second incubation
with these chelators, there was a significant (Po0.01–0.05)
increase in NDRG1 and PTEN expression relative to cells
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Figure 1. Increase of NDRG1, p-NDRG1 (Ser330), p-NDRG1 (Thr346), PTEN, p-AKT (Ser473) and AKT protein levels in (A) PrEC, (B) PC-3 and
(C) DU145 cells after a 24 h incubation at 37 1C with control medium, DFO (250mM) or Dp44mT (2.5mM). Western blots are typical of three
independent experiments, with densitometric analysis representing mean±s.d. Relative to control: *Po0.05, **Po0.01, ***Po0.001.
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incubated with control media in both incubations (Figure 2A).
There was no significant (P40.05) reversal of the increase in
NDRG1 or PTEN expression after re-incubation of chelator-
treated PrEC cells with FAC (Figure 2A).

In contrast to PrECs, the significant (Po0.001–0.01) increase in
NDRG1 levels by iron depletion induced after the first incubation
of PC-3 and DU145 prostate cancer cells with DFO or Dp44mT
was partially or fully reversed by the addition of FAC (Figure 2B
and C). This observation agrees with previous studies showing
NDRG1 is regulated by intracellular iron levels (Le and
Richardson, 2004; Dong et al, 2005). The increase in PTEN
induced by iron chelators in DU145 cells was also reversed
by a subsequent incubation with FAC (Figure 2C). Similarly,
the upregulation of p-AKT levels was reduced in all three

chelator-treated cell types when cellular iron levels were subse-
quently replenished with FAC (Figure 2A–C). For all cell types
examined, there was no significant effect on total AKT levels for
any of the treatments relative to the controls (Figure 2A–C).

The DFO-induced increase in p-AKT does not cause activation
of its downstream effectors. To assess whether the increase in
p-AKT induced by iron chelators (Figures 1 and 2) resulted in
activation of its downstream effectors (e.g., phosphorylation of the
mammalian target of rapamycin at Ser2448 (p-mTOR) and
increased expression of cyclin D1) (Assinder et al, 2009), cells
were incubated for 24 h with increasing DFO concentrations (50,
100 or 250 mM; Figure 3). As observed above in all three cell types,
DFO significantly (Po0.01–0.05) increased p-AKT levels, without
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Figure 2. The effect of iron supplementation on the DFO- or Dp44mT-induced increase in expression of NDRG1, PTEN and p-AKT (Ser473) in
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altering total AKT (Figure 3A–C). Interestingly, DFO did not
significantly increase p-mTOR (Figure 3A–C), and in contrast to
the expected increase in cyclin D1 expression, there was a
significant (Po0.01) dose-dependent decrease of cyclin D1 in all
cell types (Figure 3A–C). Unlike the effect observed with DFO,
incubation of cells with the positive control, insulin-like growth
factor-1 (IGF-1), led to increased p-AKT and p-mTOR levels
(Supplementary Figure 4). This suggested the effect of DFO on
p-AKT did not result in downstream activation of the classical
AKT pathway.

To investigate whether the DFO-induced increase in p-AKT was
dependent on PTEN levels, we incubated PC-3 cells stably
transfected with the vector alone (PC-3-Control) or a PTEN
construct (PC-3-PTEN) with DFO or Dp44mT (Supplementary
Figure 5A and B). While DFO and Dp44mT increased levels of
p-AKT in PC-3-PTEN cells by up to 2.5-fold, the proportional
increase in p-AKT was smaller compared with the significant
(Po0.001) 3.5-fold increase observed in PC-3-Control cells.

Iron chelators decrease phosphorylation of SMAD2 at a site
regulated by oncogenic Ras. Considering our results demonstrat-
ing an effect of the chelators on AKT/PTEN and previous studies
indicating cellular iron chelation upregulates TGF-b (Yoon et al,
2002), we examined the effects of DFO and Dp44mT on TGF-b/
SMAD signalling. In particular, we focused on SMAD2, as it is a
key molecule involved in mediating tumour-suppressive TGF-b/
SMAD signalling (Ten Dijke et al, 2002; Assinder et al, 2009). Iron
chelators significantly (Po0.05) reduced levels of total SMAD2 in
the prostate cancer cell lines, but not in PrECs (Figure 4A–C).
However, incubation with chelators did not significantly alter
p-SMAD2C levels in all cell types (Figure 4A–C). As p-SMAD2C
was barely detected or not observed in DU145 cells after
incubation with control medium or chelators, TGF-b (10 ngml� 1)
was used as a positive control and demonstrated that p-SMAD2C
was significantly (Po0.01) induced (Figure 4D). Importantly, DFO
and Dp44mT significantly (Po0.001–0.05) reduced oncogenic
p-SMAD2L levels in all three cell types (Figure 4A–C), indicating a
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possible mechanism of their anti-tumour activity (Torti and Torti,
2011; Merlot et al, 2012). Notably, the effect of the chelators on
reducing p-SMAD2L expression was markedly less pronounced in
normal PrECs relative to both prostate cancer cell lines
(Figure 4A–C).

Previous studies have indicated that ERK1/2 is responsible for
the phosphorylation of p-SMAD2L (Kretzschmar et al, 1999).
Hence, we examined the response of phosphorylated ERK1 at
Thr202/Tyr204 and ERK2 at Thr185/Tyr187 (p-ERK1/2) and total
ERK1/2 to incubation with DFO and Dp44mT. As shown in
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Figure 4A–C, incubation of cells with DFO or Dp44mT resulted in
a significant (Po0.01–0.05) decrease in phosphorylation of ERK1
at 44 kDa (Thr202/Tyr204) in PrEC, PC-3 and DU145 cells. For
p-ERK2 at 42 kDa (Thr185/Tyr187), incubation with chelators led to
a significant (Po0.01–0.05) decrease in phosphorylation for PrEC
and DU145 cells, whereas no significant effect was observed in PC-
3 cells. No significant alterations in total ERK were observed in any
of the cell types studied under all conditions (Figure 4A–C). These
studies indicated that the decrease in p-ERK could have a role in
the reduced p-SMAD2L observed after incubation with chelators.

Silencing or overexpression of NDRG1 modulates levels of
p-AKT, PTEN, p-SMAD2L and p-ERK1/2. We then investigated
how NDRG1 could be involved in the effects of DFO and Dp44mT
on PTEN, p-AKT and p-SMAD2L. To this end, we silenced
NDRG1 expression in DU145 cells using shRNA (DU145-
shNDRG1) implementing two constructs (sh 1 and sh 2) and the
scrambled control and observed the subsequent effects on these

proteins (Figure 5A). The DU145 cell line was chosen for these
studies due to the relatively high expression of the proteins of
interest in control cells (Figures 1, 3 and 4). Silencing NDRG1
resulted in significantly (Po0.001) decreased PTEN expression,
while significantly (Po0.001–0.05) increasing p-AKT, p-SMAD2L,
SMAD2 and p-ERK1/2. In contrast, there was no significant
change in total AKT and p-SMAD2C levels (Figure 5A).
Conversely, NDRG1 overexpression in DU145 cells (using two
clones: þ 1 and þ 2) resulted in significantly (Po0.01–0.05)
increased PTEN expression, whereas levels of p-AKT, p-SMAD2L,
SMAD2 and p-ERK1/2 were significantly reduced (Po0.01–0.05;
Figure 5B). No significant alteration in the level of total AKT was
observed, and as described previously in Figure 4C and D,
p-SMAD2C expression was barely detectable (Figure 5B).

To determine if the effects of the chelators were dependent on
NDRG1 activity, we used DU145-shNDRG1 cells (Figure 6A).
Both DU145-shControl (i.e., scrambled construct) and DU145-
shNDRG1 cells were incubated with DFO or Dp44mT for 24 h and
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the effects on protein expression assessed. Interestingly, NDRG1
silencing almost ablated the expression of the protein in control
cells (DU145-shNDRG1) and significantly (Po0.01) reduced
chelator-mediated upregulation of NDRG1 compared with non-
silenced DU145 cells (Figure 6A). The partial NDRG1 silencing in
chelator-treated cells reduced the ability of these agents to decrease
SMAD2, and to a greater extent, p-SMAD2L and p-ERK1/2 levels
relative to the non-silenced cells. The silencing of NDRG1 or
treatment with chelators had no significant effect on levels of total
ERK1/2. In summary, these studies show that upregulation of
NDRG1 by DFO or Dp44mT has a role in the downregulation of
SMAD2, p-SMAD2L and p-ERK1/2.

DISCUSSION

A key aim in the development of specific anti-cancer therapies is to
restore lost tumour-suppressive functions and disrupt those
essential signalling pathways crucial for tumour growth and
metastasis. Here, we aimed to apply this principle to prostate
cancer therapy by investigating how novel iron chelators target the

complex relationship between the tumourigenic PI3K/AKT and
tumour-suppressive PTEN and TGF-b pathways via NDRG1.

Iron chelators increase NDRG1 and its phosphorylation at
Ser330 and Thr346. In this investigation, for the first time, we show
that iron chelation increases phosphorylation of NDRG1 at Ser330

and Thr346 in normal human PrECs and prostate cancer cell lines
(Figure 1). In recent studies by Murakami et al (2010), NDRG1
phosphorylation at Ser330 and Thr346 in pancreatic cancer cells was
essential for its tumour-suppressive action. This indicates that in
addition to upregulation of total NDRG1 levels, phosphorylation of
NDRG1 at Ser330 and Thr346 by chelators may be important for
their activity in prostate cells.

Previous studies have demonstrated that some chelators such as
thiosemicarbazones show substantial selectivity against tumour cells
(Whitnall et al, 2006; Yu et al, 2012). An important aspect of this
study was to assess the differential anti-tumour activity of these
agents using PrECs and the PC-3 and DU145 prostate tumour cell
lines. Although the chelators significantly increased NDRG1 levels
and its phosphorylation in PrECs, the extent of the upregulation
was markedly greater in prostate cancer cells. Moreover, the
chelators more effectively decreased oncogenic p-SMAD2L in the
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prostate cancer cell lines relative to PrECs. These effects may have a
role in the selective anti-tumour activity of these compounds.

NDRG1 attenuates p-AKT levels independently of PTEN. To
further investigate the molecular targets of chelators and their
integration, their effect on the PI3K/AKT pathway was assessed.
The chelators not only increased expression of the tumour-
suppressive molecules, NDRG1 and PTEN, but also increased
phosphorylation of oncogenic AKT. This latter effect was
unexpected, given the well-documented anti-proliferative effects
of iron chelators (Buss et al, 2004; Torti and Torti, 2011; Merlot
et al, 2012) and our observation that upregulation of NDRG1
suppresses p-AKT levels (Figure 5). These somewhat paradoxical
observations may be explained by the chelators inducing an initial
pro-survival response that increases p-AKT. We found the elevated
p-AKT expression induced by iron chelators did not result in
increased levels of its downstream targets, p-mTOR and cyclin D1
(Figure 3). In fact, cyclin D1 expression was significantly decreased
by DFO, which is consistent with previous reports (Nurtjahja-
Tjendraputra et al, 2007). These results indicate that increased
p-AKT in prostate cells induced by DFO does not correlate with
activation of its classical targets, p-mTOR and cyclin D1. Indeed,
activation of mTOR by the PI3K/AKT pathway is well known to
occur during growth-factor signalling (Assinder et al, 2009), but
this did not occur after incubation with chelators. However, it is
notable that DFO and Dp44mT affect multiple signalling pathways
within cells (Chen et al, 2012), and it is possible that other
processes are affecting the activity of p-AKT, mTOR and other
downstream targets of p-AKT in a way that differs from its
classical signalling. In fact, Ohyashiki et al (2009) demonstrated
that incubation with the iron chelator, deferasirox, repressed
signalling through mTOR in leukaemia cells via REDD1. A
number of studies have also reported increased p-AKT levels in
response to DFO in cancer cell lines (Alvarez-Tejado et al, 2001;
Box et al, 2008; Dongiovanni et al, 2008). Taken together, the
increased p-AKT induced by chelators may be a short-term stress-
induced response before their anti-proliferative effects overcome
the initial pro-survival response to these agents.

Using DU145 cells, we showed that silencing NDRG1 significantly
increased p-AKT levels and decreased PTEN levels, indicating that
NDRG1 attenuated oncogenic p-AKT activity. Conversely, NDRG1
overexpression significantly reduced p-AKT levels and increased
PTEN. These data demonstrate an important role for NDRG1 in
inhibiting the oncogenic PI3K/AKT pathway (Figure 5) and leads to
an NDRG1-dependent mechanism by which iron chelators induce
their anti-proliferative effects (Figure 6B).

Furthermore, we showed that NDRG1 overexpression in PTEN-
null PC-3 cells attenuated p-AKT levels (Supplementary Figure 6),
which mirrors our observations in PTEN-positive DU145 cells
(Figure 5). A similar effect was also shown by others, where
NDRG1 overexpression in the PC-3MM and MCF7 cell lines
decreased p-AKT levels (Liu et al, 2012). Collectively, the reduction
in p-AKT mediated by NDRG1 occurs independently of PTEN.
Hence, the lack of PTEN expression in B50% of prostate cancer
patients (Facher and Law, 1998) is unlikely to abrogate the effects
of NDRG1 on p-AKT.

Iron chelators decrease levels of p-ERK1/2 and its downstream
target, p-SMAD2L. Considering that the PI3K/AKT and TGF-b
pathways are integrated via NDRG1 (Assinder et al, 2009), we
examined the effect of the chelators and NDRG1 on TGF-b
signalling. Iron chelators did not significantly alter p-SMAD2C
levels, which is involved in activation of the canonical anti-
proliferative TGF-b pathway in all three prostate cell types. We
report that incubation of these cell types with chelators
significantly decreased p-SMAD2L levels. Thus, this effect alters
the ratio of p-SMAD2L to p-SMAD2C, therefore promoting the
tumour-suppressive effects of p-SMAD2C. This effect could be

mediated, in part, by the suppression of p-ERK1/2 levels (Figure 4),
as ERK1/2 mediates phosphorylation of SMAD2 at the linker
region (Kretzschmar et al, 1999).

To further investigate the mechanisms behind this observation,
we silenced NDRG1 and observed increased p-ERK1/2 and
p-SMAD2L in DU145 cells, whereas overexpression of NDRG1
had the opposite effect. This demonstrates a role for NDRG1 in the
attenuation of ERK1/2 signalling and its downstream effects on
p-SMAD2L. Moreover, incubation of DU145-shNDRG1 cells with
chelators led to a less marked reduction in p-ERK1/2 and
p-SMAD2L compared with vector control cells (Figure 6A). This
indicated NDRG1 was at least partly responsible for the chelator-
mediated decrease in p-ERK1/2 and p-SMAD2L. Thus, chelators
exert their anti-proliferative activity, specifically by suppressing
oncogenic p-ERK1/2 signalling via NDRG1 and its downstream
effects on p-SMAD2L (Figure 6B).

In conclusion, the chelators used herein exploit tumour-
suppressive functions (i.e., NDRG1 and PTEN) and disrupt
tumorigenic effectors (i.e., p-ERK1/2 and p-SMAD2L) in cancer
cells and represent a new advance in targeting signalling pathways.
Importantly, the effects of DFO and Dp44mT on NDRG1,
p-SMAD2L and SMAD2 expression were more marked in prostate
cancer cells than normal PrECs, which may, in part, explain their
selective anti-tumour activity. Indeed, the decrease in oncogenic
p-SMAD2L is hypothesised to enhance tumour-suppressive
SMAD-dependent TGF-b signalling. Finally, while the mechan-
isms of integration of these pathways are highly complex, this
study has demonstrated the potential for specific targeting of these
pathways with novel pharmacological agents.

ACKNOWLEDGEMENTS

This work was funded by grants and fellowships from the National
Health and Medical Research Council (NHMRC), Sydney Medical
School Foundation, and the Prostate Cancer Foundation of Australia.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Alvarez-Tejado M, Naranjo-Suarez S, Jimenez C, Carrera AC, Landazuri MO,
del Peso L (2001) Hypoxia induces the activation of the
phosphatidylinositol 3-kinase/Akt cell survival pathway in PC12 cells -
Protective role in apoptosis. J Biol Chem 276(25): 22368–22374.

Assinder SJ, Dong Q, Kovacevic Z, Richardson DR (2009) The TGF-beta,
PI3K/Akt and PTEN pathways: established and proposed biochemical
integration in prostate cancer. Biochem J 417(2): 411–421.

Assinder SJ, Dong Q, Mangs H, Richardson DR (2008) Pharmacological
targeting of the integrated AKT, PTEN and TGF-beta pathways in prostate
cancer. Mol Pharmacol 75(3): 429–436.

Bandyopadhyay S, Pai SK, Gross SC, Hirota S, Hosobe S, Miura K, Saito K,
Commes T, Hayashi S, Watabe M, Watabe K (2003) The Drg-1 gene
suppresses tumor metastasis in prostate cancer. Cancer Res 63(8): 1731–1736.

Bandyopadhyay S, Pai SK, Hirota S, Hosobe S, Takano Y, Saito K, Piquemal
D, Commes T, Watabe M, Gross SC, Wang Y, Ran S, Watabe K (2004a)
Role of the putative tumor metastasis suppressor gene Drg-1 in breast
cancer progression. Oncogene 23(33): 5675–5681.

Bandyopadhyay S, Pai SK, Hirota S, Hosobe S, Tsukada T, Miura K, Takano Y,
Saito K, Commes T, Piquemal D, Watabe M, Gross S, Wang Y, Huggenvik J,
Watabe K (2004b) PTEN up-regulates the tumor metastasis suppressor gene
Drg-1 in prostate and breast cancer. Cancer Res 64(21): 7655–7660.

Box AH, Yuen C, Ponjevic D, Fick GH, Demetrick DJ (2008) Signaling and
apoptosis differences between severe hypoxia and desferoxamine
treatment of human epithelial cells. Biochem Cell Biol 86(5): 425–436.

BRITISH JOURNAL OF CANCER Dp44mT targets NDRG1

418 www.bjcancer.com |DOI:10.1038/bjc.2012.582

http://www.bjcancer.com


Buss JL, Greene BT, Turner J, Torti FM, Torti SV (2004) Iron chelators in
cancer chemotherapy. Curr Top Med Chem 4(15): 1623–1635.

Cantley LC, Neel BG (1999) New insights into tumor suppression: PTEN
suppresses tumor formation by restraining the phosphoinositide 3-kinase/
AKT pathway. Proc Natl Acad Sci USA 96(8): 4240–4245.

Chen Z, Zhang D, Yue F, Zheng M, Kovacevic Z, Richardson DR (2012) The
iron chelators Dp44mT and DFO inhibit TGF-beta-induced epithelial-
mesenchymal transition via up-regulation of N-myc downstream
regulated gene 1 (NDRG1). J Biol Chem 287(21): 17016–17028.

Chow JY, Quach KT, Cabrera BL, Cabral JA, Beck SE, Carethers JM (2007)
RAS/ERK modulates TGFbeta-regulated PTEN expression in human
pancreatic adenocarcinoma cells. Carcinogenesis 28(11): 2321–2327.

Davies MA, Koul D, Dhesi H, Berman R, McDonnell TJ, McConkey D, Yung
WK, Steck PA (1999) Regulation of Akt/PKB activity, cellular growth, and
apoptosis in prostate carcinoma cells by MMAC/PTEN. Cancer Res
59(11): 2551–2556.

Dong Z, Arnold RJ, Yang Y, Park MH, Hrncirova P, Mechref Y, Novotny MV,
Zhang JT (2005) Modulation of differentiation-related gene 1 expression
by cell cycle blocker mimosine, revealed by proteomic analysis. Mol Cell
Proteomics 4: 993–1001.

Dongiovanni P, Valenti L, Fracanzani AL, Gatti S, Cairo G, Fargion S (2008)
Iron depletion by deferoxamine up-regulates glucose uptake and insulin
signaling in hepatoma cells and in rat liver. Am J Pathol 172(3): 738–747.

Facher EA, Law JC (1998) PTEN and prostate cancer. J Med Genet 35(9): 790.
Guang RJ, Ford JL, Fu YN, Li YZ, Shaw LM, Pardee AB (2000) Drg-1 as a

differentiation-related, putative metastatic suppressor gene in human
colon cancer. Cancer Res 60(3): 749–755.

Guo Y, Kyprianou N (1998) Overexpression of transforming growth factor
(TGF) beta1 type II receptor restores TGF-beta1 sensitivity and signaling
in human prostate cancer cells. Cell Growth Differ 9(2): 185–193.

Guo Y, Kyprianou N (1999) Restoration of transforming growth factor beta
signaling pathway in human prostate cancer cells suppresses tumorigenicity
via induction of caspase-1-mediated apoptosis. Cancer Res 59(6): 1366–1371.

Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ (2009) Cancer Statistics,
2009. CA Cancer J Clin 59(4): 225–249.

Kovacevic Z, Chikhani S, Lovejoy DB, Richardson DR (2011a) Novel thiose-
micarbazone iron chelators induce up-regulation and phosphorylation of the
metastasis suppressor N-myc down-stream regulated gene 1: a new strategy
for the treatment of pancreatic cancer. Mol Pharmacol 80(4): 598–609.

Kovacevic Z, Chikhani S, Lui GYL, Sivagurunathan S, Richardson DR (2012)
The iron-regulated metastasis suppressor N-Myc downstream regulated
gene 1 (NDRG1) targets NEDD4L, PTEN and SMAD4 and inhibits the PI3K
and Ras signaling pathways. Antioxid Redox Signaling 12(5): 395–401.

Kovacevic Z, Richardson DR (2006) The metastasis suppressor, Ndrg-1: a new
ally in the fight against cancer. Carcinogenesis 27(12): 2355–2366.

Kovacevic Z, Sivagurunathan S, Mangs H, Chikhani S, Zhang D, Richardson
DR (2011b) The metastasis suppressor, N-myc downstream regulated gene
1 (NDRG1), upregulates p21 via p53-independent mechanisms.
Carcinogenesis 32(5): 732–740.

Kretzschmar M, Doody J, Timokhina I, Massague J (1999) A mechanism of
repression of TGF beta/Smad signaling by oncogenic Ras. Genes Dev
13(7): 804–816.

Lachat P, Shaw P, Gebhard S, van Belzen N, Chaubert P, Bosman FT (2002)
Expression of NDRG1, a differentiation-related gene, in human tissues.
Histochem Cell Biol 118(5): 399–408.

Le NT, 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(9): 2967–2975.

Lee JT, Lehmann BD, Terrian DM, Chappell WH, Stivala F, Libra M, Martelli
AM, Steelman LS, McCubrey JA (2008) Targeting prostate cancer based on
signal transduction and cell cycle pathways. Cell Cycle 7(12): 1745–1762.

Liu W, Xing F, Iiizumi-Gairani M, Okuda H, Watabe M, Pai SK, Pandey PR,
Hirota S, Kobayashi A, Mo YY, Fukuda K, Li Y, Watabe K (2012) N-myc
downstream regulated gene 1 modulates Wnt-beta-catenin signalling and
pleiotropically suppresses metastasis. EMBO Mol Med 4(2): 93–108.

Lovejoy DB, Jansson PJ, Brunk UT, Wong J, Ponka P, Richardson DR (2011)
Antitumor activity of metal-chelating compound Dp44mT is mediated by
formation of a redox-active copper complex that accumulates in
lysosomes. Cancer Res 71(17): 5871–5880.

Massague J, Blain SW, Lo RS (2000) TGFbeta signaling in growth control,
cancer, and heritable disorders. Cell 103(2): 295–309.

Merlot AM, Kalinowski DS, Richardson DR (2012) Novel chelators for cancer
treatment: where are we now? Antioxid Redox Signaling; e-pub ahead of
print 11 May 2012; doi: 10.1089/ars.2012.4540.

Murakami Y, Hosoi F, Izumi H, Maruyama Y, Ureshino H, Watari K, Kohno
K, Kuwano M, 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(2): 376–381.

Noulsri E, Richardson DR, Lerdwana S, Fucharoen S, Yamagishi T,
Kalinowski DS, Pattanapanyasat K (2009) Antitumor activity and
mechanism of action of the iron chelator, Dp44mT, against leukemic cells.
Am J Hematol 84(3): 170–176.

Nurtjahja-Tjendraputra E, Fu D, Phang JM, Richardson DR (2007) Iron
chelation regulates cyclin D1 expression via the proteasome: a link to iron
deficiency-mediated growth suppression. Blood 109(9): 4045–4054.

Ohyashiki JH, Kobayashi C, Hamamura R, Okabe S, Tauchi T, Ohyashiki K
(2009) The oral iron chelator deferasirox represses signaling through the
mTOR in myeloid leukemia cells by enhancing expression of REDD1.
Cancer Sci 100(5): 970–977.

Rao VA, Klein SR, Agama KK, Toyoda E, Adachi N, Pommier Y, Shacter EB
(2009) The iron chelator Dp44mT causes DNA damage and selective
inhibition of topoisomerase IIalpha in breast cancer cells. Cancer Res
69(3): 948–957.

Richardson D, Ponka P, Baker E (1994) The effect of the iron(III) chelator,
desferrioxamine, on iron and transferrin uptake by the human malignant
melanoma cell. Cancer Res 54(3): 685–689.

Richardson DR, Sharpe PC, Lovejoy DB, Senaratne D, Kalinowski DS, Islam
M, Bernhardt PV (2006) Dipyridyl thiosemicarbazone chelators with
potent and selective antitumor activity form iron complexes with redox
activity. J Med Chem 49(22): 6510–6521.

Samuels Y, Ericson K (2006) Oncogenic PI3K and its role in cancer. Curr Opin
Oncol 18(1): 77–82.

Sugiki T, Murakami M, Taketomi Y, Kikuchi-Yanoshita R, Kudo I (2004)
N-myc downregulated gene 1 is a phosphorylated protein in mast cells.
Biol Pharm Bull 27(5): 624–627.

Ten Dijke P, Goumans MJ, Itoh F, Itoh S (2002) Regulation of cell
proliferation by Smad proteins. J Cell Physiol 191(1): 1–16.

Torti SV, Torti FM (2011) Ironing out cancer. Cancer Res 71(5): 1511–1514.
Vlietstra RJ, van Alewijk D, Hermans KGL, van Steenbrugge GJ, Trapman J

(1998) Frequent inactivation of PTEN in prostate cancer cell lines and
xenografts. Cancer Res 58(13): 2720–2723.

Whitnall M, Howard J, Ponka P, 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(40): 14901–14906.

Yao M, Xie C, Constantine M, Hua S, Hambly BD, Jardine G, Sved P, Dong Q
(2012) How can food extracts consumed in the Mediterranean and East
Asia suppress prostate cancer proliferation? Br J Nutr 108(3): 424–430.

Yoon G, Kim HJ, Yoon YS, Cho H, Lim IK, Lee JH (2002) Iron chelation-
induced senescence-like growth arrest in hepatocyte cell lines: association
of transforming growth factor beta1 (TGF-beta1)-mediated p27Kip1
expression. Biochem J 366(Part 2): 613–621.

Yu Y, Rahmanto YS, Richardson DR (2012) Bp44mT: an orally active iron
chelator of the thiosemicarbazone class with potent anti-tumour efficacy.
Br J Pharmacol 165(1): 148–166.

Yuan J, Lovejoy DB, Richardson DR (2004) Novel di-2-pyridyl-derived iron
chelators with marked and selective antitumor activity: in vitro and in vivo
assessment. Blood 104(5): 1450–1458.

Zhao H, Dupont J, Yakar S, Karas M, LeRoith D (2004) PTEN inhibits cell
proliferation and induces apoptosis by downregulating cell surface IGF-IR
expression in prostate cancer cells. Oncogene 23(3): 786–794.

This work is published under the standard license to publish agree-
ment. After 12 months the work will become freely available and
the license terms will switch to a Creative Commons Attribution-
NonCommercial-Share Alike 3.0 Unported License.

Supplementary Information accompanies this paper on British Journal of Cancer website (http://www.nature.com/bjc)

Dp44mT targets NDRG1 BRITISH JOURNAL OF CANCER

www.bjcancer.com |DOI:10.1038/bjc.2012.582 419

http://www.nature.com/bjc
http://www.bjcancer.com

	Dp44mT targets the AKT, TGF-β and ERK pathways via the metastasis suppressor NDRG1 in normal prostate epithelial cells and prostate cancer cells
	Main
	Materials and methods
	Cell treatments
	Cell lines and culture
	Plasmid construction and transfection
	Flow cytometry
	Cellular proliferation assay
	Protein extraction and western analysis
	Statistical analysis

	Results
	Iron chelators increase expression of NDRG1 and its phosphorylation
	Iron chelators increase PTEN levels and influence AKT phosphorylation
	The effects of DFO and Dp44mT on NDRG1, PTEN and p-AKT are reversed by addition of the iron donor, ferric ammonium citrate (FAC)
	The DFO-induced increase in p-AKT does not cause activation of its downstream effectors
	Iron chelators decrease phosphorylation of SMAD2 at a site regulated by oncogenic Ras
	Silencing or overexpression of NDRG1 modulates levels of p-AKT, PTEN, p-SMAD2L and p-ERK1/2

	Discussion
	Iron chelators increase NDRG1 and its phosphorylation at Ser330 and Thr346
	NDRG1 attenuates p-AKT levels independently of PTEN
	Iron chelators decrease levels of p-ERK1/2 and its downstream target, p-SMAD2L

	Acknowledgements
	Notes
	References




