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Abstract

The iron-regulated metastasis suppressor, N-myc downstream regulated gene-1 (NDRGL1), is up-
regulated by cellular iron depletion mediated by iron chelators and can inhibit cancer cell migration.
However, the mechanism of how NDRGL1 achieves this effect remains unclear. In this study, we
implemented established and newly constructed NDRGL1 over-expression and knockdown models
using the DU145, HT29 and HCT116 cancer cell lines to investigate the molecular basis by which
NDRGL1 exerts its inhibitory effect on cell migration. Using these models, we demonstrated that
NDRGL1 over-expression inhibits cell migration by preventing actin-filament polymerization, stress
fiber assembly and formation. In contrast, NDRG1 knockdown had the opposite effect. Moreover,
we identified that NDRGL1 inhibited an important regulatory pathway mediated by the Rho-
associated, coiled-coil containing protein kinase 1 (ROCK1)/phosphorylated myosin light chain 2
(PMLC2) pathway that modulates stress fiber assembly. The phosphorylation of MLC2 is a key
process in inducing stress fiber contraction and this was shown to be markedly decreased or
increased by NDRGL1 over-expression or knockdown, respectively. The mechanism involved in the
inhibition of MLC2 phosphorylation by NDRG1 was mediated by a significant (p<0.001) decrease
in ROCK1 expression that is a key kinase involved in MLC2 phosphorylation. Considering that
NDRGL is up-regulated after cellular iron depletion, novel thiosemicarbazone iron chelators (e.g.,
di-2-pyridylketone  4,4-dimethyl-3-thiosemicarbazone) were demonstrated to  inhibit
ROCK 1/pMLC2-modulated actin-filament polymerization, stress fiber assembly and formation via
amechanism involving NDRGL1. These results highlight the role of the ROCK1/pMLC2 pathway in
the NDRG1-mediated anti-metastatic signaling network and the therapeutic potential of iron

chelators at inhibiting metastasis.
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| ntroduction

Despite breakthroughs in therapy, prostate and colon tumors are major causes of cancer-related
mortality (Siegel et al., 2012). Thus, new approaches to prostate and colorectal cancer treatment
have focused on therapeutically targeting crucial molecules involved in disease progression (Fu et
a., 2012; Tsujii, 2012). One newly identified molecular target, namely the metastasis suppressor,
N-myc downstream regulated gene-1 (NDRG1), has been reported to inhibit prostate and colorectal
cancer progression (Guan et al., 2000; Liu et a., 2011). In addition, NDRG1 mRNA and protein
levels were decreased in the primary tumor and metastases when compared to normal tissues
(Kurdistani et al., 1998). Over-expression of NDRGL in cancer cells not only induces differentiation
(Fotovati et al., 2011), but also reduces invasion and metastasis (Chen et al., 2012). Several studies
report a positive correlation between NDRG1 expression and patient survival, indicating NDRG1
may be a prognostic biomarker in prostate (Liu et al., 2011) and colorectal cancer (Guan et al.,
2000). Although NDRGL is largely considered to be a metastasis suppressor, several studies have
also found this latter protein to be associated with increased metastasis and poor prognosis in
certain neoplasms, such as hepatocellular carcinoma (Ellen et al., 2008). However, notably, the
majority of studies have reported a tumor/metastasis suppressive role of NDRGL1 (Ellen et al.,
2008). The molecular pathways that NDRGL affects are still unclear and require exploration, asthis

metastasis suppressor may be a useful therapeutic target.

Studies from our laboratory (Chen et al., 2012; Kovacevic et al., 2012; Le and Richardson, 2004,
Lovejoy et al., 2011; Lovejoy et a., 2012; Whitnall et al., 2006; Yu et a., 2012) and others (Liu et
al., 2012; Rao et a., 2009; Rao et al., 2011; Tian et al., 2010) have shown that novel iron-binding
agents (e.g., di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) and di-2-
pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC); Fig. 1) possess marked and
selective anti-tumor and anti-metastatic activity by up-regulating NDRG1. The mechanism involved

occurs through the depletion of cellular iron via hypoxia-inducible factor lo-dependent and -
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independent pathways (Le and Richardson, 2004). Importantly, NDRG1 up-regulation by cellular

iron-depletion inhibits the epithelial-mesenchymal transition that is crucia for metastasis (Chen et
al., 2012). Apart from iron chelators, NDRG1 was also found to be up-regulated in response to other
anti-cancer agents including hydroxyurea, cisplatin and doxorubicin (Delgado-Canedo et al., 2005;

Mandal et al., 2004), further implicating its role in suppressing tumor progression.

Cell migration plays a crucia role in cancer cell metastasis. Considering the mechanism of cancer
cell migration, actin participates in a range of events in cellular locomotion, including cell matility,
cell polarity, cell junction function and chemotaxis (Dominguez and Holmes, 2011; La et al.,
2012). Actin exists in the cytoplasm in two different forms, namely the actin monomer (G-actin)
and actin filament (F-actin). When G-actin exchanges bound ADP for ATP, it is activated and
polymerizes into F-actin bundles, also known as stress fibers (Dominguez and Holmes, 2011).
When cancer cells make stable associations to a substrate, or when metastasis signaling pathways
are triggered, stress fibers are rearranged and extend within the cell (Lai et al., 2012). Myosin
interacts with F-actin to drive the movement of actin filaments past one another and the consequent

fiber contraction causes alterations in cell shape and cellular migration (Tojkander et al., 2011).

It is reported that a key factor in stress fiber formation is the phosphorylation of myosin light chain
2 (MLC2) at Thrl8/Serl9 (Katoh et al., 2011). Cells have a complicated signaling network
modulating MLC2 phosphorylation, among which the Rho-associated, coiled-coil containing
protein kinase 1 (ROCK1) pathway is one of the most crucial mechanisms in stimulating cross-
linking of actin by myosin, leading to enhanced cancer cell contractility (Chaturvedi et al., 2011).
Therefore, targeting the ROCKL/pMLC2 pathway to inhibit cancer cell migration may become a

therapeutic strategy.

Considering the potent anti-metastatic effect of NDRG1 in various cancer cell-types and the role of
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the ROCK1/pMLC2 pathway in activating stress fiber-mediated cell motility and migration, we

examined whether the ROCKL1/pMLC2 pathway played a critical role in NDRG1-mediated
inhibition of cell migration. Our studies demonstrate a significant role of NDRG1 expression in
inhibiting the ROCK1/pM LC2 pathway and provide novel insights into the mechanisms underlying
the ability of NDRG1 to inhibit cell migration. Furthermore, this investigation illustrates that
targeting NDRG1 using potent thiosemicarbazone chelators could be an important new approach to

cancer treatment.
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Materials and M ethods

Cell Culture
The human prostate cancer cell line, DU145, and the human colon cancer cell lines, HT29 and
HCT116, were from the American Type Culture Collection (ATCC, Manassas, VA) and were

grown under established conditions (Chen et al., 2012).

Chelators and ROCK1 I nhibitor

Desferrioxamine (DFO; Fig. 1A) was purchased from Novartis (Basel, Swtizerland). The chelators,
Dp44mT and DpC (Fig. 1B, C), and the negative control compound, Dp2mT (Fig. 1D) (Yuan et al.,
2004), were synthesized and characterized using standard methods (Lovejoy et al., 2012; Yuan et
a., 2004). The ROCK1 inhibitor, (+)-(R)-trans-4-(1-aminoethyl)-N-(4-pyridyl)
cyclohexanecarboxamide dihydrochloride (Y27632) (Kuwahara et al., 1999), was from Abcam

(Cambridge, UK).

Plasmid Construction/Transfection

NDRGL1 over-expression and knockdown clones in DU145 and HT29 cell lines were established as
described previously (Chen et al., 2012). The plasmids and shRNAs used for transfection of
NDRG1 in HCT116 cells were pBABE-3xFag-NDRG1 (from G. Chen, Shanghai Jiao Tong
University, China) and pSIREN-shRNA (Clontech, Mountain View, CA), respectively. To over-
express NDRG1, HCT116 cells were transfected using the pBABE-3xFlag-NDRG1 plasmid, while
the pSIREN-shRNA plasmid containing NDRG1-specific sShRNA (Chen et al., 2006; Stein et al.,
2004; Zheng et al., 2009) was used to knockdown endogenous NDRG1 expression. All cDNAs
were sequenced to ensure identity by BGI-Tech Ltd (Shanghai, China). Viral supernatants were
produced in HEK293T cells co-transfected with the pBABE-3xFlag-control or pBABE-3xFlag-
NDRGL1 congtructs and packaging vectors GAG-POL and VSV-G (Clontech). The HCT116 cells

were transfected using the retrovirus system. Puromycin (2.5 pg/mL; Sigma-Aldrich) was used to
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select stable single clones.

Transwell Migration and Wound-Healing Assay

The transwell migration assay was performed using the CytoSelect™ 24-Well Cell Migration Assay
kit (Cell Biolabs, San Diego, CA) (Chen et a., 2012). For the wound-healing assay, the cell
monolayer was scraped using a Gilson p200 pipette tip. After a 14-36 h incubation, the area covered

by migrating cells was analyzed by Image J software (NIH, Bethesda, Maryland).

Gene Silencing by Small Interfering RNA (SRNA)

Knockdown of ROCK1 expression using ROCK1l siRNA was performed following the
manufacturer’s instructions. Briefly, at ~60-70% confluence, NDRG1-knockdown and sh-Control
cells were transfected with ROCK1 Trilencer-27 siRNA duplexes (OriGene, Rockville, MD), or the

scrambled control SIRNA at 10 nM for 24 h, using Lipofectamine 2000° (Invitrogen).

Protein Extraction and | mmunoblots

Preparation of cell lysates and immunoblot analysis were performed via established protocols
(Kovacevic et al., 2008). Primary antibodies used include: NDRGL1 (Cat. #: ab37897) from Abcam
(Cambridge, UK); MLC2 (Cat. # 3672) and pMLC2 (Cat. # 3675) from Cell Signaling
Technology (Beverly, MA); ROCK1 (Cat. #: WH0006093M 1) and B-actin (Cat. #: A1978) from
Sigma-Aldrich; and GAPDH (Cat. #: sc-32233) from Santa Cruz Biotechnology (Santa Cruz, CA).
The secondary antibodies implemented include: horseradish peroxidase (HRP)-conjugated anti-goat

(Cat.#: A5420), anti-rabbit (Cat. #: A6154) and anti-mouse (Cat. #: A4416) antibodies from Sigma.

Fractionation and Quantification Analysis of F-actin
F-actin extraction and fractionation were performed via established methods (Pan et al., 2011).

Briefly, cells were harvested and homogenized using 27 G syringes in 500 pL of lysis and F-actin
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stabilization buffer (50 mM piperazine-N,N'-bis (2-ethanesulfonic acid), 50 mM NaCl, 5 mM

MgCl,, 5 mM ethylene glycol tetraacetic acid, 5% glycerol, 0.1% Nonidet P-40, 0.1% Triton X-
100, 0.1% Tween 20, and 0.1% B-mercaptoethanol, pH 6.9) at 37°C. The F-actin was then separated
by ultra-centrifugation at 100,000xg for 60 min at 37°C. The pellets were resuspended in 500 uL
ice-cold G-buffer (2 mM Tris-HCI pH 8.0, 0.2 mM CaCl,, 0.2 mM ATP, and 0.5 mM dithiothreitol)
and incubated on ice for 1 h (F-actin depolymerization). The dissociated F-actin was centrifuged at
14,000 x g for 10 min a 4°C. F-actin expression was then examined by immunoblots using a

monoclonal anti-f-actin antibody (1:10000). GAPDH was utilized as the loading control.

I mmunofluorescence

Immunofluorescence was performed as described (Chen et al., 2012). Fluorescence quantification
was achieved by comparing the integrated optical density (IOD)/Area value of each protein of
interest to the IOD/Area value of the nucleus (DAPI) in the same image. Images were captured
using a Leica SPEII confocal microscope (63x; Leica, Heerbrugg, Switzerland). Raw images were
analyzed using Metamorph software (Molecular Devices, Sunnyvale, CA). Co-localization analysis

was performed using Imaris 7.3 (BITPLANE, Zurich, Switzerland).

Statistical Analysis
Data are expressed as mean + standard deviation of > 3 independent experiments and were

statistically analyzed using Student’ s t-test. Results were considered significant when p<0.05.
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Results

NDRGL1 Suppresses Cell Migration

The molecular effectors involved in the metastasis suppressor function of NDRG1 remain
uncertain. To understand the role of NDRGL1 in cancer cell migration which is a key characteristic
of tumor metastasis, we utilized established and newly generated cell models that constitutively and
stably over-express exogenous human NDRG1 in DU145 prostate cancer cells, as well as HT29 and
HCT116 colorectal cancer cells (Fig. 2A). The DU145 prostate cancer cell line and HT29 colon
cancer cell line are representative cell models of the two tumor-types where NDRG1 has been
shown to play an important anti-metastatic role. These two cell models have been well
characterized and the role of NDRGL1 in the inhibition of cell migration and the epithelial-
mesenchymal transition was clearly demonstrated in our previous studies (Chen et al., 2012). The
third model, HCT116, is different from epithelial HT29 cells in terms of its cell phenotype and

aggressiveness, and was introduced to assess if the response is consistent between cell lines.

In the 3 cell-types, exogenous expression of Flag-tagged NDRG1 was confirmed by immunoblots
that demonstrated a band at ~45 kDa (Fig. 2A). In addition, the endogenously expressed NDRG1
was observed a ~43 and ~44 kDa, indicating a possible post-translational modification e.g.,
phosphorylation (Kovacevic et a., 2011a; Murray et a., 2004). Considering this, it is notable that
the densitometric analysis shown throughout this investigation represents the total of all NDRG1
bands. Clearly, the selected NDRG1 over-expressing clones generated from DU145, HT29 and
HCT116 cells showed a significant (p<0.001) increase of NDRG1 expression compared to their

respective empty vector-transfected control (Vector Control) cells (Fig. 2A).

To further understand the molecular effects of endogenous NDRG1, we also generated NDRG1-
knockdown clones in these cancer cell lines. As indicated in Fig. 2A, compared to NDRG1

expression in control cells transfected with scrambled shRNA (sh-Control), the NDRGI-
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knockdown clones showed a significant (p<0.001) ~5-20-fold reduction of tota endogenous

NDRGL1 expression in DU145, HT29 and HCT116 cells.

Since cancer cell migration is one of the key factors deciding metastasis, and because NDRGL1 isa
metastasis suppressor (Ellen et al., 2008; Kitowska and Pawelczyk, 2010; Melotte et al., 2010), we
investigated the effect of NDRG1 on cell migration using both the transwell (Fig. 2B) and wound
healing assays (Supplemental Figure 1; see Materials and Methods). Using the transwell migration
assay, we showed NDRG1 over-expression in DU145, HT29 and HCT116 cells resulted in a
significant (p<0.001) 70%-90% reduction of migratory capacity compared to their respective Vector
Control cells (Fig. 2B). On the other hand, NDRG1-knockdown in these cells led to a significant
(p<0.001) 2.5-3.3-fold increase of migratory capacity (Fig. 2B). These observations further support
the role of NDRGL as a cell migration inhibitor (Chen et a., 2012; Hickok et al., 2011). Moreover,
the inhibitory role of NDRG1 on cell migration was substantiated by studies using the wound-
healing assay (Supplemental Figure 1). In fact, NDRG1 over-expression led to a significant
(p<0.001) 32-44% decrease in cell migration into the wound area relative to the Vector Control cells
in al three cell-types. Conversely, NDRG1 knockdown in these cell-types resulted in a significant
(p<0.001) 1.5-2.2-fold increase of cells migrating into the wound relative to sh-Control cells
(Supplemental Figure 1). Collectively, these results demonstrated that NDRG1 markedly inhibits

migration of prostate and colorectal cancer cells.

NDRGL I nhibits F-actin Polymerization and Stress Fiber Formation

The actin cytoskeleton is an important determinant of cell shape and migration (Suetsugu and
Takenawa, 2003). Indeed, reorganization of the actin cytoskeleton plays a key role in driving
migration and metastasis of cancer cells (Yamaguchi and Condeelis, 2007). Since NDRGL1 acts to
inhibit migration (Fig. 2B, Supplemental Figure 1), we further investigated its effects on actin

filament polymerization and stress fiber formation. The total F-actin was fractionated from the

11
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whole cell protein pool using well characterized procedures and detected using a f-actin antibody

(Fig. 3A) (Kake et al., 1995; Kim et a., 2008; Pan et al., 2011). Hence, in these studies, GAPDH
was utilized as a loading control. As shown in Fig. 3A, over-expression of NDRG1 in DU145,
HT29 and HCT116 cells significantly (p<0.001-0.05) decreased the levels of F-actin, while
knockdown of endogenous NDRGL1 in these cells led to a significant (p<0.001) 2.7-3.8-fold
increase of F-actin compared to their respective sh-Control cells. Therefore, for the first time, these

results indicate an important inhibitory function of NDRGL1 in F-actin synthesis.

We then examined whether NDRG1 could re-model the actin cytoskeleton and affect the
distribution of F-actin in these cell models. In agreement with the results from immunoblot analysis
(Fig. 3A), immunofluorescence staining of F-actin with rhodamine-phalloidin showed a significant
(p<0.01-0.001) decrease or increase in staining intensity and stress fiber formation in the NDRG1-

over-expressing or knockdown cells, respectively, relative to their controls (Fig. 3B-E).

In addition to the inhibitory effect of NDRG1 over-expression on F-actin synthesis, we aso
observed that NDRG1 over-expression or knockdown in these cell models affected cellular
morphology and F-actin distribution (Fig. 3B-D). In DU145, HT29 and HCT116 Vector Control or
sh-Control cells, F-actin was relatively evenly distributed between both the cytoplasm and at the
circumference of the cell (so-called “cortical distribution”; see arrows in Fig. 3B-D). Notably, in
DU145 cells, NDRG1 over-expression led to: (i) an increase in the size of the cells and (ii) an
appearance of more epithelial-like phenotype (Fig. 3B). However, NDRG1 over-expression resulted
in no marked alteration in the morphology of HCT116 or HT29 cells (Fig. 3C, D). Nevertheless, the
over-expression of NDRGL1 in al three cell lines led to a general decrease (p<0.001-0.01) in the

intensity of F-actin staining (Fig. 3E).

The knockdown of NDRG1 in these 3 cell-types induced a significant remodeling of actin

12
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filaments, leading to stress fiber formation (see white arrows), and a morphological change to a
more aggressive phenotype (e.g., fibroblast-like cells — especially for DU145) relative to sh-Control
cells (Fig. 3B-D). These phenotypic alterations are in agreement with our previous studies
demonstrating the effect of NDRG1 expression on maintaining an epithelial phenotype in cancer
cells (Chen et a., 2012). In fact, the observed epithelia-like phenotype in the NDRG1-
overexpressing DU145 cells was consistent with the enhanced expression and membrane
localization of the epithelial cell markers, E-cadherin and -catenin, as demonstrated in our
previous study (Chen et al., 2012). Collectively, these morphological characteristics indicate that

NDRGL1 expression modulates cellular phenotype and stress fiber formation.

NDRGL1 I nhibits the ROCK1/pMLC2 Pathway

Stress fibers form when a cancer cell makes stable connections to a substrate (Tojkander et al.,
2012), or when metastasis signaling is triggered by activators (Singh et a., 2011; Tanner et al.,
2010). Actin filaments are generally oriented toward the cell surface through their plus end and may
overlap in more interior regions of the cell in anti-parallel arrays (Tojkander et al., 2012). During
contraction of stress fibers, myosin mediates sliding of anti-parallel actin filaments and plays a key
role in stress fiber stability and cell motility (Hotulainen and Lappaainen, 2006). Notably,
phosphorylation of myosin light chain (MLC2) has been demonstrated to be a vital motor involved
in motility (Chaturvedi et al., 2011; Katoh et al., 2011). Therefore, we investigated the expression

and phosphorylation of MLC2 in our NDRG1 over-expression and knock-down models.

Immunoblots showed that the basal level of MLC2 was not significantly (p>0.05) altered when
NDRG1 was over-expressed or knocked down in these cells (Fig. 4A-C). On the contrary, the
relative MLC2 phosphorylation (i.e., pMLC2/MLC2 ratio) was significantly (p<0.001-0.05)
decreased in NDRG1 over-expressing DU145, HT29 and HCT116 cells (Fig. 4A-C). Moreover, sh-

NDRG1 markedly (p<0.001) increased the pMLC2/MLC2 ratio by 2.4-3.7-fold over their

13
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respective sh-Control cellsin all 3 cell-types (Fig. 4A-C).

Given that NDRG1 modulates cytoskeleton re-organization (Fig. 3B-D) and MLC2 phosphorylation
(Fig. 4), we then examined the mechanism behind these effects. We demonstrated that the level of
one of the upstream regulators of MLC2 phosphorylation, ROCK1 (Wyckoff et al., 2006), was
significantly (p<0.001) reduced by NDRGL1 over-expression in our cell models (Fig. 4A-C).
Additionally, ROCK1 expression was markedly (p<0.001) increased by 2.4-3.0-fold when NDRG1
was knocked down in all these cell lines (Fig. 4A-C). Thisindicated that NDRG1 can inhibit MLC2

phosphorylation through affecting ROCK1 expression.

Previous studies have established a close association of pMLC2 with stress fiber formation
(Tojkander et al., 2012). In support of this, we also observed that pMLC2 was predominantly
located in the cytoplasm and in proximity with the plasma membrane (Fig. 5A-C) and was co-
localized with F-actin to form filament bundles (see white arrows, Supplemental Figure 2) when
NDRG1 was knocked down. Consistent with the immunablot results (Fig. 4A-C), the fluorescence
intensity of pMLC2 was significantly (p<0.001-0.01) decreased by 36-48% in NDRG1 over-
expressing DU145, HT29 and HCT116 cells compared to Vector Control cells (Fig. 5D).
Conversely, NDRG1 knockdown led to a significant (p<0.001-0.05) increase of pMLC2 expression
by 1.6-2.8-fold compared to sh-Control cells (Fig. 5D). Taken together, these data further support
that the ROCKL1/pMLC2 pathway plays an important role in NDRG1-mediated stress fiber

formation and actin re-organization.

NDRG1 Regulates pMLC2 through Modulating ROCK1 Expression
The above studies showed that NDRG1 over-expression inhibited, while NDRG1-knockdown
enhanced, the ROCK1/pMLC2 pathway (Figs. 4, 5). However, it is uncertain whether NDRG1 can

directly regulate MLC2 phosphorylation or if it exerts its function through inhibiting its kinase,
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ROCK1. To investigate this, further studies using NDRG1-knockdown cell models amed to

examine the effects of the well characterized ROCK1 inhibitor (Y27632; Fig. 6) or transient

ROCK?1 knockdown with ROCK 1 siRNA (Fig. 7).

Since the ROCK1 inhibitor, Y27632, efficiently inhibits ROCK1 protein expression (Tan et al.,
2012) and activity (Uehata et al., 1997), the NDRG1 knockdown cells and the sh-Control cells were
incubated with Y27632 at the previously established dose of 0.25 uM (Tan et al., 2012; Uehata et
al., 1997) for 48 h and ROCK1 expression and the pMLC2/MLC2 ratio were then examined (Fig.
6). We showed that Y 27632 had no significant effect on NDRG1 expression in these cell models,
thus excluding any non-specific effects of Y27632 on NDRGL1 levels (Fig. 6A-C). However, after
inhibition of ROCK1 activity using Y27632, the pMLC2/MLC2 ratio was aso significantly
(p<0.001) reduced in these cell models (Fig. 6A-C). Regardiess of NDRGL1 expression, suppression
of MLC2 phosphorylation occurred in accordance with ROCK 1 inhibition. Our results suggest that
Y 27632 was active in inhibiting ROCK1 protein expression and activity under the conditions used
in our investigation, in good agreement with previous studies (Tan et al., 2012; Uehata et a., 1997).
Furthermore, analysis of immunofluoresence intensity showed significant (p<0.001) inhibition of

MLC2 phosphorylation and F-actin polymerization by Y 27632 (Supplemental Figure 3).

To further substantiate the inhibition of pMLC2 by ROCK1, the 3 NDRG1-knockdown (sh-
NDRGL1) cell models and their respective sh-Control cells were treated with ROCK 1-specific
SIRNA (si-ROCK1) to transiently reduce endogenous ROCK1 expression (Fig. 7). Transient
treatment of these cells with ROCK 1-specific SiRNA significantly (p<0.001) reduced ROCK1
expression. Similarly to the results observed with cells treated with Y27632 (Fig. 6), incubation
with si-ROCK1 did not significantly affect NDRG1 expression (Fig. 7A-C). Instead, while basal
MLC2 expresson was not significantly changed by decreased ROCK1 expression, the

pMLC2/MLC2 ratio was significantly (p<0.001-0.01) attenuated compared to their relative control
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cells treated with the si-Control. Notably, treatment with si-ROCK1 resulted in at least a 35%

reduction of ROCK1 expression in al cell-types. This reduction led to at least a 55% decrease of
phosphorylation of MLC. These results indicate that phosphorylation of MLC is sensitive to
ROCK1 kinase. Taken together, the results above (Figs. 4-7) revea that NDRGL1 regulates MLC2

phosphorylation via modulating ROCK 1 expression, and thus, its activity.

Novel Thiosemicarbazone Iron Chelators Modulate ROCK1/pMLC2

Our previous studies (Kovacevic et d., 2011a; Kovacevic et al., 2012; Kovacevic et al., 2008; Le
and Richardson, 2004; Whitnall et a., 2006) and those of others (Liu et al., 2011; Liu et al., 2012)
have demonstrated that novel thiosemicarbazone chelators (e.g., Dp44mT and DpC) markedly up-
regulate NDRGL1 in tumor cells in vitro and in vivo. Furthermore, NDRGL1 up-regulation in cancer
cells is considered to be one of the mechanisms underlying the chelator-induced inhibition of
growth and metastasis (Kovacevic et a., 2012; Le and Richardson, 2004; Liu et al., 2012; Whitnall
et a., 2006). Because NDRGL plays an important role in actin filament remodeling and stress fiber
formation via the ROCK1/pMLC2 pathway, we then examined whether chelators have similar
effects when these cell models were incubated with these agents. In these studies, di-2-
pyridylketone 2-methyl-3-thiosemicarbazone (Dp2mT), was used as an appropriate negative control
as it has asimilar chemical structure to Dp44mT (Fig. 1), but has been designed not to bind iron or
up-regulate NDRG1 (Le and Richardson, 2004; Yuan et a., 2004). The well-characterized “gold-
standard” iron chelator, DFO (Chaston et al., 2003), was aso implemented in this study as a
positive control for cellular iron-depletion and NDRGL1 up-regulation (Le and Richardson, 2004).
Furthermore, NDRG1 over-expressing DU145, HT29 and HCT116 cells were included as positive

controls (see lane labeled “NDRG1”; Fig. 8A-C).

The DU145, HT29 and HCT116 parental cells were incubated with DFO (100 uM), Dp44mT (10

uM) or DpC (10 uM) for 24 h and the levels of NDRG1, ROCK1, MLC2 and phosphorylated
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MLC2 were examined by immunoblots. Notably, the higher concentration of DFO was used due to

its poor membrane permeability relative to the lipophilic and highly membrane-permeable ligands,
Dp44mT and DpC, while all agents were used at doses that were previously found to be effective at
both mobilizing intracellular iron and inducing NDRG1 expression (Kovacevic et al., 2011g;
Loveoy et al., 2012; Richardson et a., 1994; Yuan et a., 2004). As shown in Fig. 8A-C, NDRG1
expression was markedly (p<0.001) increased after incubation with DFO, Dp44mT or DpC relative

to cells treated with the Vehicle control and the negative control, Dp2mT (10 uM).

We also observed that ROCK1 expression was significantly (p<0.001) decreased in these chelator-
treated cells relative to cells incubated with the Vehicle control or Dp2mT (Fig. 8A-C).
Furthermore, while incubation with DFO, Dp44mT or DpC did not result in a significant change in
basal MLC2 expression (Fig. 8A-C), the pMLC2/MLC2 ratio was significantly (p<0.001-0.01)
reduced by these chelators compared to cells treated with Vehicle or Dp2mT (Fig. 8A-C). In line
with the inhibition of ROCK1/pMLC2 observed in NDRG1 over-expressing cells (Fig. 4), the
decrease in ROCK1/pMLC2 levels after incubation with DFO, Dp44mT or DpC was consistent

with that mediated by NDRG1 up-regulation.

Novel Iron Chelators Modulate the ROCK1/pM LC2 Pathway via Up-Regulation of NDRG1

Since the ROCK1/pMLC2 pathway could be inhibited by NDRG1 over-expression (Fig. 4, 5) or
chelator treatment (Figs. 8, Supplemental Figures 4-6), we next explored whether NDRG1 up-
regulation is the essential mediator of the ability of chelators to inhibit the ROCK1/pMLC2
pathway (Fig. 9A-C). To this end, the NDRG1-knockdown clones (sh-NDRG1) and their respective
sh-Control cells were incubated with chelators (i.e.,, 100 uM DFO, 10 uM Dp44mT or 10 uM
DpC), the negative control (10 uM Dp2mT), or the Vehicle (0.1% DM SO/medium) for 24 h. Non-
transfected parental cells (labeled as “Control”) were also used for each cell line as a comparison

between the sh-Control and sh-NDRGL transfections. As demonstrated in Fig. 9A-C, assessing the

17

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on November 27, 2012 as DOI: 10.1124/mol.112.083097
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #83097
DU145, HT29 and HCT116 sh-Control cells, chelator treatment (i.e., DFO, Dp44mT or DpC)

resulted in a pronounced (p<0.001) increase of NDRG1 expression by ~4-10-fold over cells
incubated with the Vehicle or Dp2mT. In all 3 cell-types, upon the chelator-induced up-regulation of
NDRG1, ROCK1 expression was significantly (p<0.001) decreased by up to 60-90% in these sh-
Control cells, compared to cells incubated with the Vehicle or Dp2mT (Fig. 9A-C). Accordingly, the
PMLC2/MLC2 ratio was also markedly reduced by 60-80% (p<0.001) when these cells were
treated with chelators (Fig. 9A-C). Notably, when these cell models were treated with chelators
(DFO, Dp44mT, or DpC), F-actin and pMLC2 were significantly (p<0.001) decreased as assessed
by the quantitative analysis of immunofluoresence intensity, relative to cells treated with the Vehicle
control or Dp2mT (Supplemental Figures 4-6). Collectively, the effect of chelators on ROCK1, F-

actin and pMLC2 levels is consistent with the ability of these agents to up-regulate NDRGL.

When the NDRG1-knockdown (sh-NDRG1) DU145 and HCT116 cells were treated with DFO,
Dp44mT or DpC, the increase in NDRGL1 expression was less pronounced than that observed in the
chelator-treated sh-Control cells (Fig. 9A, C). In fact, sh-NDRG1 HCT116 cells showed no increase
in NDRG1 expression following treatment with the iron chelators when compared to the Vehicle
and Dp2mT controls (Fig. 9C). However, in contrast, in HT29 cells the up-regulation of NDRG1
induced by Dp44mT and DpC was similar in the sh-NDRG1 and sh-Control cells, while DFO did
not increase NDRG1 expression in sh-NDRG1 cells as much as in sh-Control cells (Fig. 9B). This
observed variation in response to chelators after NDRG1-knockdown between cell-types may be

related to differences in efficacy of ShRNA at suppressing chelator-induced NDRGL1 expression.

We also demonstrated that NDRG1 knockdown affected the chelator-inhibited ROCK1/pMLC2
pathway. Incubation of sh-Control DU145 cells with chelators (DFO, Dp44mT and DpC) decreased
ROCK1 expression by 60-90% and the pMLC2/MLC2 ratio by ~75% relative to Vehicle- and

Dp2mT-treated cells (Fig. 9A). In comparison, incubation of NDRG1-knockdown DU145 cells with
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these chelators resulted in a 50-65% reduction of ROCK 1 expression and a 40-45% decrease of the

pMLC2/MLC2 ratio. These results suggest that the lower level of chelator-induced NDRGL1 in the
NDRG1-knockdown DU145 cells versus the sh-Control DU145 cells exerts significantly (p<0.001)

lessinhibitory effect on ROCK1 expression and the pMLC2/MLC2 ratio (Fig. 9A).

In NDRG1-knockdown and sh-Control HT29 cells where chelator treatments induced a similar
level of NDRGL1 expression, ROCK1 expression was reduced (p<0.001) by chelators by 55-80% in
the sh-NDRGL cells and by 65-70% in the sh-Control cells, whereas the pMLC2/MLC2 ratio was
decreased (p<0.001) by 70-78% in the NDRG1 knockdown cells and by ~80% in the sh-Control
cells (Fig. 9B). Hence, the similar effect of chelators on NDRGL1 expression in the sh-Control and
sh-NDRG1 HT29 cells resulted in similar responses in ROCK1 levels and the pMCL2/MLC2 rétio.
In agreement with these studies, immunofluorescence experiments examining F-actin and pMLC
levels in DU145 and HT29 cells demonstrated that the chelators significantly (p<0.001) reduced
their levels in both sh-Control and sh-NDRGL1 cells (Supplemental Figure 4B-C, Supplemental

Figure 5B-C).

Contrary to the results obtained with HCT116 sh-Control cells where DFO, Dp44mT or DpC
caused a pronounced decrease in ROCK 1 expression and the pMLC2/MLC2 rétio (Fig. 9C), these
chelators were unable to exert a similar effect on the ROCK1/pMLC2 pathway in the sh-NDRG1
HCT116 cells. This was probably due to the absence of chelator-induced NDRG1 up-regulation in
sh-NDRG1 HCT116 clones (Fig. 9C). Hence, in this cell line, sh-NDRG1 showed the most
pronounced effect at reducing NDRG1 expression amongst the 3 cell-types tested (Fig. 9A-C).
These observations were further confirmed using immunofluorescence to examine F-actin and
pPMLC2 levelsin HCT116 sh-Control and sh-NDRGL cells, where the chelators markedly inhibited
stress fiber formation in sh-Control cells, while having little effect in sh-NDRG1 cells

(Supplemental Figure 6B-C). Failure of NDRGL1 induction by chelators in the sh-NDRG1 HCT116
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clones may result from the high level of internalized sSRNA transcribed from the sh-

NDRG1construct, and this could be a reason for the lack of inhibition of the ROCK1/pMLC2

pathway in this cell-type.

Critically, one could find it difficult to understand why sh-NDRG1 knockdown did not markedly
inhibit induction of NDRG1 by chelators in DU145 cells and HT29 cells, while effectively
preventing induction of NDRG1 expression in HCT116 (Fig. 9A-C). Considering the variation in
response, it is notable that the chelators markedly induce NDRG1 expression, and the level of
inhibition provided by the sh-NDRGL1 construct is probably relatively lower in DU145 and HT29
cells (Fig. 9A, B). Hence, it failed to markedly antagonize chelator-induced NDRGL1 expression.
However, in sh-NDRG1 HCT116 cells, treatment with chelators was unable to induce NDRG1
expression, demonstrating effective inhibition by shNDRG1 (Fig. 9C). Clearly, a cell-type

dependent factor is affecting the efficiency of sh-NDRGL1 to reduce NDRGL1 expression.

Collectively, suppression of endogenous NDRG1 expression by sh-NDRGL1 in two cell lines
interrupts the ability of chelators to induce NDRG1 expression relative to the sh-Control, leading to
partial (DU145) or total (HCT116) loss of inhibition of ROCK1 expression and MLC2
phosphorylation. These data indicate that NDRG1 plays an important role in the effector function of

novel chelators, such as DpC, on the ROCK 1/pMLC2 pathway.
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Discussion

The metastasis suppressor NDRGL1 has been identified as an important molecular target for new
therapeutics and can modulate multiple pathways during tumorigenesis and metastatic progression
(Chen et a., 2012; Kovacevic et al., 2012; Kovacevic et al., 2011b; Liu et al., 2012). Herein, we
identify a novel mechanism by which NDRG1 exerts its anti-metastatic effects in prostate and
colorectal cancer cells. We demonstrate that NDRG1 can suppress cell migration, F-actin
polymerization and stress fiber formation via inhibiting the ROCK1/pMLC2 pathway in prostate
and colorectal cancer cells. Interestingly, while this effect was significant in al 3 cell models, the
changes in F-actin, ROCK1 and pMCL2 in DU145 prostate cancer cells were less marked when
compared to the HT29 and HCT116 cells, and this may be due to the genetic heterogeneity between

these cancer célls.

The actin cytoskeleton has a fundamental role in tumor cell migration and movement (O'Neill,
2009). This is achieved by two mechanisms: (1) actin polymerization against the cellular membrane
at the leading edge provides force (Pollard and Cooper, 2009) and (2) actin filaments together with
myosin Il filaments form stress fibers composed of contractile actomyosin structures which play
key roles in cancer cell motility (Tojkander et a., 2012). While the mechanisms of actin filament
networks and signaling pathways are well understood, the molecular mechanisms underlying the
assembly of stress fibers remain to be elucidated (Michelot and Drubin, 2011). Considering this, we
investigated the effects of NDRGL1 on actin filaments in prostate and colorectal cancer cells. We
showed that NDRG1 inhibits cell migration via its effects on regulating actin filament

polymerization and stress fiber formation (Fig. 3, 5, Supplemental Figures 2-6).

It has been well-established that there are cellular signaling networks which regulate stress fiber
assembly and contraction (Tojkander et al., 2012). Among these pathways, the small GTPase RhoA,

as well as its effector, ROCK, directly promote stress fiber assembly (Leung et al., 1996). In
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addition, stress fiber contractility is regulated by MLC2 phosphorylation (Somlyo and Somlyo,

2000). Furthermore, MLC2 phosphorylation-mediated contractility of stress fibers is also Rho-
dependent (Katoh et al., 2001). The RhoA/ROCK cascade results in actomyosin activity through
direct phosphorylation of MLC2, generating contractile responses (Amano et al., 1996). Rho-
kinases, such as ROCK, have also been demonstrated to regulate MLC2 phosphorylation in the
invading margin of tumor cells, indicating its important role in modulating cancer cell migration,
invasion and metastasis (Wyckoff et a., 2006) (Fig. 10). In our investigation, we showed that Rho-
kinase ROCK 1 promotes MLC2 phosphorylation and that NDRGL1 inhibits MLC2 phosphorylation
through down-regulating ROCK1. Thus, our studies establish a novel function of NDRGL1 in

modulating the ROCK1/pMLC2 pathway (Fig. 10).

Considering that NDRGL1 plays an important role in regulating actin filament re-organization and
stress fiber formation through modulating the ROCK1/pMLC2 pathway, we then examined the
novel thiosemicarbazone iron chelators, Dp44mT and DpC, and the clinically used iron chelator,
DFO, which can up-regulate NDRGL via both HIF1a-dependent and -independent mechanisms and
have selective anti-cancer activity (Chen et al., 2012; Kovacevic et al., 2011a; Kovacevic et al.,
2012; Le and Richardson, 2004; Lovejoy et al., 2012; Whitnall et a., 2006; Yuan et a., 2004). Upon
chelator-mediated up-regulation of NDRGI1, the ROCK1/pMLC2 pathway was markedly
suppressed and stress fiber formation was significantly reduced. This indicates the potential general

effect of iron chelators on actin filament re-organization and stress fiber formation in cancer cells.

In agreement with our study, it has been reported in rat pulmonary artery endothelial cells that F-
actin polymerization and cellular remodeling can be induced by iron supplementation (Gorbunov et
a., 2012). Furthermore, iron-induced re-arrangements of the cytoskeleton can be partially
eliminated in the presence of the iron chelator, N,N'-bis-(2-hydroxybenzyl)-ethylenediamine-N,N'-

diacetic acid (Gorbunov et al., 2012). However, these latter investigations did not dissect the
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molecular mechanisms involved, nor did they elucidate any role for NDRGL1 in the processes
observed. In contrast, our mechanistic studies showed that iron chelators inhibit cytoskeleton

remodeling and cell migration through targeting the NDRG1L/ROCK 1/pML C2 pathway.

It is notable that of the thiosemicarbazones utilized in the current study, DpC shows marked and
selective anti-tumor activity both in vitro and in vivo (Kovacevic et a., 2011a; Kovacevic et al.,
2012; Lovejoy et al., 2012). Indeed, this ligand has recently been shown to be active via both the
oral and intravenous routes in vivo using pancreatic and lung cancer xenograft models (Kovacevic
et al., 2011a; Kovacevic et al., 2012; Lovejoy et al., 2012). An important pharmacological
advantage of DpC relative to its predecessor, Dp44mT (Whitnall et al., 2006), is that the agent does
not induce cardiotoxicity even when administered at substantially higher doses (Lovejoy et al.,
2012). Furthermore, unlike Dp44mT which results in toxicity when administered by the oral route
(Yu et al., 2012), DpC demonstrates marked anti-tumor efficacy and tolerability when given via
gavage (Loveoy et a., 2012). Apart from these important pharmacologica properties, the efficacy
of DpC in up-regulating NDRGL1 in addition to its effects on other key molecular targets e.g., cyclin
D1 (Kovacevic et d., 20114a), indicate the marked potential of this chelator as a novel anti-cancer

agent.

In summary, this study demonstrates that NDRGL1 is able to inhibit actin filament polymerization,
stress fiber assembly and cell migration through modulating the ROCK1/pMLC2 pathway (see
schematic: Fig. 10). Furthermore, novel iron chelators inhibit the ROCK 1/pMLC2 pathway via up-
regulation of NDRGL. Although the effect of chelatorsis, in part, to induce NDRGL1 expression that
results in inhibition of stress fiber formation, the mechanism may not be as straightforward as
depicted in Fig 10. However, this schematic provides an instructive summary of the current studies
and is an appropriate working model for further experimentation. In fact, our current results

elucidate the underlying mechanism of the anti-metastatic effects of NDRG1 mediated through
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inhibition of cellular migration and further identify novel iron chelators that target NDRGL1 as a

promising therapy.
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Figure L egends

Figure 1. Line drawings of the chemical structures of: (A) DFO, (B) Dp44mT, (C) DpC and

(D) Dp2mT.

Figure 2. NDRGL1 suppresses cell motility and migration of prostate and colorectal cancer
cells. The DU145, HT29 and HCT116 cancer cell lines were stably transfected with NDRG1 over-
expresson and sh-NDRG1 knockdown vectors. (A) Whole cell lysates were extracted and
immunoblotting was performed to assess NDRG1 over-expression and knockdown compared to
their relative control cells (Vector Control and sh-Control, respectively). Densitometric analysis is
expressed relative to the loading control, p-actin. (B) DU145, HT29 and HCT116 NDRG1-over-
expressing and NDRG1-knockdown cells as well as their relative control cells were seeded at
100,000 cells/well and incubated for 24 h/37°C. Migratory cells on the bottom of the polycarbonate
membrane were stained with crystal violet and images were then captured. Migration was
quantified by colorimetric determination at 560 nm. Scale bars: 200 um. Results are typical of 3-5
experiments and the histogram values are mean £ SD (3-5 experiments). *** p<0.001, relative to

respective control cells.

Figure 3. NDRGL1 expression inhibits F-actin polymerization and stress fiber formation in
prostate and colorectal cancer cells. (A) F-actin was fractionated and quantified by immunoblot in
NDRG1-over-expressing and NDRG1-knockdown DU145, HT29 and HCT116 relative to their
control cells (Vector Control and sh-Control, respectively) using a well-established technique (see
Materials and Methods). Densitometric analyses are expressed relative to the loading control,
GAPDH. Data are typical of 3-5 experiments and the histogram values are mean + SD (3-5
experiments). * p<0.05, ** p<0.01, *** p<0.001, relative to respective control cells. (B-D) Merged
immunofluorescence images demonstrating F-actin (red) stained with rhodamine phalloidin and cell

nucleus (blue) stained with DAPI in NDRG1-over-expressing and NDRG1-knockdown DU145,
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HT29 and HCT116 cells relative to the Vector Control and sh-Control cells, respectively. White

arrows indicate stress fibers. Scale bar: 25 um. (E) Fluorescence quantification was performed by
comparing the integrated optical density (I0D)/Area value of F-actin to the IOD/Area value of the
nucleus (DAPI) in the same image. Results are typical of 3-5 images from different visual fields and
the histogram values are mean + SD (3-5 images). ** p<0.01, *** p<0.001, relative to the

respective control cells.

Figure 4. NDRG1 mediates the ROCK 1/pMLC2 pathway in prostate and colorectal cancer
cells. NDRG1-over-expression can reduce ROCK1 expression and the pMLC2/MLC2 ratio, while
NDRG1-knockdown can enhance ROCK1 expression and the pMLC2/MLC2 ratio in: (A) DU145
cells, (B) HT29 cells and (C) HCT116 cells compared to their relative control cells (i.e., Vector
Control and sh-Control, respectively). Densitometric analyses for NDRG1 and ROCK 1 in (A-C) are
expressed relative to the loading control, B-actin, while that for MLC2 phosphorylation in (A-C) is
expressed as the pMLC2/MLC2 ratio. Results are typical of 3-5 experiments and the values in
histogramsin (A-C) represent mean + SD (3-5 experiments). * p<0.05, *** p<0.001, relative to the

respective control cells.

Figure 5. NDRG1 modulates cytoskeleton re-organization and ML C2 phosphorylation. (A-C)
Merged immunofluorescence images demonstrate F-actin (red) stained with rhodamine phalloidin,
pMLC2 (green) stained with Alexa Fluor® 488 and the cell nucleus (blue) stained with DAPI in
NDRG1-over-expressing and NDRG1-knockdown DU145, HT29 and HCT116 cells respectively,
compared to their relative control cels (i.e., Vector Control and sh-Control, respectively). There
was marked co-localization between F-actin and pMLC2 in al three cell-types after NDRG1
knockdown. Scale bars: 25 um. (D) Fluorescence quantification was performed by comparing the
integrated optical density (I0D)/Area vaue of pMLC2 to the IOD/Area value of nucleus (DAPI) in

the same image. Results are typical of 3-5 images from different visual fields and the histogram
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values are mean + SD (3-5 images). * p<0.05, ** p<0.01, *** p<0.001, relative to the respective

control cells.

Figure 6. Y27632 inhibits the ROCK1/pMLC2 pathway via an NDRG1-independent
mechanism. (A-C) The sh-Control cells and sh-NDRG1 knockdown DU145, HT29 and HCT116
cells were treated with or without Y 27632 (0.25 uM) for 48 h and the levels of NDRG1, ROCK1,
pPMLC2 and MLC2 were examined by immunoblot. (A-C) Densitometric analyses for NDRG1 and
ROCK1 are expressed relative to the loading control, f-actin, while that for MLC2 phosphorylation
is expressed as the pMLC2/MLC2 ratio. Results are typical of 3-5 experiments and the histograms
in (A-C) represent mean £ SD (3-5 experiments). *** p<0.001, relative to the respective control

cells incubated with medium only.

Figure 7. ROCK1-specific sSiRNA inhibits the ROCK1/pMLC2 pathway via an NDRG1-
independent mechanism. (A-C) The sh-NDRG1 knockdown and sh-Control DU145, HT29 and
HCT116 cells were incubated with scrambled control ssSRNA (si-Control) or ROCK1-specific
SiIRNA (si-ROCK1) and the levels of NDRG1, ROCK1, pMLC2 and MLC2 were examined by
immunoblot. Densitometric analysis for NDRG1 and ROCK1 are expressed relative to the loading
control, B-actin, while that for MLC2 phosphorylation is expressed as the pMLC2/MLC2 ratio.
Results are typical of 3-5 experiments and the histograms in (A-C) represent mean + SD (3-5

experiments). ** p<0.01, *** p<0.001, relative to the respective si-Control cells.

Figure 8. Iron chelators modulate ROCK1/pMLC2 levels in prostate and colorectal cancer
cells. (A) DU145, (B) HT29 and (C) HCT116 parental cells were treated with the chelators, DFO
(100 uM), Dp44mT (10 uM), or DpC (10 uM) for 24 h and the levels of NDRG1, ROCK1, pMLC2
and MLC2 were examined by immunoblot. Vehicle (0.1% DM SO/medium) or Dp2mT (10 uM)

were used as negative controls. Cells transfected with an NDRG1-expression vector were used as a
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positive control (see lane labeled as “NDRGL1"). Densitometric analyses for NDRG1 and ROCK1

are expressed relative to the loading control, p-actin, while that for MLC2 phosphorylation is
expressed as the pMLC2/MLC2 ratio. Results are typical of 3-5 experiments and the histograms in
(A-C) represent mean £ SD (3-5 experiments). ** p<0.01, *** p<0.001, relative to the cells treated

with Vehicle or Dp2mT.

Figure 9. Iron chelators modulate ROCK 1/pMLC2 in prostate and colorectal cancer cells via
up-regulation of NDRG1. The NDRG1-knockdown clones and their respective sh-Control DU145,
HT29 and HCT116 cells were incubated with: Vehicle (0.1% DM SO/medium), Dp2mT (10 uM),
DFO (100 uM), Dp44mT (10 uM) or DpC (10 uM) for 24 h. Non-transfected parental cells were
included as additional controls to allow comparison between the sh-Control and sh-NDRG1 (see
lane labeled as “Control”). Results are typical of 3-5 experiments and the values in histograms in
(A-C) represent mean = SD (3-5 experiments). *** p<0.001, relative to cells treated with Vehicle or

Dp2mT. ## p<0.01, ### p<0.001, relative to cells with the same treatment in the sh-Control group.

Figure 10. Schematic illustrating the mechanism of how the metastasis suppressor, NDRG1,
affects cellular migration through its ability to inhibit actin filament polymerization, stress
fiber assembly and cell migration via repressing the ROCK1/pMLC2 pathway in prostate

cancer and colorectal cancer cdls.
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Supplmentary Figure 1. Wound-healing assays confirm the effect of NDRG]1 expression on inhibiting the migration of
DU145, HT29 and HCT116 cells. (4-C) The DU145, HT29 and HCT116 NDRG1 over-expression and knockdown clones, as well
as relative control cells (Vector Control and sh-Control), were seeded into 12-well plates (2% gelatin coated) until they reached con-
fluence. A wound was then created by manually scraping the cell monolayer with a Gilson p200 pipette tip. Images were acquired
using an Olympus IX50 inverted microscope (Olympus, Tokyo, Japan) with a 10x objective at: (4) 0 h and 24 h (DU145 cells); (B)
0 hand 36 h (HT29 cells) and (C) 0 h and 14 h (HCT116 cells). The migrated area was quantitated using the program Image J to an-
alyze cell migration ability. Scale bar: 1 mm. (D) Quantitative analysis of cell migration ability after NDRG1 over-expression and
knockdown was performed by comparing the wound area that cells migrated into from the starting point (0 h) to the end point (24 h
for DU14S5 cells, 36 h for HT29 cells and 14 h for HCT116 cells). Results are typical of 3-5 images from different visual fields and
the histogram values are mean + SD (3-5 images). ***p<0.001, relative to Vector Control or sh-Control cells.
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Supplementary Figure 2. Co-localization of pMLC2 together with F-actin, forming stress fibers after NDRG1 was knocked
down in: (4) DU145, (B) HT29 and (C) HCT116 cells. Merged immunofluorescence images from Fig. SA-C in the main text were
enlarged to show F-actin (red) stained with rhodamine phalloidin and pMLC2 (green) stained with Alexa Fluor® 488 in NDRG1-
knockdown DU145, HT29 and HCT116 cells. There were high correlation coefficients (Pearson’s correlation: 0.75-0.92) between
F-actin and pMLC2 in all three cell-types, indicating pMLC2 co-localized together with F-actin, forming filament bundles when
NDRG1 was knocked down. White arrows indicate stress fibers. Scale bar: 25 pm. Co-localization analysis was performed using the
program, Imaris 7.3.
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Supplementary Figure 3. The ROCKI1 inhibitor, Y27632, inhibits MLC2 phosphorylation and stress fiber formation in
DU145, HT29, and HCT116 cells. (4-C) The sh-NDRGI1 cells as well as the relative sh-Control cells in the DU145, HT29 and
HCT116 cell lines were incubated with the ROCK1 inhibitor, Y27632 (2.5 uM) for 48 h. Merged immunofluorescence images dem-
onstrate F-actin (red) stained with rhodamine phalloidin, pMLC2 (green) stained with Alexa Fluor® 488 and the cell nucleus (blue)
stained with DAPI. Scale bars: 25 um. (D) Fluorescence quantification was performed by comparing the integrated optical density
(IOD)/Area value of F-actin and pMLC2 to the IOD/Area value of nucleus (DAPI) in the same image. Results are typical of 3-5
images from different visual fields and the histogram values are mean + SD (3-5 images). *** p<0.001, relative to the respective
control cells.
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Supplementary Figure 4. Iron chelators inhibit stress fiber assembly and MLC2 phosphorylation in DU145 cells. (4) The
DU145 sh-Control cells and (B) DU145 sh-NDRG1 cells were incubated with either: Vehicle control (0.1% DMSO/medium),
Dp2mT (10 uM), DFO (100 uM), Dp44mT (10 uM) or DpC (10 uM) for 24 h. Incubation of both sh-NDRGT1 and sh-Control cells
with chelators showed an enlarged, epithelial-like phenotype. Moreover, stress fibers as assessed by F-actin staining were less evi-
dent in chelator-treated cells relative to those treated with Vehicle or Dp2mT. Scale Bar: 25 um. (C) Fluorescence quantification of
both F-actin and pMLC2 expression showed an inhibitory effect after incubation with iron chelators. Results in (4) and (B) are typi-
cal of 3 experiments, while the densitometry is mean + SD (3 experiments). *** p<0.001, relative to cells incubated with the Ve-
hicle or Dp2mT.
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Supplementary Figure 5. Iron chelators inhibit stress fiber assembly and MLC2 phosphorylation in HT29 cells. (4) The
HT29 sh-Control cells and (B) HT29 sh-NDRGI cells were incubated as described in the legend of Supplementary Figure 4. Incuba-
tion of sh-NDRGI and sh-Control cells with chelators resulted in an enlarged, epithelial-like phenotype. Moreover, stress fibers
were less evident in chelator-treated cells relative to those treated with the Vehicle or Dp2mT. The staining of F-actin and pMLC2
were re-localized to a cortical location at the cell membrane after incubation of sh-NDRGI cells with chelators. Scale Bar: 25 pum.
(C) Fluorescence quantification for both F-actin and pMLC2 expression showed an inhibitory effect of chelator treatment. Results in
(A) and (B) are typical of 3 experiments, while the densitometry is mean + SD (3 experiments). *** p<0.001, relative to cells incu-
bated with the Vehicle or Dp2mT.
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Supplementary Figure 6. Iron chelators inhibit stress fiber assembly and MLC2 phosphorylation in HCT116 cells. (4-B) The
HCT116 sh-NDRGTI as well as sh-Control cells were incubated as described in the legend of Supplementary Figure 4. After incuba-
tion with chelators, both sh-NDRG1 cells and sh-Control cells showed an enlarged, epithelial-like phenotype. Examining sh-Control
cells, incubation with chelators reduced the fluorescent staining of both F-actin and pMLC2. In contrast, this did not occur in the
sh-NDRGTH cells probably due to the inefficient chelator-mediated up-regulation of NDRG1 in these cells (see Figure 9C). Scale
Bar: 25 pm. (C) Fluorescence quantification of both F-actin and pMLC2 expression showed an inhibitory effect of chelator treat-
ment in sh-Control cells. Results in (4) and (B) are typical of 3 experiments, while the densitometry represents mean = SD (3 exper-
iments). ¥*** p<0.001, relative to cells incubated with the Vehicle or Dp2mT.
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