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The metastasis suppressor, N-myc downstream regulated gene-1 (NDRG1), is a stress response protein that is
involved in the inhibition of multiple oncogenic signaling pathways. Initial studies have linked NDRG1 and the
endoplasmic reticulum (ER) stress response. Considering this, we extensively examined the mechanism by which
NDRG1 regulates the ER stress response in pancreatic and colon cancer cells. We also examined the anti-cancer
agent, di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT), which induces NDRG1 expression and
causes ER stress. The expression of NDRG1 was demonstrated to regulate the three main arms of the ER stress
response by: (1) increasing the expression of three major ER chaperones, binding immunoglobulin protein (BiP),
calreticulin, and calnexin; (2) suppressing the protein kinase, RNA-activated (PKR)-like ER kinase (PERK); (3)
inhibiting the inositol-requiring kinase la (IREla) arm; and (4) increasing the cleavage of activating tran-
scription factor 6 (ATF6). An important finding was that NDRG1 enhances the anti-proliferative and anti-mi-
gratory activity of Dp44mT. This increased efficacy could be related to the following effects in the presence of
Dp44mT and NDRG1, namely: markedly increased activation of the PERK target, eukaryotic translation initia-
tion factor 2a (elF2a); the maintenance of activating transcription factor 4 (ATF4) expression; high cytosolic
Ca™? that increases the sensitivity of cells to apoptosis via activation of the calmodulin-dependent kinase II
(CaMKII) signaling cascade; and increased pro-apoptotic C/EBP-homologous protein (CHOP) expression.
Collectively, this investigation dissects the molecular mechanisms through which NDRG1 manipulates the ER
stress response and its ability to potentiate the activity of the potent anti-cancer agent, Dp44mT.

1. Introduction

The endoplasmic reticulum (ER) is a critical organelle responsible
for the synthesis, post-translational modification and folding of pro-
teins, calcium (Ca™?) homeostasis and lipid biosynthesis in eukaryotic
cells [1-3]. The ER is highly sensitive to changes in the cellular en-
vironment, including hypoxia, glucose-deprivation, oxidative stress,
acidosis, high adipose, and cholesterol, with these various insults

disrupting protein-folding to induce ER stress [1-4]. Following ER
stress, cells activate a series of homeostatic signaling networks to cope
with protein-folding alterations, known as the unfolded protein re-
sponse (UPR) [1-4]. The UPR relays information about the protein-
folding status of the ER to the nucleus and cytosol to buffer variations
and restore homeostasis [1-4].

The UPR consists of dynamic signaling pathways initiated by three
main ER trans-membrane proteins: (1) protein kinase, RNA-activated
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(PKR)-like ER kinase (PERK); (2) inositol-requiring kinase 1a (IREla);
and (3) activating transcription factor 6 (ATF6) [1-3]. In the absence of
ER stress, binding immunoglobulin protein (BiP) binds to the luminal
domains of PERK, IREla and ATF6, rendering them inactive [5,6]. In
response to ER stress, BiP preferentially binds to misfolded/unfolded
proteins in the ER and dissociates from PERK, IREla and ATF6, re-
sulting in the activation of these transducers and their subsequent
downstream signaling networks [5,6]. Together, PERK, IREla and
ATF6 control the expression of various overlapping genes that reduce
ER protein mis-folding, and promote cell survival [1-3]. In conditions
of persistent and intense cellular stress, these adaptive and cytopro-
tective responses switch to pro-apoptotic signaling [1-3].

Upon activation by phosphorylation, PERK phosphorylates eu-
karyotic translation initiation factor-2a (elF2a), resulting in the in-
hibition of general protein synthesis [1,7]. Subsequently, p-elF2a
paradoxically promotes the selective translation of activating tran-
scription factor-4 (ATF4) mRNA [1,7]. Then, ATF4 activates UPR target
genes, which control the transcription of genes involved in autophagy,
apoptosis and amino acid metabolism [1,7]. For instance, ATF4 can up-
regulate the pro-apoptotic transcription factor, C/EBP-homologous
protein (CHOP), inducing apoptosis [6,8]. During ER stress, dimeriza-
tion and auto-phosphorylation of IREla results in alternate X-box
binding protein-1 (XBP1) mRNA splicing to generate XBP1s [9]. XBP1s
is a pro-survival transcription factor that controls the expression of
genes involved in protein-folding and ER-associated degradation
(ERAD), such as BiP and p58'"% [9]. However, under chronic stress, p-
IREla can also activate c-jun N-terminal kinase (JNK), which induces
apoptosis [9]. The third axis of the UPR is initiated by ATF6 activation,
where ATF6 is transported to the Golgi and cleaved [6]. Cleaved ATF6
undergoes nuclear translocation to control the transcription of genes
encoding proteins required for ERAD, ER and Golgi biogenesis, as well
as ER proteins and chaperones (e.g., XBP1, BiP, etc.) [8,9].

The pro-survival activation of the UPR has been demonstrated in
several cancer-types and is implicated in tumorigenesis [10-12]. Mo-
lecules in all three pathways of the UPR show altered expression pat-
terns across multiple tumors, including colon, liver, pancreatic and
prostate cancer [13-19]. The highly proliferative nature of tumors ne-
cessitates an elevation in protein synthesis and enhances the metabolic
burden on the ER and thereby activates the UPR [10]. Moreover, cancer
cells are frequently subjected to a stressful microenvironment due to
their highly proliferative nature and the lack of adequate blood supply
for this expansion, resulting in hypoxia, acidosis and nutrient depri-
vation [20]. These environmental factors disrupt ER protein-folding
and induce ER stress, thereby activating the UPR in an attempt to
survive and adapt [10,21]. Depending on the cellular context, UPR
activation in cancer cells stimulates adaptation, survival, angiogenesis
and tumor growth [10,11]. Moreover, the UPR can stimulate cellular
senescence, inducing dormancy of cancer cells until more favourable
conditions occur [10-12].

N-myc downstream regulated gene 1 (NDRG1) is a stress response
protein that is down-regulated in certain cancer-types, and this down-
regulation correlates with poorly differentiated, advanced cancers
[22-24]. In fact, NDRGI1 is a metastasis suppressor in a number of
cancer-types, including pancreatic, prostate, colon and breast [22-27].
Various factors up-regulate NDRG1, for instance, hypoxia, DNA damage
and iron depletion [28,29]. Pharmacological agents that bind iron
markedly up-regulate NDRG1, via their ability to induce hypoxia-in-
ducible factor-la (HIF-1a)-dependent and independent mechanisms
[30-33]. These compounds have been developed as potent, clinically-
trialled, anti-cancer agents and are known as the di-2-pyridylketone
thiosemicarbazones (DpTs) that include di-2-pyridylketone 4,4-di-
methyl-3-thiosemicarbazone (Dp44mT; Fig. 1A), which binds metal
ions and generates redox stress [33-39].

It was suggested that NDRG1 plays a role in the ER stress response
[40]. Over-expression of NDRG1 suppresses stress-induced autophagy
through the attenuation of the PERK-eIF2a pathway of the UPR, which
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induces apoptosis [40]. These findings indicate that NDRG1-mediated
suppression of the pro-survival autophagic pathway could play a role in
its anti-metastatic effects by inducing apoptosis [40]. As such, there is a
link between NDRG1 and the ER stress response. While these initial
results are promising, the molecular mechanism by which NDRG1
regulates the ER stress response is unknown and was the aim of this
study examining pancreatic cancer and colon cancer cells. We hy-
pothesize that NDRG1 not only regulates the PERK pathway, but reg-
ulates all three main arms of the ER stress response. To investigate this,
studies utilized NDRG1 over-expressing cells, NDRG1 silenced cells and
the NDRG1-inducing agent, Dp44mT. This investigation demonstrates
NDRG1 expression regulates all three arms of the ER stress response and
enhances the anti-proliferative activity of Dp44mT and its ability to
inhibit tumor cell migration.

2. Materials and methods
2.1. Chemicals

The thiosemicarbazone, Dp44mT, and its negative control, di-2-
pyridylketone 2-methyl-3-thiosemicarbazone (Dp2mT; Fig. 1A), were
synthesized and characterized using standard methods [38]. Desfer-
rioxamine (DFO; Fig. 1A) was purchased from Sigma-Aldrich (St. Louis,
MO). Both Dp44mT and Dp2mT were dissolved in dimethyl sulfoxide
(DMSO) and diluted in media to produce a 10 uM solution with a final
DMSO concentration being < 0.5% (v/v). This DMSO concentration
had no effect on cellular proliferation [41]. DFO was dissolved directly
in media to a final concentration of 250 pM. All solutions were prepared
immediately prior to each experiment.

2.2. Cell culture

The human pancreatic cancer cell line, PANC1, and the human
colon cancer cell line, HT-29, were purchased from the American Type
Culture Collection (ATCC; Manassas, VA). PANC1 and HT-29 cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM,; Sigma-Aldrich)
and McCoy's 5A medium, respectively, at 37 °C in an atmosphere of 5%
C0O,/95% air. This media was supplemented with 10% (v/v) fetal calf
serum (FCS; Sigma-Aldrich) and the following additives from Sigma-
Aldrich: 1% (v/v) sodium pyruvate, 1% (v/v) non-essential amino
acids, 100 U/mL penicillin, 100 ug/mL streptomycin, 2 mM glutamine
and 0.28 pg/mL Fungizone.

2.3. Plasmid construction and transfection

NDRG1 over-expressing and vector control PANC1 or HT-29 cells
were generated using the pCMV-tag2-FLAG-NDRG1 vector (GenHunter,
Nashville, TN, USA) and the empty pCMV-tag2-FLAG vector
(Stratagene, Santa Clara, CA, USA), respectively [42,43]. Both plasmids
possess a G418 resistance marker and were developed using established
techniques [42,43]. NDRG1 over-expression and control transfections
were selected and maintained with G418 (0.3 mg/mL; Alexis Bio-
chemicals, CA, USA). Cells were transfected as described previously
using Lipofectamine 2000 (Life Technologies, VIC, Australia).

2.4. Western blot analysis

Western blot analysis was performed as described previously [34].
The primary antibodies used include: IREla (1:1000, Cat. #3294), BiP
(1:1000, Cat. #3177), PERK (1:1000, Cat. #3192), eIlF2a (1:1000, Cat.
#5324), XBP1 (1:100, Cat. #12782), p58™* (1:1000, Cat. #2940),
CHOP (1:1000, Cat. #2895), ATF4 (1: 1000, Cat. #11815), JNK
(1:1000, Cat. #92528), p-JNK (1:1000, Cat. #9251S), CAMKII (1:1000,
Cat. #3362), p-CAMKII (1:1000, Cat. #12716), calnexin (1:1000, Cat.
#2679), calreticulin (1:1000, Cat. #2891) and p-elF2a (1:1000, Cat.
#3398) from Cell Signaling Technology (MA, USA). Primary antibodies
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against NDRG1 (1:2000, Cat. #ab37897) and p-IREla (1:1000, Cat.
#ab124945) were from Abcam (Cambridge, UK). A primary antibody
against p-PERK (1:1000, Cat. #649402) was purchased from BioLegend
(San Diego, CA), while a primary antibody against ATF6 (1:1000, Cat.
#IMG-127) was from Santa Cruz (Santa Cruz, CA). The primary anti-
body against f-actin (1:10000, Cat. #A1978) was purchased from
Sigma-Aldrich, while horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG, anti-mouse IgG and anti-goat IgG (1:10,000; Sigma-Aldrich)
were used as secondary antibodies. Enhanced chemiluminescence (ECL)
Plus™ Western Blotting Detection Reagents (GE Healthcare, Australia)
were implemented for detection and images were captured using a
ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA).

2.5. Densitometric analysis

Densitometric analysis of western blots was carried out using
ChemiDoc Image Lab Software (BioRad). The densitometry represents
the total bands detected when multiple bands were evident for a
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protein, unless specified. Data was normalized using the corresponding
B-actin loading controls.

2.6. Confocal microscopy

PANC1-VC and PANCI-N1 cells (1 x 10°cells/mL) were grown
overnight on cover slips to 70% confluency. Cells were subsequently
incubated with Dp44mT (10uM) or control media for 24h/37 °C.
Following incubation, cells were fixed with ice-cold methanol for
10 min at room temperature. Cells were subsequently washed with PBS
(3 X 5min) and permeabilized with Triton X-100 (0.2%/5 min). After
further washing cells in PBS and blocking non-specific binding with 5%
BSA/PBS (30 min, pH 7.5), immunocytochemistry was performed with
rabbit monoclonal anti-NDRG1 (Cat. #9485, Cell Signaling
Technology), mouse monoclonal anti-GRP78 BiP (Cat. #Ab181499,
Abcam), mouse monoclonal anti-calreticulin (Cat. #ab22683), rabbit
monoclonal anti-calnexin C5C9 (Cat. #2679T, Cell Signaling
Technology) and Alexa Fluor-conjugated secondary antibodies (Life
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Technologies, Carlsbad, CA). Cover slips were mounted on slides using
the ProLong Gold DAPI (4',6-diamidino-2-phenylindole) anti-fade
mounting solution (Life Technologies). Slides were examined with a
Zeiss LSM 510 Meta confocal microscope (Zeiss, Oberkochen, Germany)
equipped with FITC and Texas Red filters. Fluorescence intensity and
the Mander's (M2) coefficient for co-localization (r) were measured
using ImageJ 4.7v software (National Institutes of Health, Baltimore,
MD).

2.7. Measurement of intracellular Ca™*?

Fura-2 AM (acetoxymethyl; Sigma-Aldrich), a fluorescent Ca™? in-
dicator, was used to detect intracellular Ca*? levels according to the
manufacturer's protocol using Ca™2-free media (Cat. #: 21068028; Life
Technologies) under established conditions [34]. Briefly, PANC1-VC
and PANC1-N1 cells were incubated in the presence or absence of
Dp2mT (10 uM), DFO (250 uM), or Dp44mT (10 uM) for 24h/37 °C.
The cells were subsequently loaded with 2 uM Fura-2 AM in media for
30 min/37 °C in the dark, washed and further incubated in Ca™?-free
media to allow complete de-esterification of intracellular AM esters.
After incubation, cells were washed in a Ca™?free Tyrodes salt solu-
tion. Fluorescence was measured with the emission signal detected at
510 nm and excitation at 340 and 380 nm using a CLARIOStar Micro-
plate Reader (BMG LABTECH, Germany). Intracellular Ca*? con-
centrations were calculated, as described previously [34,44].

2.8. Gene silencing by small interfering RNA

PANC1-VC cells were grown to 40% confluency prior to siRNA
transfection. Cells were transfected with SignalSilence PERK siRNA I
(Cat. #9024, Cell Signaling Technology), IREIa siRNA (Cat. #5200430,
Ambion, CA, USA), ATF6 siRNA (Cat. #EHU015441, Sigma-Aldrich),
NDRG1 siRNA (Cat. #s20336, Life Technologies) or SignalSilence
Control siRNA (Cat. #6568, Cell Signaling Technology) using
Lipofectamine® 2000 Reagent in Opti-MEM I Reduced Serum Medium
(Life Technologies), as per the manufacturer's protocol [34].

2.9. Cellular proliferation assay

Cellular proliferation was assessed as performed previously [41],
using the MTT [3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay. PANC1-VC and
PANC1-N1 cells were seeded into 96 well plates at a density of
7000 cells/well and incubated overnight at 37 °C in a 5% CO, atmo-
sphere. Following this incubation, cells were incubated with Dp44mT
(0-10 uM) or control media for 48 h/37 °C. Subsequently, 10 uL of MTT
solution (5 mg/mL in PBS, Sigma-Aldrich) was added to each well and
incubated for 2h/37 °C. Cells were then lyzed using 100 uL of DMSO for
10 min/37 °C. The absorbance was measured at 570 nm by the Victor
TM Multi-label Counter plate reader (Perkin Elmer, VIC, Australia) and
is representative of the number of viable cells. Results were expressed
as the concentration required to inhibit growth by 50% (ICsq). Vali-
dation of MTT proliferation results was performed via viable cell counts
using Trypan blue [41].

2.10. Real-time cell analyzer (RTCA) migration assay

RTCA Migration Assays were performed following the manufac-
turer's protocol (Roche Applied Science, Penzberg, Germany).
Transfected PANC1-VC and PANC1-N1 cells were incubated with or
without Dp44mT (24 h/37 °C) and subsequently resuspended in serum-
free DMEM. Cell viability was assessed using Trypan blue solution and
found to be > 90%, with the cells then being seeded in RTCA Cim-16
plates (xCELLigence, Roche) in the absence of Dp44mT. Complete
DMEM with 10% FCS was added to the lower chamber as a chemo-
attractant. Measurements of real-time cell index (CI) were taken
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periodically over 48 h/37 °C using an xCELLigence RTCA Dual-Plate
(DP) instrument (Roche Applied Science). CI is a relative change in
measured electrical impedance derived by the xCELLigence RTCA DP
instrument and was used to represent migration propensity.

2.11. Statistical analysis

Data was expressed as mean * standard error of the mean (S.E.M.)
of at least 3 independent experiments and was normalized to the con-
trol of the relevant vector control cell-type. Statistical analysis was
performed using Student's t-test and results were considered significant
when p < 0.05.

3. Results
3.1. DFO and Dp44mT up-regulate NDRG1 expression

NDRG1 has previously been linked to the ER stress response and the
UPR [40]. However, the nature and extent of the interaction of NDRG1
with these later processes is yet to be elucidated, particularly regarding
the molecular mechanisms involved. To determine the effects of NDRG1
on the expression of key proteins associated with ER stress and the UPR,
we initially utilized PANC1 pancreatic cancer cells over-expressing
NDRG1 (PANC1-N1) cells relative to PANC1 cells transfected with the
empty vector (PANC1-VC).

To assess the effect of NDRG1 on ER stress, PANC1-VC and PANCI-
N1 cells were incubated for 24 h/37 °C with either media alone, or
media containing Dp44mT (10 uM; Fig. 1A), which can induce both
NDRG1 [30,40] and ER stress via metal sequestration and/or redox
activity [35-38]. The relevant controls for Dp44mT included: (1) the
Dp44mT analogue, Dp2mT (10 uM; Fig. 1A), which was designed as a
structural negative control, as it cannot bind cellular iron and is not
redox active [33,36,38]; and (2) DFO (250 uM; Fig. 1A), which is a
“gold standard” iron chelator that does not induce redox stress [36,37].
Notably, DFO was used at 250 uM due to its low membrane perme-
ability, as this agent is relatively hydrophilic [33,36,45].

As demonstrated previously [46], endogenous NDRG1 in control
PANC1-VC cells was detected by immunoblotting as two main bands at
~41 and ~46kDa (Fig. 1B). These two bands are consistent with
multiple NDRG1 isoforms, which may be the result of truncation and/or
phosphorylation [46,47]. Incubation of PANC1-VC cells with the ne-
gative control, Dp2mT, led to no significant (p > 0.05) effect relative
to the control, while incubation PANC1-VC cells with either DFO or
Dp44mT resulted in a significant (p < 0.05) increase in total NDRG1
expression versus the control (Fig. 1B). This was the result of an increase
in the ~46kDa NDRG1 band and an additional far more intense
~47 kDa NDRG1 band also being detected. These data were similar to
those reported for other cell-types after incubation with DFO and
Dp44mT [46].

Examining PANC1-N1 control cells, a pronounced and significant
(p < 0.05) increase in a band at ~48 kDa was observed that is con-
sistent with exogenous NDRG1 containing a FLAG tag (Fig. 1B). As
such, under all treatment conditions in PANC1-N1 cells, NDRG1 was
significantly (p < 0.01-0.05) increased relative to corresponding
treatments in PANC1-VC cells. Incubation of PANCI-N1 cells with
Dp2mT did not markedly alter NDRG1 levels relative to the respective
control, while DFO and Dp44mT slightly, but not significantly
(p > 0.05), increased NDRG1 levels versus the PANC1-N1 control
(Fig. 1B). Notably, NDRG1 expression is also examined as a relevant
control in all later studies (i.e., Figs. 3B, 4-6) that utilize the same ex-
perimental setup as that in Fig. 1B, with consistent results being ob-
served throughout.

Collectively, these studies demonstrate that both DFO and Dp44mT
substantially increase the expression of NDRG1 in PANC1-VC cells, with
these agents also slightly increasing NDRG1 in PANC1-N1 cells.
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3.2. Only NDRG]1 expression increases calnexin levels, while both NDRG1
and Dp44mT increase expression of the ER chaperones, calreticulin and BiP

The ER performs its protein-folding function with the help of three
highly regulated ER chaperone proteins, namely: (1) calnexin; (2) cal-
reticulin; and (3) BiP [1,7]. Previous investigations have suggested that
calnexin may possess a potential NDRG1-binding site [48] and could
have a role in tumor invasion and metastasis [49]. Moreover, calreti-
culin and BiP up-regulation has been documented in a multiple cancer-
types [18,50-52]. Consequently, studies were initiated to assess the
effect of NDRG1 and Dp44mT on the expression of the ER-associated
chaperones, calnexin, calreticulin and BiP. In these experiments,
PANC1-VC or PANC1-N1 NDRG1 over-expressing cells were incubated
for 24 h/37 °C with control medium or this medium containing Dp2mT
(10 uM), DFO (250 uM), or Dp44mT (10 uM) (Fig. 1C-E).

There was no significant (p > 0.05) change in calnexin levels fol-
lowing incubation with either Dp2mT, DFO, or Dp44mT compared to
the control in PANC1-VC or PANC1-N1 cells (Fig. 1C). However, there
was a significant (p < 0.01-0.05) increase in the expression of calnexin
in PANC1-N1 cells relative to PANC1-VC cells under all incubation
conditions (Fig. 1C).

Examining calreticulin expression, incubation with the negative
control, Dp2mT, resulted in no significant (p > 0.05) change in cal-
reticulin expression in PANC1-VC cells versus the control (Fig. 1D).
However, calreticulin expression was significantly (p < 0.01) in-
creased by DFO or Dp44mT treatment in PANC1-VC cells compared to
the control (Fig. 1D). Interestingly, PANC1-N1 cells expressed sig-
nificantly (p < 0.001) increased calreticulin levels in control or
Dp2mT treatment conditions relative to the respective PANC1-VC
controls (Fig. 1D). Similarly to PANC1-VC cells, incubation of PANC1-
N1 cells with the negative control, Dp2mT, did not significantly
(p > 0.05) alter the expression of calreticulin relative to the PANC1-N1
control. However, PANC1-N1 cells expressed slightly, but significantly
(p < 0.05) increased calreticulin levels in the presence of DFO or
Dp44mT relative to the PANC1-N1 control (Fig. 1D).

Assessment of BiP expression upon incubation of PANC1-VC cells
with Dp2mT or DFO demonstrated no significant (p > 0.05) effect on
its levels relative to the corresponding control (Fig. 1E). In contrast,
Dp44mT significantly (p < 0.001) increased BiP expression relative to
the respective PANC1-VC control. PANC1-N1 cells expressed sig-
nificantly (p < 0.001-0.01) increased BiP levels under all conditions
relative to the respective PANC1-VC cell treatments (Fig. 1E). Similarly
to PANC1-VC cells, there was no significant (p > 0.05) change in BiP
levels upon incubation with Dp2mT or DFO compared to the corre-
sponding control in PANC1-N1 cells (Fig. 1E). However, BiP expression
was significantly (p < 0.001) increased upon incubation with Dp44mT
in PANCI1-N1 cells compared to the relevant PANC1-N1 control.

Collectively, these studies in Fig. 1 demonstrate that NDRG1 over-
expression significantly increases calnexin, calreticulin and BiP levels,
with Dp44mT increasing the expression of calreticulin and BiP in the
presence or absence of NDRG1 expression.

3.3. Confocal microscopy demonstrates that Dp44mT induces calreticulin
co-localization with NDRG1, with NDRG1 over-expression alone increasing
co-localization between NDRG1 and BiP

Considering the investigations assessing ER chaperone expression in
Fig. 1, further studies using confocal immunofluorescence microscopy
were performed. This was done to determine whether NDRG1 and/or
Dp44mT altered their cellular localization, and if there was co-locali-
zation between NDRG1 and the chaperones to suggest potential binding
(Fig. 2). In fact, NDRG1 has been shown to bind to other proteins to
affect their half-life and expression [53] and confocal microscopy al-
lows assessment on a single plane to enable conclusions on association
to be made. Studies were performed in PANC1-VC and PANC1-N1 cells
in the presence and absence of Dp44mT (10 uM) over a 24h/37°C
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incubation (Fig. 2). The Mander's coefficient (r) was generated using
ImageJ and any value > 0.8 was considered indicative of strong mo-
lecular co-localization [54].

The distribution of calnexin in PANC1-VC control cells was pre-
dominantly cytoplasmic (Fig. 2A;). NDRG1 demonstrated cytoplasmic
staining with some nuclear distribution (Fig. 2A,) when compared to
the nuclear DAPI stain (Fig. 2A3). The overlay demonstrated no sub-
stantial co-localization of NDRG1 and calnexin (Fig. 2A4s; r = 0.794).
Following Dp44mT treatment, the intensity and distribution of calnexin
in PANC1-VC cells did not significantly (p > 0.05) change (Fig. 2Ag).
In contrast, after incubation of PANC1-VC cells with Dp44mT, NDRG1
intensity (Fig. 2A;) increased significantly (p < 0.01) relative to the
corresponding control (Fig. 2A,) with no increase in the co-localization
of calnexin and NDRG1 (Fig. 2Ag 10; r = 0.558).

The intensity of calnexin expression in the presence and absence of
Dp44mT was significantly (p < 0.01) increased in PANCI1-N1 cells
(Fig. 2A11,16) When compared to the respective PANC1-VC treatments
(Fig. 2A;,6). PANC1-N1 cells had significantly (p < 0.001-0.05) higher
NDRG]1 levels (Fig. 2A;217) in the presence and absence of Dp44mT,
when compared to the respective PANC1-VC cells (Fig. 2A, 7). The
overlay demonstrated no marked or significant increase in the co-lo-
calization intensity of calnexin and NDRG1 in PANC1-N1 cells in the
presence of the control (Fig. 2A;315s) or Dp44mT (Fig. 2A;9 20), as de-
monstrated by r = 0.784 or 0.687, respectively.

Examining control PANC1-VC cells, calreticulin (Fig. 2B;) and
NDRG1 (Fig. 2B,) were distributed in both the cytoplasm and nucleus,
with r = 0.720 in terms of the overlay (Fig. 2B, s). As evident from the
western analysis (Fig. 1D), calreticulin (Fig. 2B¢) and NDRG1 (Fig. 2B;)
intensity was significantly (p < 0.001) increased in PANC1-VC cells
after incubation with Dp44mT relative to their respective controls
(Fig. 2B ). Furthermore, Dp44mT significantly (p < 0.001) increased
the co-localization intensity of calreticulin and NDRG1 in PANC1-VC
cells (Fig. 2Bg 10), resulting in r = 0.860.

The intensity of calreticulin (Fig. 2B;;) and NDRG1 (Fig. 2B;,) ex-
pression was significantly (p < 0.001) increased in PANC1-N1 control
cells relative to their PANC1-VC counterparts (Fig. 2B;,). Again,
Dp44mT significantly (p < 0.01) increased calreticulin intensity in
PANC1-N1 cells (Fig. 2Bs¢) relative to the PANC1-N1 control cells
(Fig. 2B11), as also demonstrated by immunoblotting (Fig. 1D). The
significantly (p < 0.01) increased co-localization intensity of calreti-
culin and NDRG1 in Dp44mT-treated PANC1-N1 cells (Fig. 2B1g 20;
r = 0.804) relative to the respective PANC1-N1 control.

Similarly to calreticulin, both BiP (Fig. 2C;) and NDRG1 (Fig. 2C,)
were distributed in the cytoplasm and nucleus in PANC1-VC cells with
r = 0.651. Following Dp44mT treatment, BiP (Fig. 2C¢) and NDRG1
(Fig. 2Cy) intensity and co-localization (Fig. 2Cq10) was significantly
(p < 0.05) increased in PANCI1-VC cells relative to the respective
controls (Fig. 2C; ), confirming the western blot results (Fig. 1E).

Moreover, the intensity of BiP (Fig. 2C;;) and NDRG1 (Fig. 2C;5) ex-
pression was significantly higher (p < 0.001-0.01) in PANC1-N1 control
cells relative to the respective PANC1-VC controls (Fig. 2C; 5). The co-lo-
calization intensity of BiP and NDRG1 (Fig. 2C;4,15) in PANC1-N1 control
cells was significantly (p < 0.01) increased relative to the PANC1-VC
control (Fig. 2Cy45), resulting in r = 0.930. Incubation of PANC1-N1 cells
with Dp44mT significantly (p < 0.001) increased the intensity of BiP
(Fig. 2Cy¢) relative to the respective PANC1-N1 control (Fig. 2Cq;). There
was also a significant (p < 0.05) increase in the co-localization intensity
between BiP and NDRG1 in Dp44mT-treated PANC1-N1 cells (Fig. 2C1920)
relative to the respective Dp44mT-treated PANC1-VC cells (Fig. 2Cqg 1),
leading to an increase in r from 0.798 to 0.925.

In summary, Dp44mT increases calreticulin co-localization with
NDRGI in the presence and absence of NDRG1 over-expression, with
NDRG1 over-expression alone increasing co-localization between
NDRG1 and BiP. On the other hand, neither Dp44mT nor NDRG1 over-
expression alone or together, had any significant effect on co-localiza-
tion of calnexin and NDRG1.
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3.4. Dp44mT-mediated NDRG1 expression moderates Ca*? homeostasis in
the ER

Calreticulin binds Ca*?, with > 50% of Ca*? in the ER associating
with this protein [55]. Notably, NDRG1 is also referred to as calcium-
associated protein 43 (Cap43), because it is regulated and activated in
response to Ca™2 [56]. Consequently, in order to dissect the relation-
ship between ER stress, NDRG1 and intracellular Ca*? levels, studies
examining cytosolic Ca™*? levels were undertaken using PANC1-VC and
PANC1-N1 cells following treatment for 24 h/37 °C with either: control
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Fig. 2. Dp44mT induces co-localization of
calreticulin with NDRG1, while NDRG1
over-expression alone increases co-locali-
zation of NDRG1 and BiP. PANC1-VC and
PANC1-N1 cells were incubated for 24 h/
37°C with control media or media con-
taining Dp44mT (10 uM). All cells were
then probed for NDRG1 (red) and nuclei
(blue). Cells were also probed for: (A) cal-
nexin (green), (B) calreticulin (green), or
(C) BiP (green). Images were taken using a
Zeiss LSM Meta Spectral Confocal
Microscope at 63 X magnification using the
same exposure time for all images. Mander's
coefficient (r) and comparative fluorescence
intensity (A.U.) were generated using
ImageJ and is a representative of three ex-
periments. Fluorescence intensity is pre-
sented as a mean * SEM of the intensity of
each cell in the image. The scale bar in the
bottom left-hand corner of the first image
represents 20 pm and is the same across all
images, including the scale bar in the mag-
nified overlay panel. #p < 0.05,
##p < 0.01, 7*#p < 0.001; relative to re-
spective controls *p < 0.05, **p < 0.01,
***p < 0.001; relative to their corre-
sponding treatments in PANC1-VC cells.

media, Dp2mT (10 uM), DFO (250 uM), or Dp44mT (10 uM; Fig. 3A).
Our studies examined the fluorescence of the membrane-permeable,
Ca*2binding probe, Fura-2 AM, in PANC1-VC and PANC1-N1 cells, as
this probe detects Ca™? in the cytosol [34,57].

After a 24h/37 °C incubation, Dp2mT or DFO did not significantly
(p > 0.05) alter Ca*? levels relative to the control in PANC1-VC cells
(Fig. 3A). In contrast, Dp44mT significantly (p < 0.001) increased
cytosolic Ca™? levels in PANC1-VC cells compared to the respective
control cells (Fig. 3A). No significant (p > 0.05) change in Ca™? levels
were observed comparing PANC1-VC and PANC1-N1 control cells,
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suggesting that NDRG1 does not modulate cytosolic Ca*? levels. Si-
milarly to PANC1-VC cells, Dp2mT did not significantly (p > 0.05)
change Ca*? levels in comparison to the PANCI-N1 control cells.
Conversely, DFO and, to a markedly greater extent, Dp44mT, sig-
nificantly (p < 0.001-0.05) increased the concentration of cytosolic
Ca™2 in PANC1-N1 cells (Fig. 3A). In fact, the cytosolic Ca™2 levels of
Dp44mT-treated PANCI1-N1 cells were significantly (p < 0.001)
greater by almost 10-times than Dp44mT-treated PANC1-VC cells.
These studies demonstrate NDRG1 expression causes pronounced sen-
sitization of PANC1-N1 cells to the Dp44mT-induced release of Ca™?>
into the cytosol.

Elevated Ca*? release from the ER results in an increase of the
cytosolic Ca™?2 concentration ([Ca*?]c), which is known to activate a
Ca*2/calmodulin-dependent kinase (CaMK) cascade resulting in the
phosphorylation and activation of CaMKII [58]. Since Dp44mT mark-
edly and significantly (p < 0.001) increased cytosolic Ca*? con-
centrations (Fig. 3A), we investigated whether it increased activated
and phosphorylated CaMKII levels (Fig. 3B). As evident in Fig. 3B, and
consistent with previous studies [59], p-CaMKII and CaMKII were de-
tected at two distinct bands at ~50kDa and ~60kDa, that are re-
presentative of its a and {3 subunits.

The negative control for Dp44mT, namely Dp2mT [33], did not
significantly (p > 0.05) alter p-CaMKII levels relative to the control in
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PANC1-VC cells (Fig. 3B). Conversely, DFO and particularly Dp44mT,
resulted in a significant (p < 0.05-0.01) increase in p-CaMKII levels in
PANC1-VC cells (Fig. 3B). Of note, p-CaMKII levels were significantly
(p < 0.05) reduced in control and Dp2mT-treated PANC1-N1 cells re-
lative to their corresponding PANC1-VC counterparts. Similarly to
PANC1-VC cells, DFO and Dp44mT significantly (p < 0.01) increased
p-CaMKII levels in PANC1-N1 cells relative to the PANC1-N1 control.
There was no significant (p > 0.05) change in total CaMKII under all
treatment conditions examined in PANC1-VC or PANC1-N1 cells
(Fig. 3B). In terms of the p-CaMKII/CaMKII ratio, Dp2mT did not sig-
nificantly (p > 0.05) alter the ratio of p-CaMKII/CaMKII in PANC1-VC
or PANC1-N1 cells (Fig. 3B). In contrast, incubation of PANC1-VC and
PANC1-N1 cells with DFO or Dp44mT significantly (p < 0.01-0.05)
increased the ratio of p-CaMKII/CaMKII compared to the respective
PANC1-VC and PANC1-N1 controls (Fig. 3B).

Collectively, these results demonstrate that Dp44mT increased the
activation of CaMKII in both PANC1-VC and PANCI1-N1 cells, with
NDRG1 expression not significantly affecting this process. Hence, the
levels of cytosolic Ca™? particularly in PANC1-N1 cells treated with
Dp44mT did not directly correlate to the activation of CAMKII, sug-
gesting that NDRG1 expression more markedly affected Ca™? mobili-
zation under these conditions.
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3.5. NDRG1 suppresses the PERK signaling pathway and potentiates the
downstream effects of Dp44mT

Considering the alterations to ER resident chaperone proteins and
intracellular Ca*? levels after NDRG1 expression and/or incubation of
cells with the strong NDRG1-inducer Dp44mT, studies progressed to
assess the relationship between NDRG1 and the three main pathways of
the UPR, namely: (1) PERK; (2) IRElo; and (3) ATF6 pathways.
Initially, the PERK axis and its downstream targets were assessed [60].
Activated p-PERK phosphorylates elF2a, leading to inhibition of cap-
dependent protein translation, and paradoxically, also induces ATF4
up-regulation, which leads to the transcription of the pro-apoptotic
gene, CHOP [60].

The PERK axis and its downstream targets, namely, p-elF2a, ATF4
and CHOP, were investigated after a 24 h/37 °C incubation with control
medium, or this medium containing Dp2mT (10 pM), DFO (250 uM), or
Dp44mT (10 uM). Relative to the respective controls, there was no
significant (p > 0.05) effect on p-PERK levels upon incubation with
Dp2mT in PANC1-VC or PANCI-N1 cells (Fig. 4). PANC1-VC cells
treated with DFO showed significantly (p < 0.05) decreased expres-
sion of p-PERK when compared with PANC1-VC control cells. In con-
trast, PANC1-VC cells incubated with Dp44mT demonstrated a pro-
nounced and significant (p < 0.01) increase in p-PERK levels
compared to their respective control (Fig. 4). Over-expression of
NDRG1 in PANCI-N1 cells resulted in significantly (p < 0.05) de-
creased p-PERK levels in control or Dp2mT-treated cells relative to the
respective treatments in PANC1-VC cells. Further, NDRG1 over-ex-
pression in PANCI-N1 cells resulted in a marked and significant
(p < 0.05) suppression of Dp44mT-induced up-regulation of p-PERK
levels versus the respective PANC1-VC treatment (Fig. 4). Similar effects
of Dp44mT and NDRG1 over-expression on p-PERK levels were also
demonstrated in HT-29 colon cancer cells transfected with NDRG1
(HT29-N1) relative to the VC (HT29-VC; Supplementary Fig. 1).

In terms of total PERK levels, Dp2mT or DFO had no significant
(p > 0.05) effect, while Dp44mT induced a slight, but significant
(p < 0.05) increase in total PERK compared to the control in PANC1-
VC cells (Fig. 4). NDRG1 over-expression in PANC1-N1 cells resulted in
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a significant (p < 0.001-0.05) decrease in total PERK expression
compared to PANC1-VC cells under all conditions (Fig. 4). Dp44mT
significantly (p < 0.01) increased the ratio of p-PERK/PERK expres-
sion in PANC1-VC cells, while this effect was significantly (p < 0.01)
attenuated by NDRG1 expression in PANC1-N1 cells. Again, broadly
similar effects of Dp44mT and NDRG1 over-expression on total PERK
levels and the p-PERK/PERK ratio were also demonstrated in HT29
colon cancer cells (ie., HT29-N1 versus HT29-VC; Supplementary
Fig. 1).

Activation of the PERK axis results in the phosphorylation of elF2a and
consequent up-regulation of ATF4, which leads to transcription of CHOP
[61]. The negative control, Dp2mT, did not exhibit any significant
(p > 0.05) effect on p-elF2a levels in PANC1-VC and PANC1-N1 cells
relative to their respective controls (Fig. 4). In contrast, in both PANC1-VC
and PANC1-N1 cells, there was a significant (p < 0.001-0.01) increase in
p-elF2a levels following incubation with DFO or Dp44mT compared to
their respective controls (Fig. 4). Interestingly, NDRG1 over-expression in
PANC1-N1 cells resulted in a significant (p < 0.01) decrease in p-elF2a
levels in cells incubated with control medium or Dp2mT relative to the
correspondingly treated PANC1-VC cells (Fig. 4). However, NDRG1 ex-
pression in PANC1-N1 cells, significantly (p < 0.01-0.05) increased p-
elF2a levels in cells incubated with DFO and Dp44mT relative to their
PANC1-VC counterparts. Total elF2a levels were not significantly
(p > 0.05) affected relative to the respective controls under all conditions.

Both DFO and Dp44mT significantly (p < 0.01) increased the ratio
of p-elF2a/elF2a in PANC1-VC cells relative to the respective control,
with this effect being significantly (p < 0.001-0.05) enhanced by these
agents in PANC1-N1 cells (Fig. 4). In conjunction with the results ob-
served for PERK, these data demonstrate that Dp44mT induces ER stress
via the PERK-elF2a axis, with NDRG1 suppressing PERK phosphoryla-
tion. These data reveal that while DFO does not induce PERK phos-
phorylation, elF2a was activated by DFO in both PANC1-VC and
PANC1-N1 cells (Fig. 4). Collectively, these results indicate differences
in response between the activation of PERK and its downstream target,
elF2a, suggesting that additional regulatory mechanisms may activate
elF2a. Considering this, other upstream kinases such as protein kinase
activated by double-stranded RNA (PKR [62]), heme-regulated
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Fig. 4. The effect of NDRG1 expression and Dp2mT, DFO and Dp44mT on the PERK signaling pathway. PANC1-VC and PANC1-N1 cells were incubated with either
control media, or media containing Dp2mT (10 uM), DFO (250 uM) or Dp44mT (10 uM) at 37 °C/24 h. Expression of p-PERK, PERK, p-elF2a, eIlF2a, ATF4 and CHOP

was then determined. Western blot represents a typical blot and densitometric analysis is presented as mean

+

SEM (3 experiments) normalized to B-actin (A.U.).

#p < 0.05, **p < 0.01, #*#p < 0.001; relative to respective controls *p < 0.05, **p < 0.01, ***p < 0.001; relative to corresponding treatments in PANC1-VC

cells.
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inhibitor activated by heme-deficiency (HRI [63]) and general control
non-derepressible-2 (GCN2 [64]), are also known to phosphorylate
elF2a.

After a 24 h incubation of PANC1-VC cells with Dp2mT or DFO, ATF4
expression did not change significantly (p > 0.05) relative to the control,
while there was a pronounced and significant (p < 0.01) increase after
incubation with Dp44mT (Fig. 4). In PANC1-N1 cells, ATF4 expression was
significantly (p < 0.001) decreased after incubation with control medium
or Dp2mT relative to the respective PANC1-VC cells (Fig. 4). There was a
significant (p < 0.001-0.01) increase in ATF4 in PANC1-N1 cells in-
cubated with DFO or Dp44mT relative to the respective PANC1-N1 control
(Fig. 4). Similar results to those found for ATF4 were also observed with the
expression of the downstream pro-apoptotic protein, CHOP. The ability of
DFO to induce an increase in p-elF2a levels, but not ATF4 or CHOP ex-
pression, in PANC1-VC cells, may be a time-dependent effect and further
time points could be useful to elucidate this.

In summary, the results in Fig. 4 demonstrated that NDRG1 over-
expression resulted in the basal suppression of PERK phosphorylation,
but on the other hand, generally potentiated the ER-stress-inducing
effects of DFO and Dp44mT on p-elF2a, ATF4 and CHOP levels.

3.6. NDRG1 expression suppresses the pro-apoptotic pathways of the IRE1a
axis, while increasing its pro-survival signals

The effect of the agents and NDRG1 expression on the IREla sig-
naling cascade was subsequently examined (Fig. 5). IREla catalyzes the
unconventional processing of XBP1 splicing, which in turn, regulates
UPR target genes, such as BiP and p58™ [65]. In addition to the XBP1-
dependent pathway, IREla activates an additional pathway through c-
Jun NH,-terminal kinase (JNK), which mediates apoptosis [5]. There-
fore, the expression of total IRE1a, the active phosphorylated IREla (p-
IREla) and its downstream regulatory molecules, unspliced XBP1
(XBP1u), spliced XBP1s (XBP1s), p58™X, p-JNK and total JNK, were
examined to assess regulation (Fig. 5).
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Following incubation with Dp2mT or DFO, there was no significant
alteration in the levels of p-IREla relative to the control in PANC1-VC
cells (Fig. 5). In contrast, there was a significant (p < 0.05) increase in
p-IREla levels in Dp44mT-treated PANC1-VC cells compared to the
PANC1-VC control. Interestingly, in PANC1-N1 cells incubated with
control medium or Dp2mT, NDRG1 over-expression resulted in a sig-
nificant (p < 0.001-0.01) decrease in p-IREla levels relative to the
respective PANC1-VC cell treatments (Fig. 5). On the other hand, DFO
slightly increased p-IREla levels relative to the PANCI-N1 control,
while Dp44mT induced a significant (p < 0.01) increase in p-IREla
levels compared to the PANC1-N1 control (Fig. 5).

Examining total IRE1a levels, a similar effect was observed as found
for p-IREla in response to the agents (Fig. 5). Again, Dp44mT sig-
nificantly (p < 0.001) increased total IREla expression in PANC1-VC
cells relative to the respective control. For PANC1-N1 cells, a significant
(p < 0.01-0.05) decrease in total IRE1a was observed for the control
and Dp2mT relative to the respective PANC1-VC cells (Fig. 5). On the
other hand, PANC1-N1 cells displayed a significant (p < 0.01) increase
in total-IREla levels with both DFO and Dp44mT relative to the re-
spective PANC1-N1 control (Fig. 5). Assessing the ratio of p-IREla/
total IREla in PANC1-VC cells, Dp44mT slightly, but significantly
(p < 0.01), reduced the ratio relative to the respective control. In
PANC1-N1 cells, the p-IREla/total IREla ratio was significantly
(p < 0.05) reduced in control- and Dp2mT-treated PANC1-N1 cells
relative to the respective treatments in PANC1-VC cells (Fig. 5). Similar
effects of NDRG1 over-expression suppressing the activity of Dp44mT
on up-regulating p-IREla and IREla levels were also observed in HT29
colon cancer cells (Supplementary Fig. 1).

Next, examining XBP1s expression in PANC1-VC cells, Dp2mT and
DFO had no significant effect relative to the respective control, while
Dp44mT had a significant (p < 0.01) inhibitory effect on XBP1s levels
relative to the respective PANC1-VC control (Fig. 5). A significant
(p < 0.01-0.05) increase in XBP1s levels was observed in control and
Dp2mT-treated PANC1-N1 cells relative to the PANC1-VC control
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Fig. 5. The effect of NDRG1 expression and Dp2mT, DFO and Dp44mT on the IREla signaling pathway. PANC1-VC and PANC1-N1 cells were incubated with either
control media, or media containing: Dp2mT (10 uM), DFO (250 uM) or Dp44mT (10 uM) at 24 h/37 °C. Following this the expression of p-IREla, IREla, XBP1s,
XBP1uy, p58™%, p-JNK and JNK was determined. Western blot represents a typical blot and densitometric analysis is presented as mean * SEM (3 experiments)
normalized to B-actin (A.U.). *p < 0.05, **p < 0.01, **#p < 0.001; relative to respective controls *p < 0.05, **p < 0.01, ***p < 0.001; relative to corre-

sponding treatments in PANC1-VC cells.
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(Fig. 5). While DFO slightly decreased XBP1s levels relative to control
PANC1-N1 cells, only Dp44mT was effective at significantly (p < 0.01)
decreasing XBP1s expression relative to the PANC1-N1 control. Similar
results to those found for XBP1s were also observed for XBP1u after the
treatments (Fig. 5). Analyzing the XBP1s/XBP1u ratio, only DFO sig-
nificantly (p < 0.01) increased the XBP1s/XBP1u ratio in PANC1-VC
cells relative to its respective control, which was due to the lack of
change in XBP1s and decrease in XBP1u levels (Fig. 5).

Three distinct bands for p58™X between ~50-60kDa were ob-
served, with a band at ~58 kDa being the most prominent (Fig. 5). It
has been reported that p58X contains a cleavable ER signal sequence
[66], suggesting the multiple bands may be cleaved isoforms. The
densitometry herein analyzed the most prominent band at ~58 kDa.
Examining PANC1-VC cells, p58™* levels were significantly (p < 0.01)
decreased by Dp44mT relative to the respective control. The expression
of p58™X was significantly (p < 0.001-0.01) increased under all in-
cubation conditions in PANC1-N1 cells compared to the respective
PANC1-VC cell treatments (Fig. 5). Furthermore, Dp2mT, DFO, or
Dp44mT, had no significant effect on pS8™ levels relative to the re-
spective control in PANC1-N1 cells (Fig. 5). The generalized increase of
p58™¥ expression by NDRG1 over-expression may act to facilitate cel-
lular survival.

As described previously, the kinase activity of IREla regulates an
XBP1-independent pathway via TRAF2-ASK1-JNK signaling [5]. This
latter mechanism plays a vital role in apoptotic signaling [32]. Conse-
quently, total-JNK and p-JNK levels were examined to investigate the
role of NDRG1 expression and the effect of chelators on this signaling
pathway. Herein, the densitometric analysis of both total-JNK and p-
JNK is the sum of the major bands observed at 46- and 54-kDa (Fig. 5),
which represent different spliced isoforms [67,68]. Incubation of
PANC1-VC and PANC1-N1 cells with DFO or Dp44mT markedly and
significantly (p < 0.001) increased p-JNK levels relative to their cor-
responding controls (Fig. 5). However, NDRG1 over-expression resulted
in a significant (p < 0.001-0.05) decrease in p-JNK levels in PANC1-
N1 cells compared to their respective PANC1-VC clones under all con-
ditions.

Total-JNK expression was significantly (p < 0.001-0.05) sup-
pressed in PANC1-VC and PANCI1-N1 cells by only Dp44mT compared
to the respective controls. Over-expression of NDRG1 in PANC1-N1
cells demonstrated a significant (p < 0.001-0.05) decrease in total-
JNK expression compared to their respective PANC1-VC treatments
under all incubation conditions (Fig. 5). Both DFO and Dp44mT
markedly and significantly (p < 0.001-0.01) increased the ratio of p-
JNK/total JNK levels similarly in PANC1-VC and PANC1-N1 cells re-
lative to their respective controls.

Overall, these results in Fig. 5 demonstrated that NDRG1 suppressed
the pro-apoptotic arms of the IREla pathway (i.e., p-JNK), while in-
creasing the pro-survival signaling pathways (i.e., XBP1s and p58™%).
Conversely, the anti-cancer agent, Dp44mT, inhibited the pro-survival
pathways (i.e., XBP1s) and induced phosphorylation of the pro-apop-
totic p-JNK pathway.

3.7. NDRG1 and Dp44mT promote ATF6 cleavage

The ATF6 survival pathway is activated once BiP dissociates from
ATF6 in the ER, enabling its subsequent cleavage and activation [69].
Considering this, western analysis was performed to compare the levels
of cleaved ATF6 in PANC1-VC and PANC1-N1 cells, following incuba-
tion with either control medium, Dp2mT (10 M), DFO (250 uM), or
Dp44mT (10uM) for 24h/37°C (Fig. 6). It has been reported that
cleaved ATF6 is observed as two distinct bands at ~36kDa and
~75kDa [69-72], which was confirmed herein (Fig. 6).

Following a 24 h/37 °C incubation, Dp2mT or DFO did not sig-
nificantly (p > 0.05) alter the expression of the cleaved 75-kDa form of
ATF6 in PANC1-VC cells, while Dp44mT significantly (p < 0.05) in-
creased it relative to the respective control (Fig. 6). Notably, cleaved
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75-kDa ATF6 expression was significantly (p < 0.01-0.05) increased in
PANC1-N1 cells respective to PANC1-VC cells under all incubation
conditions (Fig. 6). Examining expression of the 36-kDa cleaved form of
ATF6 in PANC1-VC cells, only Dp44mT significantly (p < 0.01) in-
creased its expression relative to the respective control (Fig. 6). Levels
of the 36-kDa cleaved form of ATF6 was significantly (p < 0.01) higher
in PANC1-N1 control or Dp2mT-treated cells compared to their re-
spective PANC1-VC counterparts. In contrast, no significant difference
was noted for DFO or Dp44mT in PANC1-N1 cells under these condi-
tions, relative to their respective treatments in PANC1-VC cells (Fig. 6).

Overall, these results in Fig. 6 indicate NDRG1 over-expression and/
or Dp44mT increase the 75-kDa cleaved ATF6 form. A similar although
less pronounced effect was noted for the 36-kDa form, where Dp44mT
increased ATF6 in PANC1-VC cells. Similar effects of NDRG1 and
Dp44mT on ATF6 expression were also evident in HT29 colon cancer
cells (Supplementary Fig. 1).

3.8. Silencing NDRG1 induces the phosphorylation of PERK and IRE1a and
cleavage of ATF6

Additional studies assessed the effect of silencing NDRG1 via tran-
sient transfection with siRNA to examine the differential effect of
NDRG1 expression on the three main UPR pathways in PANC1-VC cells
relative to a negative control siRNA (NC siRNA; Fig. 7). In these ex-
periments, Dp44mT was compared relative to the control, since of the
agents examined, it induced the most marked effects in Figs. 1-6.

As reported previously [43,46], silencing NDRG1 (PANC1-VC
siNDRG1) in both the control and Dp44mT-treated cells led to a marked
and significant (p < 0.01) reduction in the 46- and 47-kDa NDRG1
bands, but not the 41-kDa band, relative to the NC siRNA-treated cells
(Fig. 7). Down-regulating the upper NDRG1 band by siRNA is vital to
prevent its downstream anti-oncogenic functions [53].

As observed using PANC1-VC and PANC1-N1 cells (Fig. 4), Dp44mT
significantly (p < 0.01-0.05) increased p-PERK in both PANC1-VC NC
siRNA and especially siNDRGI1-treated cells relative to the corre-
sponding controls (Fig. 7). In contrast to NDRG1 over-expression, which
decreased p-PERK (Fig. 4), silencing NDRG1 significantly (p < 0.001)
increased p-PERK levels in control cells relative to the respective NC
siRNA (Fig. 7). A similar, yet less pronounced effect, was also observed
with total PERK levels, which were significantly (p < 0.01) greater in
control PANC1-VC siNDRG1 cells relative to control PANC1-VC NC
siRNA cells (Fig. 7). The p-PERK/PERK ratio was significantly
(p < 0.01-0.05) enhanced in Dp44mT-treated cells in both the NC
siRNA and siNDRG1-treated cells versus their respective controls.

Incubation of PANC1-VC NC siRNA cells with Dp44mT significantly
(p < 0.01-0.05) increased both p-IREla and total IREla relative to the
respective controls (Fig. 7), as observed for PANC1-VC cells (Fig. 5).
Silencing NDRG1 induced a significant (p < 0.01) increase in p-IREla
and total IREla in control PANC1-VC siNDRG1 cells relative to control
PANC1-VC NC siRNA cells (Fig. 7), while NDRG1 over-expression in the
controls had the opposite effect (Fig. 5). Of note, NDRG1 over-expres-
sion in PANC1-N1 cells slightly suppressed p-IREla and total IREla
levels after treatment with Dp44mT relative to the respective PANC1-
VC Dp44mT-treated cells (Fig. 5). This was contrary to the effect of
siNDRG1 in Dp44mT-treated PANC1-VC cells that slightly (p > 0.05)
increased p-IREla and total IREla levels relative to PANC1-VC NC
siRNA cells incubated with Dp44mT (Fig. 7). The ratio of p-IREla/
IREla was not significantly altered under any treatment condition.

Silencing NDRG1 in control PANC1-VC cells resulted in a significant
(p < 0.01) increase in cleaved ATF6 expression (36- and 75-kDa) re-
lative to control NC siRNA cells (Fig. 7). This effect on cleaved ATF6
under control conditions was similar to the response obtained after
NDRG1 hyper-expression in PANC1-N1 cells relative to PANC1-VC
(Fig. 6). The reason for this similar response of cleaved ATF6 expression
to NDRG1 siRNA and NDRG1 hyper-expression is unknown. In
Dp44mT-treated cells, no significant change in cleaved ATF6 (36- and
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(Fig. 7).

or absence of PERK

Overall, these studies in Fig. 7, demonstrate that conversely to
NDRG1 over-expression (Figs. 4-6), silencing NDRG1 generally resulted

in an opposite effect, inducing activation of the PERK and IREla axis.
In contrast, silencing and over-expression of NDRG1 had similar effects

on cleaved ATF6.

Fig. 6. Dp44mT and NDRG1 increase the
expression of cleaved ATF6 (36 and
75kDa). PANC1-VC and PANC1-N1 cells
were incubated for 24 h/37 °C with control
media or media containing: Dp2mT
(10uM), DFO (250uM) or Dp44mT
(10 uM). Results are representative of at
least 3 experiments and densitometric ana-
lysis is presented as mean + SEM (3 ex-
periments) normalized to P-actin (A.U.).
#p < 0.05, "p < 0.01, "**p < 0.001;
relative to respective controls *p < 0.05,
*p < 0.01, **p < 0.001; relative to
corresponding treatments in PANC1-VC
cells.

3.9. Silencing PERK increases sensitivity to Dp44mT anti-proliferative
activity, with NDRG1 expression enhancing Dp44mT efficacy in the presence

Considering the potent effects of Dp44mT and NDRG1 on the UPR

shown above (Figs. 1-7), the effect of silencing key molecules in each of
the 3 arms, namely PERK, IREla and ATF6, in the presence and absence

of NDRG1, was examined in terms of key oncogenic processes, namely
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was the followed by a 24 h/37 °C incubation with control media or media containing Dp44mT (10 uM). Western analysis was performed to determine the expression
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SEM (3 experiments) normalized to B-actin (A.U.). *p < 0.05, **p < 0.01, **#p < 0.001 relative to respective controls. *p < 0.05, **p < 0.01,
**¥%p < 0.001; relative to corresponding treatments in PANC1-VC cells.
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Fig. 8. Effect of silencing PERK, IREla, or ATF6
on proliferation and migration. PANC1-VC and
PANC1-N1 cells were incubated with control
siRNA or (A) siPERK, (B) silRElq, or (C) siATF6.
(Ai-Ci) Western blotting was performed to ex-
amine silencing and are representative of a typical
blot. Densitometric analysis is represented as
mean + SEM (3 experiments) normalized to f-
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proliferation and migration (Fig. 8A-C).

PERK siRNA relative to its NC siRNA was utilized in the presence or
absence of Dp44mT to determine its effect on proliferation over an
incubation of 48 h/37 °C (Fig. 8A). Transfection with PERK siRNA (si-
PERK) significantly (p < 0.001) decreased PERK expression in PANC1-
VC and PANCI1-N1 cells relative to the respective NC siRNA-treated
cells (Fig. 8Ai). As shown in Fig. 4, again NDRG1 over-expression in the
PANCI1-N1 control cells (i.e., NC siRNA) significantly (p < 0.01) de-
creased total PERK levels relative to PANC1-VC NC siRNA (Fig. 8Ai).

Next, the anti-proliferative activity of Dp44mT in PANC1-VC and
PANCI1-N1 cells was examined through ICso value measurements over
48h/37 °C (Fig. 8Aii). A significant (p < 0.01) reduction in the ICsq
was evident in siPERK-treated PANC1-VC cells relative to the PANC1-
VC NC siRNA-treated cells (Fig. 8Aii). Additionally, the ICso of Dp44mT
was markedly and significantly (p < 0.01) reduced in PANC1-N1 cells
transfected with either NC siRNA or siPERK relative to the respective
treatments in PANC1-VC cells.

In summary, Dp44mT is effective at inhibiting proliferation under
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all conditions (Fig. 8Aii). However, PERK expression is protective
against Dp44mT anti-proliferative activity in PANC1-VC cells, with
NDRG1 over-expression ablating this protective effect. NDRG1 over-
expression in PANC1-N1 cells leads to markedly greater sensitivity to
Dp44mT anti-proliferative activity in either the presence or absence of
PERK silencing.

3.10. Silencing PERK decreases migration, while NDRG1 over-expression
enhances Dp44mT efficacy at inhibiting migration in the presence or absence
of PERK

All studies examining migration (Fig. 8Aiii, Biii, Ciii) were per-
formed with cells incubated with and without Dp44mT (10 uM) for
24 h/37 °C. The agent was then removed, cellular viability was assessed
and found to be > 90%, and the effect on migration then evaluated
over 48h/37 °C. This short incubation protocol was specifically im-
plemented to minimise the cytotoxic effect of Dp44mT on migration
(see Materials and methods). These studies revealed that Dp44mT
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significantly (p < 0.001) decreased migration of PANC1-VC cells re-
lative to the NC siRNA control in either the presence of NC siRNA or
siPERK (Fig. 8Aiii). siPERK alone also slightly, but significantly
(p < 0.05), reduced migration of PANC1-VC cells relative to the re-
spective NC siRNA. Notably, PANC1-VC cells incubated with a combi-
nation of siPERK and Dp44mT showed a significant (p < 0.001) re-
duction in migration relative to cells incubation with PERK siRNA alone
(Fig. 8Aiii).

The control (i.e., NC siRNA) NDRG1 over-expressing (PANC1-N1)
cells migrated slightly, but significantly (p < 0.05) less than control
PANC1-VC cells (Fig. 8Aiii). As evident in PANC1-VC cells, PANC1-N1
cells incubated with Dp44mT and NC siRNA or siPERK migrated sig-
nificantly (p < 0.001-0.01) less than control PANC1-N1 NC siRNA
cells. The effect of Dp44mT at inhibiting migration was more effective
in the presence of NDRG1 over-expression with or without siPERK
treatment versus the respective PANC1-VC treatments. Collectively,
NDRG1 expression alone decreased migration and Dp44mT inhibited
migration under all conditions, irrespective of PERK expression, and
decreasing PERK expression alone inhibited migration.

3.11. Silencing IREla increases sensitivity to Dp44mT anti-proliferative
activity, with NDRG1 expression markedly enhancing Dp44mT efficacy in
the presence or absence of IREla

IRE1a siRNA relative to its NC siRNA (Fig. 8Bi) was utilized in the
presence or absence of Dp44mT to determine its effect on proliferation
over 48h/37°C (Fig. 8Bii). IREla siRNA markedly and significantly
(p < 0.001-0.01) decreased IREla expression in both PANC1-VC and
PANC1-N1 cells relative to the NC siRNA (Fig. 8Bi). Additionally, as
shown in Fig. 5, NDRG1 expression in NC siRNA PANC1-N1 cells sig-
nificantly (p < 0.05) decreased IREla levels relative to NC siRNA
PANC1-VC cells (Fig. 8Bi).

Similarly to the PERK siRNA studies (Fig. 8Aii), a significant
(p < 0.01) reduction in the ICsq of Dp44mT was evident in silREla-
treated PANC1-VC cells relative to NC siRNA-treated PANC1-VC cells
(Fig. 8Bii). Moreover, the ICsq of Dp44mT was markedly (p < 0.001)
reduced in PANC1-N1 cells transfected with NC siRNA or silREla re-
lative to the respective PANC1-VC cells (Fig. 8Bii). Combined, these
results demonstrate that IREla expression protects against Dp44mT-
induced cytotoxicity, while NDRG1 over-expression potently increases
Dp44mT anti-proliferative efficacy in the presence or absence of IREla.

3.12. Silencing IRE1a increases migration, with NDRG1 expression and/or
Dp44mT decreasing migration in the presence of IRE1q, but not after silREa
treatment

The treatment of PANC1-VC or PANC1-N1 cells with Dp44mT in
addition to either NC siRNA or silREla resulted in a significant
(p < 0.001-0.01) decrease in migration relative to the respective
siRNAs alone (Fig. 8Biii). Incubation of PANC1-N1 cells with NC siRNA
significantly (p < 0.05) decreased migration relative to the NC siRNA
in PANC1-VC cells. The addition of Dp44mT and silREla to PANC1-N1
cells resulted in a slight, but not significant decrease in migration re-
lative to NC siRNA in these cells. In both PANC1-VC and PANC1-N1
cells, silREla alone increased (p < 0.01-0.05) migration relative to
the respective NC siRNAs (Fig. 8Biii). In summary, IREa silencing in-
creases migration, in contrast to NDRG1 and/or Dp44mT that inhibit
cell migration.

3.13. Silencing ATF6 does not significantly alter the sensitivity to Dp44mT
anti-proliferative activity, with NDRG1 expression enhancing Dp44mT anti-
proliferative efficacy in the presence or absence of ATF6

Next, ATF6 siRNA relative to its NC siRNA (Fig. 8Ci) was utilized in
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the presence or absence of Dp44mT to determine its effect on pro-
liferation over 48 h/37 °C (Fig. 8Cii). ATF6 siRNA (siATF6) significantly
(p < 0.01-0.05) reduced ATF6 levels (36- and 75-kDa bands) in
PANC1-VC and PANC1-N1 cells (Fig. 8Ci). As shown in Fig. 6 for both
the 36- and 75-kDa ATF6 bands, NDRG1 expression in PANC1-N1 sig-
nificantly (p < 0.01-0.05) increased their levels under control condi-
tions (i.e., NC siRNA) relative to the PANC1-VC control (Fig. 8Ci).

Proliferation assays revealed that siATF6 did not significantly im-
pact on the anti-proliferative activity (i.e., ICso) of Dp44mT in PANC1-
VC cells, while the ICsy of Dp44mT was markedly (p < 0.001-0.05)
reduced in PANC1-N1 cells transfected with either NC siRNA or siATF6
relative to the respective PANC1-VC cells (Fig. 8Cii). Thus, ATF6 ex-
pression does not affect Dp44mT anti-proliferative efficacy in PANC1-
VC cells, while NDRG1 expression potently increases Dp44mT activity
in the presence or absence of ATF6.

3.14. Silencing ATF6 markedly increases migration in PANCI-VC cells,
which is inhibited by NDRG1 expression in the presence and absence of
Dp44mT

Silencing ATF6 in both PANC1-VC and PANC1-N1 cells (Fig. 8Ci)
markedly and significantly (p < 0.001-0.01) increased migration re-
lative to the respective control NC siRNA (Fig. 8Ciii). The addition of
Dp44mT in the presence of the control NC siRNA in both PANC1-VC
and PANC1-N1 cells significantly (p < 0.01-0.05) decreased migration
relative to their respective NC siRNA controls. A significant
(p < 0.01-0.05) decrease in migration occurred in siATF6-treated
PANC1-VC and PANC1-N1 cells incubated with Dp44mT relative to
siATF6 alone (Fig. 8Ciii). NDRG1 expression in the NC siRNA, NC
siRNA + Dp44mT, siATF6, and siATF6 + Dp44mT treatment condi-
tions significantly (p < 0.001-0.05) decreased migration relative to
their respective PANC1-VC cell conditions. Collectively, ATF6 silencing
increased migration in PANC1-VC and PANC1-N1 cells, while NDRG1
suppressed migration under all conditions.

4. Discussion

The stress response protein, NDRG1, plays a critical role in reg-
ulating various cellular signaling pathways, including metastasis, pro-
liferation, cell differentiation, angiogenesis, lipid synthesis and im-
munity [29,73,74]. Additionally, NDRG1 plays a role in the ER stress
response, with NDRG1 suppressing the autophagic pathway through the
PERK-elF2a axis of the UPR [40]. Consequently, herein, the mechan-
isms underlying the ability of NDRG1 to mediate the ER stress response
pathways were examined in-depth. The anti-cancer agent, Dp44mT,
was also utilized throughout these studies, as it is well-known to up-
regulate NDRG1 [75-77] and also induces ER stress through its phar-
macological activity [34].

Our initial investigations focused on characterizing the effect of
NDRG1 over-expression on the ER chaperones. These studies revealed
that NDRG1 over-expression or Dp44mT treatment alone increased
calreticulin and BiP expression. The most prominent effect on inducing
the expression of these latter chaperones was observed when both
NDRGL1 expression and Dp44mT treatment were combined. In contrast,
NDRG1, but not Dp44mT, increased calnexin expression. It can be hy-
pothesized that NDRG1 or Dp44mT cause ER stress to activate the UPR,
inducing the compensatory up-regulation of the key ER chaperones,
calreticulin and BiP, to alleviate the stress response. The fact that
NDRG1 expression alone caused increased calreticulin or BiP levels
could be partially related to the mechanism of how Dp44mT also in-
duces the expression of these chaperones, that is, via its well-known
ability to up-regulate NDRG1 [30,31].

NDRG1 modulates the expression of proteins linked to vesicular
transport, having a potential role in the vesicular recycling and
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degradation pathway [53,78]. As such, the alterations in the expression
of proteins in high NDRG1 expressing cells, such as BiP and calnexin,
could be associated with ER membrane translocation. Considering this,
a proteomics investigation has revealed that NDRG1 has a potential
binding site with calnexin or BiP [48]. Interestingly, unlike calnexin,
the current investigation demonstrated BiP co-localization with NDRG1
in NDRG1 over-expressing in the presence or absence of Dp44mT.
These studies suggest that either NDRG1 is a target to be folded into
correct conformation by chaperones and/or acts as a protein chaperone
itself. The intriguing recent finding that NDRG1 binds directly to MIG6,
which is a negative regulator of the epidermal growth factor receptor,
also supports these observations [53,78].

The up-regulation of calreticulin by Dp44mT or NDRG1 alone, or
synergistically by both, is of interest since: (1) a substantial quantity of
Ca™? in the ER binds to calreticulin [55]; and (2) NDRGI is also re-
ferred to as calcium-associated protein 43 (Cap43), which is regulated
and activated in response to Ca*? [56]. An increase in cytosolic Cat?
increases the sensitivity of cells to apoptosis via the CaMKII signaling
cascade [79]. Of note, Dp44mT and particularly the combination of
Dp44mT and NDRG1 expression were most effective in markedly in-
creasing cytosolic Ca*? levels. This could explain, at least in part, the
potent anti-proliferative activity observed upon combining Dp44mT
and NDRG1 over-expression. In good accordance with this observation,
Dp44mT alone and particularly in combination with NDRGI, sig-
nificantly increased p-CaMKII levels. As activation of CaMKII can sub-
sequently activate pro-apoptotic JNK signaling, it was of some surprise
to find the p-JNK was lower after NDRG1 over-expression. This could be
related to the suppressive activity of NDRG1 expression on IREla sig-
naling, which subsequently suppresses pro-apoptotic JNK activation
[9]. Nonetheless, the pro-apoptotic activity of increased cytosolic Ca*>
[80] in the presence of both NDRG1 over-expression and Dp44mT could
be at least one factor contributing to the potentiated cell death under
these conditions relative to the control without NDRG1 over-expres-
sion.

In terms of the 3 classical arms of the UPR, the current studies in-
dicate that NDRG1 expression alone suppressed the PERK-elF2a-ATF4
pathway, decreasing pro-apoptotic CHOP expression. Further, the effect
of Dp44mT in terms of potently inducing PERK phosphorylation and
total PERK was markedly suppressed by NDRG1. However, a different
response was observed for the downstream effectors of PERK signaling,
whereby the presence of high NDRG1 expression in PANC1-N1 cells
together with Dp44mT treatment resulted in: (1) markedly increased
elF2a activation; (2) the maintenance of ATF4 expression; and (3) an
increase in pro-apoptotic CHOP expression relative to Dp44mT-treated
PANC1-VC cells. These latter effects could again contribute to the
greater cytotoxicity observed after incubation of cells over-expressing
NDRG1 with Dp44mT. Silencing PERK in PANC1-VC cells led to in-
creased Dp44mT cytotoxicity, suggesting that the effects of PERK sig-
naling could be protective against the activity of this agent.

Regarding the second arm of the UPR mediated by IRE1a, NDRG1
suppressed IREla activation and its associated pro-apoptotic down-
stream target, JNK, while enhancing expression of its pro-survival sig-
nals, namely, XBP1s and p58"X. The incubation of NDRG1 over-ex-
pressing cells with Dp44mT increased the phosphorylation and
activation of IREla relative to PANC1-N1 cells incubated with control
medium. In contrast to XBP1s, incubation of PANC1-N1 cells with
Dp44mT failed to decrease pro-survival p58™X, and while p-JNK was
increased by Dp44mT, it remained significantly less than that observed
after incubating PANC1-VC cells with Dp44mT. The pro-survival effects
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of the IREla pathway (i.e., via XBP1 splicing and p58™*) may explain
why silencing IREla in PANC1-VC cells leads to greater cytotoxicity
relative to the NC siRNA. The fact that NDRG1 over-expression po-
tentiates the cytotoxic effect of Dp44mT, may not relate to their effects
on this pathway, but potentially to other effectors (e.g., the PERK
pathway).

We next investigated whether NDRG1 and Dp44mT influenced the
third arm of the UPR, namely the ATF6 pathway. Our studies demon-
strated that NDRG1 over-expression or Dp44mT significantly increased
ATF6 cleavage. While ATF6 may initially trigger a pro-survival re-
sponse, under chronic or severe stress, ATF6 may also promote pro-
apoptotic pathways [1,4,81]. In fact, a downstream target of ATF6 is
the pro-apoptotic protein, CHOP, which was shown to be inhibited by
NDRG1 expression and increased by Dp44mT especially in the presence
of NDRG1 over-expression. Again, the pronounced increase in anti-
proliferative activity of Dp44mT in the presence of NDRG1 expression
would agree with the marked up-regulation of pro-apoptotic CHOP
under these conditions. Further, the fact that ATF6 silencing had little
influence on Dp44mT-mediated cytotoxicity in PANC1-VC cells, in-
dicates the requirement for NDRG1 over-expression for optimal effects
of potentiating cell death induced by Dp44mT.

Apart from the marked effects of NDRG1 over-expression at in-
hibiting proliferation in the presence of Dp44mT, NDRG1 over-ex-
pression inhibited migration, which is in line with its ability to act as a
metastasis suppressor [23,24]. Optimal anti-migratory activity was
observed in the presence of both NDRG1 over-expression and Dp44mT
treatment, which may relate to total NDRG1 levels which are highest
under this condition. The silencing of PERK resulted in a decrease in
migration, demonstrating its potential role in stimulated migration.
Interestingly, the silencing of IREla or ATF6 in PANC1-VC cells in-
creased migration relative to the respective controls, suggesting these
molecules may inhibit metastasis. Nonetheless, this stimulation of mi-
gration, after both IREla or ATF6 silencing, was significantly decreased
by Dp44mT in control and NDRG1 over-expressing cells. PERK has been
implicated in migratory regulation of cells through the PERK-elF2a-
ATF4-LAMP3 pathway in various cancer-types [82,83]. In fact, UPR
signaling is activated during the epithelial-mesenchymal transition
(EMT), triggering PERK-elF2a signaling [84]. Nevertheless, it is im-
portant to gain further information regarding which downstream UPR
pathways are activated during the EMT to decipher whether its acti-
vation increases the pro-survival or pro-apoptotic pathways of the UPR.

5. Conclusion

NDRG1 is a multi-functional protein that interacts closely with
multiple cellular pathways, including the ER and the UPR (Fig. 9). An
important finding was that NDRG1 over-expression enhances the anti-
proliferative and anti-migratory activity of Dp44mT, which could be
related to the following effects in the presence of both Dp44mT and
NDRG1, namely: (1) markedly increased elF2a activation; (2) the
maintenance of ATF4 expression; (3) the pronounced elevation in cy-
tosolic Ca™*? that increases the sensitivity of cells to apoptosis via ac-
tivation of CaMKII signaling cascade; and (4) increased pro-apoptotic
CHOP expression. These studies provide further understanding into the
pleiotropic functions of NDRG1 to further characterize its anti-onco-
genic role in cancer and in the anti-tumor efficacy of the potent di-2-
pyridylketone thiosemicarbazones.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.04.007.
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Fig. 9. Schematic diagram showing the ef-
fects of Dp44mT and NDRG1 on the UPR
pathway. The cytotoxic iron chelator,
Dp44mT, binds cellular metal ions and
produces redox active iron complexes to
generate ROS [33,35,37,38]. This agent af-
fects the UPR pathway via: (1) the overt
activation of PERK-elF2a-ATF4 pathway
that results in an increased pro-apoptotic
CHOP expression; (2) a reduction in the
expression of the pro-survival IREla
pathway, namely, XBP1s and p58"%; (3)
increased ATF6 cleavage that further po-
tentiates pro-apoptotic CHOP expression;
(4) enhanced expression of the ER resident
proteins, BiP and calreticulin; and (5) in-
creased Ca®*signaling that activates
CaMKII-JNK pro-apoptotic signaling. Inter-
estingly, over-expression of the metastasis
suppressor, NDRG1, on its own, elicits an
opposite, pro-survival outcome from the al-
terations in UPR pathways. Most notably,

Dp44mT
NDRG1 M

l

— | APOPTOSIS
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Cytosol

NDRG1 reduces pro-apoptotic CHOP ex-
pression and enhances pro-survival XBP1s

and p58"™* expression relative to Dp44mT. However, the combination of NDRG1 over-expression and Dp44mT treatment results in an enhancement of anti-cancer

response, as indicated by the inhibition of proliferation and migration.
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