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A B S T R A C T

N-myc downstream regulated gene 1 (NDRG1) is an intriguing metastasis suppressor protein, which plays an
important role in suppressing multiple oncogenic signaling pathways. Interestingly, multiple isoforms of NDRG1
have been identified, although the molecular mechanisms involved in their generation remains elusive. Herein,
we demonstrate the role of two mechanisms involving autophagic and proteasomal machinery as part of an
intricate system to generate different NDRG1 isoforms. Examining multiple pancreatic cancer cell-types using
immunoblotting demonstrated three major isoforms of NDRG1 at approximately 41-, 46- and 47-kDa. The top
NDRG1 band at 47-kDa was shown to be processed by the proteasome, followed by autophagic metabolism of
the middle NDRG1 band at 46-kDa. The role of the proteasomal and autophagic pathways in NDRG1 processing
was further confirmed by co-localization analysis of confocal images using PSMD9 and LC3 as classical markers
of these respective pathways. All NDRG1 isoforms were demonstrated to be, at least in part, phosphorylated
forms of the protein. Inhibition of two well-characterized upstream kinases of NDRG1, namely GSK3β and SGK1,
resulted in decreased levels of the top NDRG1 band. Studies demonstrated that inhibition of GSK3β decreased
levels of the top 47-kDa NDRG1 band, independent of its kinase activity, and this effect was not mediated via the
proteasomal pathway. In contrast, the decrease in the top NDRG1 band at 47-kDa after SGK1 inhibition, was due
to suppression of its kinase activity. Overall, these studies elucidated the complex and intricate regulatory
pathways involving both proteasomal and autophagic processing of the metastasis suppressor protein, NDRG1.

1. Introduction

N-myc downstream regulated gene 1 (NDRG1) is a potent metastasis
suppressor, which inhibits multiple oncogenic signaling pathways in
various cancers [1,2]. Indeed, its anti-oncogenic functions have been
demonstrated in vitro [3–5] and in vivo [6,7], making this protein an
important therapeutic target for development of novel anti-cancer
therapies. While the molecular functions of NDRG1 have been eluci-
dated in various cancers [2], including its role as a broad inhibitor of
oncogenic signaling [3,4,8–10], the exact mechanism(s) involved in its
cellular processing and degradation remain elusive.

The NDRG1 gene, which is located on chromosome 8q24.3 [11],
encodes a 3.0-kb mRNA that translates to a protein comprised of 394
amino acids [12,13]. NDRG1 is a member of the NDRG family, which
consists of four family members, NDRG1–4 [14]. Unlike other NDRG
members, NDRG1 has a three tandem (GTRSRSHTSE) repeat sequences
near its C-terminus end [14]. Assessment of NDRG1 protein expression
by immunoblotting revealed the existence of multiple isoforms of the
protein in six different tumor cell-types, with two major bands at ~41-
and ~46-kDa and a faint third band that was differentially expressed
between the cell-types at ~47-kDa [15].

The multiple NDRG1 bands observed in immunoblots are probably
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the result of post-translational modifications such as phosphorylation
[16], small ubiquitin-like modifier (SUMO) modification [17] and/or
cleavage of NDRG1 [18]. Proteasome-mediated NDRG1 degradation
was previously reported and NDRG1 phosphorylation was suggested to
signal this degradation pathway [19,20]. Phosphorylation of NDRG1 at
Ser330 and Thr346 by serum- and glucocorticoid-regulated kinase 1
(SGK1) was shown to be crucial to inhibit NF-ĸB signaling and CXC
cytokine synthesis [21]. Additionally, NDRG1 cleavage was identified
in prostate cancer cells, but not normal prostate epithelial cells, sug-
gesting this process could influence the anti-oncogenic function of
NDRG1 [18].

Our previous studies have demonstrated that NDRG1 is up-regu-
lated by cellular iron depletion and hypoxia through hypoxia-inducible
factor-1α (HIF-1α)-dependent and -independent mechanisms at protein
and mRNA levels [22–24]. Furthermore, due to its well-characterized
roles as a metastasis suppressor, and since metastasis kills 90% of
cancer patients [25], NDRG1 has been identified as a molecular target
of a new group of anti-cancer agents of the di-2-pyridylketone thiose-
micarbazone class that potently inhibit tumor growth and metastasis
[6,22,26–32]. The first lead agent of this class of agents, di-2-pyr-
idylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT), leads to
marked NDRG1 up-regulation in many tumor cell-types [15,22,28,33],
with an analogue of this agent entering Phase I clinical trials [34]. In
fact, relative to control-treated cells, Dp44mT induced up-regulation of
the 46- and 47-kDa NDRG1 bands, as well as increasing the p-NDRG1
(Ser330 and Thr346) bands at 46–47-kDa [15].

Herein, we demonstrate that there was a significant increase in the
top 47-kDa NDRG1 band by two well-characterized proteasomal in-
hibitors. In contrast, the autophagic inhibitor, Baf A1, increased levels
of the middle 46-kDa NDRG1 band. Sequential processing of NDRG1
was evident as simultaneous inhibition of the proteasomal and autop-
hagic pathways resulted in only the top 47-kDa band, with no alteration
in the middle 46-kDa band. All three NDRG1 isoforms were, at least in
part, phosphorylated at Ser330 and Thr346. The top NDRG1 band in
immunoblots was suppressed by the inhibition of well-characterized
upstream kinases of NDRG1, namely glycogen synthase kinase 3β
(GSK3β) and SGK1. Notably, GSK3β inhibition was demonstrated to be
involved in a kinase-independent decrease in NDRG1 that may be re-
lated to up-regulation of a lysosomal processing. On the other hand,
SGK1 inhibition, was mediated through its ability to inhibit NDRG1
phosphorylation. Taken together, these studies indicate complex pro-
cessing of NDRG1 in pancreatic cancer cells.

2. Materials and methods

2.1. Cell culture

PANC1, CFPAC-1 and AsPC-1 human pancreatic cancer cell lines
were purchased from the American Type Culture Collection (ATCC,
Manassas, VA). Cell lines were authenticated by the provider and this
was based on viability, recovery, growth, morphology, cytogenetic
analysis, antigen expression, DNA profile and isoenzymology. Cells
were routinely examined for mycoplasma contamination using standard
methods [35]. Cells were grown in Dulbecco's modified Eagle's medium
(DMEM) or RPMI medium supplemented with 10% fetal bovine serum
(FBS), 1% (v/v) non-essential amino acids, 1% sodium pyruvate, and
1% penicillin/streptomycin/glutamine (Sigma-Aldrich, St. Louis, MO).
The cells were grown at 37 °C in an atmosphere of 95% air and 5% CO2.

2.2. Chemicals and treatments

The chelator, Dp44mT, was synthesized and characterized, as de-
scribed previously [36]. The inhibitors, 3-methyladenine (3-MA),
MG132, Bafilomycin A1, Expoxomycin, E64D, SB216763, LiCl and
GSK650394 were purchased from Sigma-Aldrich. Cells were seeded into
tissue culture plates and incubated until approximately 80%

confluence. These cells were then treated with different inhibitors,
alone or with Dp44mT, at the indicated concentrations for 24 h/37 °C,
unless otherwise specified. In order to minimise any cellular toxicity,
inhibitors were used at previously established doses for pancreatic
cancer cells that were optimised by preliminary experiments, i.e.,
MG132 (0.5–10 μM; [37]); Baf A1 (5–100 nM; [38,39]), 3-MA
(0.25–4mM; [40]) and Dp44mT (10 μM; [4]).

2.3. Protein extraction and immunoblotting

Protein extraction and immunoblot analysis was performed by
standard methods [41]. The primary antibodies used included those
against: NDRG1 (Cat. # ab37897; Abcam Inc., Cambridge, UK),
pSer330-NDRG1 (Cat. # 3506; Cell Signaling Technology; Danvers,
MA), pThr346-NDRG1 (Cat. # 3217; Cell Signaling Technology) and
HIF-1α (Cat# 610959; BD Transduction Labs, San Jose, CA). The
phospho-NDRG1 antibodies used in this study are very well char-
acterized and widely used in the literature for detecting p-NDRG1 levels
[28,42–44]. Indeed, the manufacturer has performed the studies using
lambda phosphatase, which completely abrogates the antibody signal.

The primary antibodies were diluted 1:1000 in 5% (w/v) bovine
serum albumin (BSA) in Tris-buffered saline (TBS; Sigma-Aldrich)
containing 0.1% Tween-20 (TBST) or 5% non-fat milk in TBST. The
secondary antibodies used were horseradish peroxide (HRP)-con-
jugated anti-goat (Cat. # A5420; Sigma-Aldrich), anti-rabbit (Cat. #
A6154; Sigma-Aldrich) and anti-mouse (Cat. # A4416; Sigma-Aldrich).

As an assessment of equal protein-loading, membranes were probed
for β-actin (Cat #A1978; Sigma-Aldrich). The antibody against β-actin
was diluted to 1:10,000 in 5% (w/v) non-fat milk in TBST. None of the
agents tested had any effect on β-actin expression, demonstrating its
utility as an appropriate loading control. Densitometric analysis was
performed using ChemiDoc Image Lab Software (BioRad, Hercules,
California). Data were normalized to the corresponding β-actin stan-
dards.

2.4. Immunofluorescence and confocal microscopy

The immunofluorescence and confocal microscopy was performed
as described previously [15]. Primary antibodies used included those
against: NDRG1 (Cat. # 9485, Cell Signaling Technology or Cat. #
H00010397-M03, Novus Biologicals, CO), LC3 (Cat# MBPM036;
Abacus, Brisbane, Australia) and PSMD9 (Cat. # ab58115; Abcam Inc.).
The secondary anti-goat Alexa Fluor® 488 (Cat. # A-11055; Thermo
Fisher Scientific) and/or anti-rabbit Alexa Fluor® 594 (Cat. # 8889; Cell
Signaling Technology), or anti-mouse Alexa Fluor® 594 (Cat. # A-
11058; Thermo Fisher Scientific). Images were taken and processed
using a ZEISS LSM 800 Confocal Microscope plus Airyscan (Carl Zeiss
Microscopy, Oberkochen, Germany). Fluorescence intensities from im-
munofluorescence images were quantified using ImageJ software (NIH,
Bethesda, MA). In order to quantify co-localization, Pearson's coeffi-
cients and the average intensities from co-localized pixels were calcu-
lated using ImageJ (NIH).

2.5. Statistics

Experimental data were compared using the Student's paired t-test.
Results were considered statistically significant when p < 0.05. Results
are presented as the mean ± standard deviation (S.D.).

3. Results

3.1. Proteasomal and autophagic inhibitors differentially effect the
expression of NDRG1 bands

Multiple molecular weight bands for NDRG1 (via immunoblot
analysis) have been observed in many previous studies, in particular
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41-, 46- and 47-kDa bands were recently reported after examination of
six tumor cell-types [15]. However, the exact nature of these bands and
their origin still remain unclear. Therefore, studies were initiated to
define the mechanisms of their generation by incubation of PANC1
pancreatic cancer cells with inhibitors of two major protein processing

pathways, namely, the proteasomal and autophagic pathways.
The PANC1 cell-type was initially utilized as we have previously

observed different NDRG1 isoforms and their response to inducing
agents, such as Dp44mT [39,45,46], using these cells. In the first set of
studies, PANC1 cells were incubated for 24 h/37 °C in the presence and

Fig. 1. Proteasomal and autophagy inhibitors increase levels of the top and middle NDRG1 isoforms, respectively. (A, C, E) PANC1 cells were incubated with
increasing concentrations of MG132 (0.5–10 μM), Bafilomycin A1 (Baf A1; 5–100 nM), or 3-methyladenine (3-MA; 0.25–4mM) for 24 h/37 °C. Immunoblotting was
then performed to investigate levels of different NDRG1 isoforms. (B, D, F) Densitometric analysis (arbitrary units) of results in (A), (C) or (E), respectively. β-actin
was used as a loading control. Results are shown as mean ± S.D. (3 experiments): *p < 0.05, **p < 0.01; ***p < 0.001 compared to control cells.
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absence of the well-established proteasomal inhibitor, MG132
(0.5–10 μM; [47]). Immunoblot analysis revealed three NDRG1 bands
under all conditions, defined here as the bottom (~41-kDa), middle
(~46-kDa) and top (~47-kDa) NDRG1 bands (Fig. 1A, B). Relative to
the control, there was a marked and significant (p < 0.001–0.05) in-
crease in the top NDRG1 band at ~47-kDa, with all MG132 con-
centrations, with a maximum effect occurring at 2.5 μM MG132. At an
MG132 concentration of 10 μM, there was a slight, but significant

(p < 0.05) decrease in the middle NDRG1 band. The levels of the
bottom NDRG1 band were not altered by MG132 at all concentrations.
Overall, these results in Fig. 1A suggest a role for the proteasome in
modulating predominately the top NDRG1 isoform.

Next, PANC1 cells were incubated with the well-established au-
tophagy inhibitors, Bafilomycin A1 (Baf A1; Fig. 1C, D), or 3-methy-
ladenine (3-MA; Fig. 1E, F). Of note, Baf A1 is a late-stage autophagic
inhibitor, which inhibits autophagosome-lysosome fusion and also

Fig. 2. Proteasomal degradation of the NDRG1 top band is followed by autophagic degradation of the middle NDRG1 band. (A) PANC1, (C) CFPAC-1, or (E) AsPC-1
cells were incubated with either MG132 (10 μM), Baf A1 (100 nM), or both for 24 h/37 °C. (A, C, E) Immunoblotting was then performed to investigate levels of
different NDRG1 isoforms. (B, D, F) Densitometric analysis (arbitrary units) of the results in (A), (C) or (E), respectively. β-actin was used as a loading control. Results
are shown as mean ± S.D. (3 experiments): *p < 0.05; **p < 0.01; ***p < 0.001 compared to control cells.
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Fig. 3. Simultaneous inhibition of proteasomal and autophagic pathways leads to increased co-localization of NDRG1 with PSMD9 and LC3. (A) PANC1 cells were
incubated with either MG132 (10 μM), Baf A1 (100 nM), or both for 24 h/37 °C. Immunofluorescence images show staining for PSMD9 (green), NDRG1 (red) and
DAPI for nuclei (blue). Images are representative from 3 experiments performed. Quantification of: (i) pixel intensity of PSMD9; (ii) NDRG1; and (iii) co-localization
of PSMD9 and NDRG1 was performed using ImageJ software. (B) PANC1 cells were incubated with either MG132 (10 μM), Baf A1 (100 nM), or both for 24 h/37 °C.
Immunofluorescence images demonstrate staining for LC3 (green), NDRG1 (red) and DAPI for nuclei (blue). Images are representative from 3 experiments performed.
Quantification of: (i) pixel intensity of LC3; (ii) NDRG1; and (iii) co-localization of LC3 and NDRG1 was performed using ImageJ software. Quantification of the
results are shown as mean ± standard deviation (3 experiments): *p < 0.05, **p < 0.01, relative to the respective control. The scale bar in the bottom right hand
corner of the first image in (A) and (B) represents 10 μm and is the same across all images. Pixel intensity and co-localization analysis utilized a total of 11–28 cells
over 3 experiments. Co-localization was measured by Pearson's correlation coefficient (Rr).
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neutralizes the acidic pH of lysosomes [38,48]. Hence, it can inhibit
both macroautophagy as well as chaperone-mediated autophagy [48].
In contrast, 3-MA inhibits phagophore formation, and thus, only in-
hibits macroautophagy [46]. Incubation of cells with increasing con-
centrations of Baf A1 led to a slight, but significant (p < 0.01–0.05),
increase in levels of the top NDRG1 band up to 50 nM, with no sig-
nificant (p > 0.05) change observed at 100 nM Baf A1 (Fig. 1C, D).
Incubation of cells with Baf A1 also markedly and significantly
(p < 0.001–0.01) increased the middle NDRG1 band at ~46-kDa, re-
lative to the control, with a maximum effect being observed at 25 nM
(Fig. 1C, D). There was no alteration of the bottom NDRG1 band at any
Baf A1 concentration.

Incubation of cells with 3-MA (0.25–4.0mM) significantly
(p < 0.01–0.05) increased the middle NDRG1 band, but only between
1 and 4mM (Fig. 1E, F). On the other hand, there was no significant
change in the top or bottom NDRG1 bands after incubation with 3-MA
(Fig. 1E, F). Collectively, these results suggest that proteasomal and
autophagic processing leads to the regulation of top and middle NDRG1
isoforms, respectively, with no marked effect on the bottom band.
Based on these studies, all future experiments were performed using
10 μM MG132, 100 nM Baf A1, or 2mM 3-MA, as these concentrations
were optimal in differentially detecting alterations in the top (MG132)
or middle (Baf A1 and 3-MA) NDRG1 bands.

3.2. The proteasomal inhibitor, Epoxomycin, has a similar effect to MG132
and increases the top NDRG1 band

The effect of MG132 on NDRG1 isoform expression in PANC1 cells
was also compared to another well-established and most selective
proteasomal inhibitor commercially available, namely Epoxomycin
[47]. Similarly to MG132, incubation with Epoxomycin (5 μM) led to a
marked and significant (p < 0.001) increase in the top NDRG1 band
versus the control (Supplemental Fig. 1). As MG132 has also been re-
ported to inhibit calpain and cathepsin activity, in addition to the
proteasome [47,49], the effect of the calpain and cathepsin inhibitor,
E64D (25 μg/mL) [47], was also examined as a relative control. Unlike
MG132, after incubation of PANC1 cells with E64D, there was no sig-
nificant (p > 0.05) increase in the top NDRG1 band relative to the
control (Supplemental Fig. 1). However, there was a significant
(p < 0.05) increase in the middle NDRG1 band after incubation with
E64D compared to the control. This latter increase could be due to the
known inhibition of lysosomal cathepsins by E64D [50], resulting in
similar effects to the autophagic inhibitor, Baf A1 (Fig. 1C, D). Again,
there was no consistent change observed in the bottom NDRG1 band
after incubation with any of the inhibitors. Taken together, these results
suggest that proteasomes and autophagy are involved in the processing
of the top and middle NDRG1 bands, respectively.

3.3. Proteasomal processing precedes autophagic metabolism of NDRG1

Next, the effect of combining the proteasomal inhibitor and autop-
hagic inhibitor on NDRG1 isoform expression was examined (Fig. 2).
PANC1 cells were incubated with either MG132 (10 μM) or Baf A1
(100 nM) alone, or in combination, for 24 h/37 °C. As shown above
(Fig. 1A–D), MG132 or Baf A1 had the same effects on the top and
middle NDRG1 bands (Fig. 2A). However, when cells were co-incubated
with MG132 and Baf A1, only the top NDRG1 band was significantly
(p < 0.01) increased. This observation suggests that proteasomal ac-
tivity was required to generate the middle NDRG1 band, which may
then be processed by autophagy. There was no significant change in the
levels of the bottom NDRG1 band, under all incubation conditions.

As pancreatic cancer is a highly heterogeneous disease, the effects of
the proteasomal and autophagic inhibitors on NDRG1 isoforms in sev-
eral different pancreatic cancer cell-types, namely CFPAC-1 (Fig. 2C, D)
and AsPC-1 cells (Fig. 2E, F), were also investigated. Similar to PANC1

cells, incubation of CFPAC-1 or AsPC-1 cells with MG132 or Baf A1
resulted in a significant (p < 0.001–0.05) increase in the top and
middle NDRG1 bands, respectively, relative to the control. Again, co-
incubation with the combination of MG132 and Baf A1 led only to a
significant (p < 0.01) increase in the top NDRG1 band, relative to the
control, in both cell-types examined (Fig. 2C–F). These results suggest
similar mechanisms of NDRG1 processing in all pancreatic cancer cell-
types examined. As NDRG1 function has been thoroughly examined in
PANC1 cells [4,39,45,51], further studies were performed using this
cell-type.

3.4. Concurrent inhibition of proteasomal and autophagic pathways leads to
increased co-localization of NDRG1 with the proteasomal marker, PSMD9,
and autophagic marker, LC3

As the studies in Figs. 1 and 2 demonstrated an important role of
both proteasomal and autophagic pathways in NDRG1 processing,
further studies were initiated to examine the effects of proteasomal and
autophagic inhibition on the intracellular localization of NDRG1.
PANC1 cells were incubated with either MG132 (10 μM), Baf A1
(100 nM), or both for 24 h/37 °C. Cells were then assessed by im-
munofluorescence using confocal microscopy (Fig. 3).

In the first set of studies (Fig. 3A), PANC1 cells were probed for the
known proteasomal marker, PSMD9 (green) [52,53], NDRG1 (red) and
DAPI (blue). The NDRG1 antibody utilized in confocal microscopy de-
tects the total form of the protein and does not discriminate between
top, middle and bottom isoforms detected in immunoblot analysis [15].
Levels of PSMD9 (green intensity) were not significantly (p > 0.05)
affected under all incubation conditions compared to control cells
(Fig. 3A). Assessing NDRG1 levels, both nuclear and cytoplasmic
staining was observed under all incubation conditions, which is con-
sistent with previous observations with this protein [15,54]. There was
a significant (p < 0.05) increase in NDRG1 levels after incubation with
either MG132 or Baf A1 compared to control cells. There was a marked
and significant (p < 0.01) increase in NDRG1 levels after incubation
with combination of MG132 and Baf A1 (Fig. 3A). The co-localization of
PSMD9 (green) and NDRG1 (red) was visualized as yellow fluorescence
in the merged images. Notably, quantification of co-localization de-
monstrated a significant (p < 0.01) increase in co-localization of
PSMD9 and NDRG1 under all treatment conditions relative to the
control (Fig. 3A). This co-localization was also evident by measurement
of the Pearson's correlation coefficient (Rr), that demonstrated higher
co-localization after incubation of cells with MG132 (Rr: 0.646) or Baf
A1 (Rr: 0.659) versus the control (Rr: 0.449). More prominent co-loca-
lization was observed after incubation with both MG132 and Baf A1 (Rr:
0.827) compared to control cells (Rr: 0.449).

Next, PANC1 cells were probed for the autophagic marker, LC3
(green) [38], NDRG1 (red) and DAPI (blue; Fig. 3B). Examining LC3
levels, there was a significant (p < 0.01–0.05) increase in the intensity
of LC3 after incubation of cells with Baf A1, or MG132 and Baf A1
(Fig. 3B). Notably, there was a marked increase in punctuate cyto-
plasmic staining under these incubation conditions, which is probably
due to increased autophagosomes accumulation due to late-stage (i.e.,
lysosome-mediated degradation of autophagosomes) inhibition of au-
tophagy by Baf A1 [38,39]. As observed above (Fig. 3A), NDRG1 levels
were significantly (p < 0.01–0.05) increased after incubation of cells
under all treatment conditions (Fig. 3B). Quantification of co-localiza-
tion demonstrated a significant (p < 0.05) increase in co-localization
of LC3 and NDRG1 in cells incubated with Baf A1 or MG132 alone or
MG132 and Baf A1 (Fig. 3B). This co-localization was also evident by
measurement of the Pearson's correlation coefficient (Rr), that was
higher in cells incubated with MG132 (Rr: 0.808), Baf A1 (Rr: 0.839), or
the combination of MG132 and Baf A1 (Rr: 0.810) compared to the
control cells (Rr: 0.688).

Overall, simultaneous inhibition of proteasomal and autophagic
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pathways results in significant increase in the intensity of NDRG1 and
its co-localization with both proteasomes and autophagosomes. These
results again underline the important role of both these pathways in
NDRG1 processing.

3.5. Proteasomal activity is required for NDRG1 induction by its well-
characterized inducer, hypoxia

The effect of MG132 and Baf A1 was further assessed in PANC1 cells

Fig. 4. Proteasomal activity is required for induction of the NDRG1 middle band by the well-characterized physiological inducer, hypoxia. (A) PANC1 cells were
incubated with either MG132 (10 μM), Baf A1 (100 nM), or both in the absence or presence of hypoxia (1% O2) for 24 h/37 °C. Immunoblotting was then performed
to investigate levels of hypoxia-inducible factor-1α (HIF-1α) and the different NDRG1 isoforms. (B) Densitometric analysis (arbitrary units) of the results in (A). β-
actin was used as a loading control. (C) PANC1 cells were incubated with either MG132 (10 μM), 3-MA (2mM), or both in the absence or presence of hypoxia (1% O2)
for 24 h/37 °C. Immunoblotting was then performed to investigate levels of hypoxia-inducible factor-1α (HIF-1α) and the different NDRG1 isoforms. (D)
Densitometric analysis (arbitrary units) of the results in (C). β-actin was used as a loading control. Results are shown as mean ± S.D. (3 experiments). *p < 0.05;
**p < 0.01; ***p < 0.001 compared to control cells. #p < 0.05; ##p < 0.01; compared to hypoxia alone.
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incubated for 24 h/37 °C under normoxia (21% O2/5% CO2), or with
the well-established NDRG1-inducer, hypoxia (1% O2/5% CO2) [24],
that up-regulates NDRG1 through HIF-1α-dependent and -independent
mechanisms [22]. Under hypoxic conditions, HIF-1α levels are known
to be regulated at the post-translational level via the proteasomal de-
gradation pathway [55]. As a positive control for inhibition of protea-
somal degradation, studies first assessed HIF-1α expression in the pre-
sence of MG132 (10 μM), which significantly (p < 0.01) up-regulated
HIF1α levels relative to the corresponding normoxic or hypoxic con-
trols (Fig. 4A, B), as demonstrated previously [55]. Further, Baf
A1(100 nM) alone in the absence or presence of hypoxia slightly, but

significantly (p < 0.001–0.01) increased HIF-1α levels relative to the
normoxic control (Fig. 4A, B). Combination of Baf A1 (100 nM) and
MG132 (10 μM) under normoxia or hypoxia also markedly and sig-
nificantly (p < 0.001–0.01) increased HIF-1α expression. Collectively,
these results suggest that inhibition of the proteasome, and to a much
lesser extent the lysosome, led to increased HIF-1α expression.

Examining NDRG1 expression in PANC1 cells under hypoxia re-
lative to the corresponding normoxic control, led to a significant
(p < 0.01) increase in the NDRG1 middle band, but not the top or
bottom bands (Fig. 4A, B). Interestingly, the ability of hypoxia to induce
expression of the NDRG1 middle band was ablated in the presence of

Fig. 5. Proteasomal activity is required for the induction of the top and middle NDRG1 bands by its well-characterized pharmacological inducer, Dp44mT. (A) Co-
Incubation Study: PANC1 cells were incubated for 24 h/37 °C with or without Dp44mT (10 μM) in combination with MG132 (10 μM), Baf A1 (100 nM), or both.
Immunoblotting was then performed to investigate levels of the different NDRG1 isoforms. (B) Densitometric analysis (arbitrary units) of results in (A). β-actin was
used as a loading control. (C) Sequential Incubation Study: First, PANC1 cells were incubated for 24 h/37 °C with or without Dp44mT (10 μM). Second, cells were
washed and supplemented with either control medium or medium containing either MG132 (10 μM), Baf A1 (100 nM), or both. Immunoblotting was then performed
to investigate levels of the different NDRG1 isoforms. (D) Densitometric analysis (arbitrary units) of the results in (C). β-actin was used as a loading control. Results
are shown as mean ± S.D. (3 experiments). *p < 0.05; **p < 0.01; ***p < 0.001 compared to control cells. #p < 0.05; ##p < 0.01; ###p < 0.001 compared
to Dp44mT alone.
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MG132. However, cells incubated with MG132 under hypoxic condi-
tions were still able to significantly (p < 0.01) increase the top NDRG1
band relative to the normoxic and hypoxic controls (Fig. 4A, B).

Incubation of cells with hypoxia and Baf A1 resulted in a significant
(p < 0.001–0.05) increase in the middle NDRG1 band compared to
control cells incubated under normoxia or hypoxia (Fig. 4A, B). No-
tably, co-incubation of cells with MG132 and Baf A1 under hypoxia,
resulted in significantly (p < 0.05) increased levels of the top NDRG1
band compared to hypoxia alone. Moreover, co-incubation with these
latter agents led to a marked and significant (p < 0.01) suppression in
the levels of the middle NDRG1 band under these conditions compared
to hypoxia alone. There was no significant (p > 0.05) change in the
bottom NDRG1 band under all incubation conditions. Taken together,
these results indicate that proteasome activity (i.e., cells incubated
without MG132) is required to convert the top NDRG1 band to the
middle isoform, which can be subsequently degraded by autophagy.

Studies in the presence of hypoxia or normoxia then examined the
effect of MG132 (10 μM) and another well-characterized autophagic
inhibitor, 3-MA (2mM), that only inhibits macroautophagy and unlike
Baf A1 does not inhibit chaperone-mediated autophagy [56] (Fig. 4C,
D). In contrast to Baf A1 (Fig. 4A, B), 3-MA was unable to increase HIF-
1α levels under normoxia or hypoxia, which is consistent with the fact
that HIF-1α is degraded by chaperone-mediated autophagic degrada-
tion, but not macroautophagy [57].

Considering NDRG1 expression, 3-MA significantly (p < 0.05) in-
creased the middle band relative to the normoxic control (Fig. 4C, D).
However, co-incubation with MG132 and 3-MA under normoxia re-
sulted in a significant (p < 0.01) increase in the top NDRG1 band re-
lative to the normoxic control, while there was a slight, but not sig-
nificant increase in the middle NDRG1 band (Fig. 4C, D). Under hypoxic
conditions, co-incubation with MG132 and 3-MA, resulted in similar
effects to those observed under normoxia, with both the top and middle
NDRG1 bands becoming apparent.

Collectively, in the presence and absence of the NDRG1-inducer,
hypoxia, these results above suggest the top NDRG1 band is processed
to the middle band by the proteasome, which was further degraded by
macroautophagy. Interestingly, combination of MG132 and 3-MA re-
sults in accumulation of the top NDRG1 band and a slight increase in
the middle band. This observation suggests that while 3-MA inhibits
macroautophagy, its inability to block chaperone-mediated autophagy
may result in some conversion of the top band into the middle band by
this process. The decrease in the intensity of the top band in the pre-
sence of 3-MA and MG132, relative to that observed with MG132 alone
(Fig. 4C, D), supports this hypothesis.

3.6. Active proteasomal activity is also required to induce NDRG1 by its
potent inducer, Dp44mT

Next, we also examined the effect of another potent NDRG1-in-
ducer, Dp44mT, on NDRG1 isoforms [22,27,28,58]. PANC1 cells were
incubated for 24 h/37 °C with Dp44mT (10 μM) in the absence or pre-
sence of MG132 (10 μM), Baf A1 (100 nM), or both (Fig. 5A). Incuba-
tion with Dp44mT alone led to a marked and significant
(p < 0.01–0.05) increase in the levels of both the top and middle
NDRG1 bands compared to control cells (Fig. 5A, B).

Co-incubation of cells with MG132 and Dp44mT significantly
(p < 0.01) reduced the ability of Dp44mT to induce the middle and top
NDRG1 bands compared to Dp44mT alone (Fig. 5A, B). On the other
hand, co-incubation of cells with Baf A1 and Dp44mT, significantly
(p < 0.05) reduced the levels of the top NDRG1 band, but significantly
(p < 0.05) increased the levels of middle NDRG1 band compared to
Dp44mT alone. Finally, co-incubation of cells with MG132, Baf A1 and
Dp44mT significantly (p < 0.01) abrogated the ability of Dp44mT to
induce the middle and top NDRG1 bands (Fig. 5A, B). Again, there was
no significant change observed in the bottom NDRG1 band under all
incubation conditions. These results demonstrate the importance of

proteasome activity for induction of NDRG1 bands in PANC1 cells.
To further ascertain the role of proteasomal activity in Dp44mT-

mediated up-regulation of the middle and top NDRG1 bands, studies
were initiated where PANC1 cells were first incubated for 24 h/37 °C
with Dp44mT to induce NDRG1. These cells were then washed and
sequentially incubated for 24 h/37 °C with control medium alone,
MG132, Baf A1, or both (Fig. 5C, D). Incubation of cells with Dp44mT
(24 h) followed by control medium (24 h) led to a significant
(p < 0.001) increase in the middle NDRG1 band compared to control
cells (Fig. 5C, D). This is consistent with the hypothesis that the NDRG1
top band is converted to the middle band, potentially by a proteasome-
dependent mechanism.

Sequentially incubating Dp44mT followed by MG132 led to a
marked and significant (p < 0.001) increase in the top NDRG1 band
relative to the control (Fig. 5C, D). Moreover, sequential incubation of
Dp44mT followed by Baf A1 resulted in a slight, but significant
(p < 0.05) increase in the middle NDRG1 band compared to cells in-
cubated with Dp44mT alone (Fig. 5C, D). Incubation with Dp44mT
followed by co-incubation with MG132 and Baf A1 resulted in a marked
and significant (p < 0.001) increase in the top NDRG1 band and a
significant (p < 0.01) decrease in the middle NDRG1 band relative to
Dp44mT alone (Fig. 5C, D). Again, these various incubation conditions
led to no significant effect on the bottom NDRG1 band.

Collectively, these studies indicate that proteasomal activity is re-
quired for Dp44mT to increase the levels of the top and middle NDRG1
bands. Once induced, NDRG1 bands are processed and degraded by
proteasomal and then autophagic pathways.

3.7. Middle and top NDRG1 bands correlate with phosphorylated NDRG1
protein forms

A previous report suggested that NDRG1 phosphorylation is in-
volved in its proteasomal degradation [20]. As we observed an increase
in the top or middle NDRG1 band upon incubation with proteasomal or
autophagic inhibitors respectively, the effect of both proteasomal and
autophagy inhibitors were then examined on the levels of two well-
established phosphorylated forms of NDRG1, i.e., p-NDRG1 (Ser330)
and p-NDRG1 (Thr346) [16].

Initially, PANC1 cells were either incubated with MG132 (10 μM),
Baf A1 (100 nM), or both in the presence or absence of Dp44mT
(10 μM) for 24 h/37 °C. In total, three bands (41-, 46- and 47-kDa) of p-
NDRG1 (Ser330) were observed, with the bottom band only being ob-
served after incubation with Dp44mT (Fig. 6A). Under all incubation
conditions, the levels of the top and middle p-NDRG1 (Ser330) bands
(Fig. 6A, B) generally corresponded with top and middle bands of total
NDRG1 (Fig. 5A, B).

In terms of p-NDRG1 (Thr346), only two major bands were ob-
served at 41- and 47-kDa (Fig. 6A, C). The relative levels of the top band
of p-NDRG1 (Thr 346) (Fig. 6A, C) corresponded with the top band of
total NDRG1 under these same incubation conditions (Fig. 5A, B). In
contrast, the bottom p-NDRG1 band (Thr346) was observed only after
incubation with Dp44mT (Fig. 6A, C), relative to the bottom band of
total NDRG1 that was observed under all conditions (Fig. 5A, B).

Next, experiments were also performed with sequential incubation
of PANC1 cells in the presence and absence of Dp44mT (10 μM) for
24 h/37 °C, followed by washing, and then incubation with MG132
(10 μM), Baf A1 (100 nM), or both for 24 h/37 °C. The levels of the top
and middle bands of p-NDRG1 (Ser330) (Fig. 6D, E) correlated with
levels of the corresponding total NDRG1 bands (Fig. 5C, D). In contrast,
the levels of the bottom p-NDRG1 (Ser330) band (Fig. 6D, E) was dif-
ferent compared to the bottom band of total NDRG1 observed under
similar incubation conditions (Fig. 5C, D).

The levels of the top band of p-NDRG1 (Thr346) (Fig. 6D, F) cor-
related with the levels of the top total NDRG1 band (Fig. 5C, D). Again,
the levels of the bottom p-NDRG1 (Thr346) band (Fig. 6D, F) were
different compared to the bottom band of total NDRG1 observed under
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similar incubation conditions (Fig. 5C, D). Taken together, the top and
middle NDRG1 bands potentially represent NDRG1 isoforms phos-
phorylated at Ser330 or Thr346, which are differentially processed.

3.8. Inhibition of upstream kinases, SGK1 and GSK3β, leads to reduction in
Dp44mT-induced top NDRG1 band

As our results above indicate that all NDRG1 bands are, at least in
part, phosphorylated forms of NDRG1 (Figs. 5 and 6), studies were
initiated to examine the effect of the two well-known upstream kinases
of NDRG1, i.e., SGK1 and GSK3β [16], on the different NDRG1 bands.
The NDRG1-inducer Dp44mT (10 μM) was used to induce NDRG1 ex-
pression in PANC1 cells. The cells were incubated in the absence and
presence of Dp44mT (10 μM) with increasing concentrations of either
the GSK3β-inhibitor (i.e., SB216763; GSKI; 10–25 μM; Fig. 7A–D; [59])
or SGK1-inhibitor (i.e., GSK650394; SGKI; 10–25 μM; Fig. 8A–D; [60]).

In cells incubated without Dp44mT, there was no significant effect
of GSKI alone (10–25 μM; Fig. 7A, B) or SGKI alone (10–25 μM; Fig. 8A,
B) on any NDRG1 bands. As shown previously, Dp44mT alone was able
to significantly (p < 0.001–0.05) increase the levels of top and middle
total NDRG1 bands relative to the untreated control (Figs. 7A, B; 8A, B).

There was significant (p < 0.001–0.05) dose-dependent suppression in
Dp44mT-induced levels of the top NDRG1 band after co-incubation
with increasing concentrations of either GSKI (Fig. 7A, B) or SGKI
(Fig. 8A, B). There was no significant (p > 0.05) effect of either GSKI
(Fig. 7A, B) or SGKI (Fig. 8A, B) on the Dp44mT-induced levels of
middle or bottom NDRG1 band.

Examining the phosphorylated NDRG1 bands in the absence of
Dp44mT, neither GSKI or SGKI had any significant effect on all p-
NDRG1 (Ser330) and p-NDRG1 (Thr346) bands (Figs. 7A, C, D; 8A, C,
D). The NDRG1-inducer, Dp44mT, was able to significantly
(p < 0.001–0.01) increase the levels of all bands detected for both p-
NDRG1 (Ser330) and p-NDRG1 (Thr346) (Figs. 7A, C, D; 8A, C, D). Co-
incubation of Dp44mT-treated cells with either GSKI (Fig. 7A, C, D) or
SGKI (Fig. 8A, C, D) was able to significantly (p < 0.001–0.05) sup-
press the levels of the Dp44mT-induced top p-NDRG1 (Ser330) and p-
NDRG1 (Thr346) bands in a dose-dependent manner. In contrast to
total NDRG1 levels (Figs. 7A, B; 8A, B), at lower concentrations
(10–20 μM), GSKI and SGKI led to a slight, but significant (p < 0.05)
increase in the Dp44mT-induced middle band of p-NDRG1 (Ser330),
while there was no significant (p > 0.05) effect observed at a higher
inhibitor concentration of 25 μM (Figs. 7A, C; 8A, C). However, both

Fig. 7. Inhibition of the upstream kinase, GSK3β, by the inhibitor SB216763, leads to reduction in the Dp44mT-induced top NDRG1 band. (A) PANC1 cells were
incubated for 24 h/37 °C with or without Dp44mT (10 μM) in combination with the GSK3β inhibitor (SB216763; GSKI; 10–25 μM). Immunoblotting was then
performed to investigate levels of the different isoforms of NDRG1, p-NDRG1 (Ser330) and p-NDRG1 (Thr346). (B-D) Densitometric analysis (arbitrary units) of the
results in (A). β-actin was used as a loading control. Results are shown as mean ± S.D. (3 experiments). *p < 0.05; **p < 0.01; ***p < 0.001 compared to control
cells. #p < 0.05; ##p < 0.01; ###p < 0.001 compared to Dp44mT alone.
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GSKI and SGKI did not have any significant effect on the Dp44mT-in-
duced bottom bands of p-NDRG1 (Ser330) and p-NDRG1 (Thr346)
(Figs. 7A, C, D; 8A, C, D).

Collectively, the major finding from these studies in Figs. 7 and 8 is
that both GSKI and SGKI are involved in inhibiting phosphorylation of
the top band, or alternatively, increasing degradation/processing of the
Dp44mT-induced top NDRG1 band.

3.9. Inhibition of GSK3β results in the proteasome-independent degradation
of top NDRG1 band

As both GSKI and SGKI decreased levels of the Dp44mT-induced top
NDRG1 band (Figs. 7, 8), further studies were initiated to examine the
mechanism of this effect (Figs. 9, 10). As previous results indicated that
NDRG1 is processed/degraded via both the proteasome and lysosomal
pathways (Figs. 1, 2A), studies were initiated to determine the effect of
proteasomal or lysosomal inhibition after suppression of the top NDRG1
band by the GSKI.

To examine this, PANC1 cells were incubated with control medium
or medium containing Dp44mT (10 μM), GSKI (25 μM), or both for
24 h/37 °C (Fig. 9A(i)). The cells were then washed, followed by an

incubation for 24 h/37 °C with either control medium or medium con-
taining either MG132 (10 μM) or Baf A1 alone (100 nM; Fig. 9A(i)). As
shown previously (Fig. 5C), Dp44mT followed by a secondary incuba-
tion with MG132 for 24 h was able to significantly (p < 0.01) increase
the top NDRG1 band (Fig. 9A(ii, iii), Lane 5) relative to Dp44mT alone
(Fig. 9A(ii, iii), Lane 4). In cells incubated with Dp44mT and GSKI, then
followed by a secondary incubation with MG132 for 24 h (Fig. 9A(ii,
iii), Lane 11), there was a significant (p < 0.05) suppression in the top
NDRG1 band compared to cells incubated with Dp44mT followed by
MG132 alone (Fig. 9A(ii, iii), Lane 5). A similar suppressive effect of
GSKI was also observed for p-NDRG1 (Ser330), but not for p-NDRG1
(Thr346) (Supplemental Fig. 2A; lane 5 vs. 11). Moreover, another well-
characterized GSK3β inhibitor, LiCl (20mM; Supplemental Fig. 3; lane
5 vs. 11) [59], showed similar effects as observed with the GSKI (i.e.,
SB216763; Fig. 9A). These results are concordant with the results in
Fig. 7A, where GSKI inhibited the top NDRG1 band after a 24 h in-
cubation.

Previous studies have shown that GSK3β inhibition can promote
lysosomal-dependent degradation of certain proteins [61]. Hence, the
decrease in the top NDRG1 band observed in Figs. 7A, 9A, may be due
to additional degradation mechanisms apart from inhibition of GSK3β

Fig. 8. Inhibition of the upstream kinase, SGK1, by the inhibitor GSK650394, also suppresses the Dp44mT-induced top NDRG1 band. (A) PANC1 cells were incubated
for 24 h/37 °C with or without Dp44mT (10 μM) in combination with the SGK1 inhibitor (GSK650394; SGKI; 10–25 μM). Immunoblotting was then performed to
investigate levels of the different isoforms of NDRG1, p-NDRG1 (Ser330) and p-NDRG1 (Thr346). (B–D) Densitometric analysis (arbitrary units) of the results in (A).
β-actin was used as a loading control. Results are shown as mean ± S.D. (3 experiments). *p < 0.05; **p < 0.01; ***p < 0.001 compared to control cells.
#p < 0.05; ##p < 0.01; ###p < 0.001 compared to Dp44mT alone.
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kinase activity. To examine a direct role of the GSKI in the degradation
of the top NDRG1 band, apart from its ability to inhibit GSK3β kinase
activity, a modified treatment strategy was employed (Fig. 9B(i)). In-
itially, PANC1 cells were incubated with or without Dp44mT for 24 h/
37 °C (10 μM; Fig. 9B(i)). Then, the cells were washed, followed by
incubation with GSKI (25 μM) and either MG132 (10 μM) or Baf A1
(100 nM; Fig. 9B(i)). There was a significant (p < 0.001) increase in
the top NDRG1 band after primary incubation with Dp44mT followed
by a secondary incubation with MG132 (Fig. 9B(ii, iii), Lane 9), com-
pared to the corresponding control cells treated with Dp44mT alone
(Fig. 9B(ii, iii), Lane 7). Notably, in the presence of GSKI and MG132 in
the secondary incubation, there was a marked and significant
(p < 0.01) reduction in the top band (Fig. 9B(ii, iii), Lane 11), relative
to the ability of MG132 alone to increase the top NDRG1 (Fig. 9B(ii, iii),
Lane 9). These results demonstrate the ability of GSKI to decrease the
top NDRG1 band independently of proteasomal degradation. Similar

suppressive effect of GSKI was also observed for p-NDRG1 (Ser330), but
not for p-NDRG1 (Thr346) (Supplemental Fig. 2B; lane 9 vs. 11).
Moreover, incubation of cells with another GSK3β inhibitor, LiCl
(20mM; Supplemental Fig. 4; lane 9 vs. 11), also resulted in similar
effects on top NDRG1 band as observed for the GSKI, i.e., SB216763
(Fig. 9B). This result suggests that the GSKI has decreased the top
NDRG1 band either by increasing degradation by a proteasomal-in-
dependent mechanism, or increasing dephosphorylation.

3.10. SGKI is not involved in the degradation of top NDRG1 band

The next set of experiments were performed to examine the role of
SGKI in degradation/processing of the top NDRG1 band that was ob-
served in Fig. 8. Considering the involvement of both the proteasome
and lysosomal pathways in NDRG1 processing/degradation (Figs. 1,
2A), studies examined the effect of proteasomal or lysosomal inhibition

Fig. 9. Inhibition of GSK3β by the inhibitor, SB216763, results in a proteasome-independent decrease of the top NDRG1 band. A(i) PANC1 cells were incubated for
24 h/37 °C with or without Dp44mT (10 μM) in combination with the GSKI (25 μM). The cells were washed, followed by incubation with control medium or medium
containing MG132 (10 μM) or Baf A1 (100 nM) for 24 h/37 °C. A(ii) Immunoblotting was then performed to investigate levels of the different NDRG1 isoforms. A(iii)
Densitometric analysis (arbitrary units) of the results in A(ii). β-actin was used as a loading control. Results are shown as mean ± S.D. (3 experiments). *p < 0.05;
**p < 0.01; ***p < 0.001 compared to control cells. #p < 0.05; ###p < 0.001 compared to GSKI alone. †p < 0.05, ††p < 0.01; †††p < 0.001 compared to the
corresponding treatments in the absence of GSKI. ^^p < 0.001 compared to the corresponding treatments in the absence of MG132. B(i) PANC1 cells were incubated
for 24 h/37 °C with or without Dp44mT (10 μM). The cells were then washed, followed by incubation with, control medium or medium containing GSKI (25 μM) and
either MG132 (10 μM) or Baf A1 (100 nM) for 24 h/37 °C. B(ii) Immunoblotting was then performed to investigate levels of the different isoforms of NDRG1. B(iii)
Densitometric analysis (arbitrary units) of results in B(ii). β-actin was used as a loading control. Results are shown as mean ± S.D. (3 experiments). *p < 0.05;
**p < 0.01; ***p < 0.001 compared to control cells. #p < 0.05; ###p < 0.001 compared to Dp44mT alone. ††p < 0.01; compared to the corresponding
treatments in the absence of GSKI.
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after suppression of the top NDRG1 band by the SGKI. In initial ex-
periments, PANC1 cells were primarily incubated with control medium
or medium containing either Dp44mT (10 μM), SGKI (25 μM), or both
for 24 h/37 °C (Fig. 10A(i)). The cells were then washed, followed by a
secondary incubation with either control medium or medium con-
taining MG132 (10 μM) or Baf A1 (100 nM) for 24 h/37 °C (Fig. 10A(i)).

In contrast to GSKI (Fig. 9A), in cells incubated with Dp44mT and
SGKI followed by a secondary incubation with MG132 (i.e., Fig. 10A(ii,
iii); Lane 11), there was a significant (p < 0.05) increase in the top
NDRG1 band compared to cells incubated with Dp44mT followed by a
secondary incubation with MG132 (i.e., Fig. 10A(ii, iii); Lane 5). As
SGKI significantly suppressed the Dp44mT-induced top-NDRG1 band in
the absence of MG132 (Fig. 8A, B), the observed increase in the top
NDRG1 band after secondary incubation with MG132 (Fig. 10A(ii, iii))
could be due to build-up of NDRG1 resulting from inhibition of the
proteasome during the secondary incubation. A similar effect was ob-
served with the top p-NDRG1 (Ser330) (Supplemental Fig. 5A; Lane 5

vs. 11), as demonstrated with the total NDRG1 band (Fig. 10A). How-
ever, there was no significant effect of SGKI on the top p-NDRG1
(Thr346) band in the presence or absence of MG132 (Supplemental
Fig. 5A; Lane 5 vs. 11).

Further, as the GSKI was shown to affect the top NDRG1 band in-
dependent of its ability to inhibit the kinase activity of GSK3β (Fig. 9B
(i)), further studies examined if SGKI could modulate the levels of the
top NDRG1 band, in an analogous manner (Fig. 10B(i)). To assess this,
PANC1 cells were first incubated with or without Dp44mT for 24 h/
37 °C (10 μM; Fig. 10B(i)). Then, the cells were washed, followed by
incubation with SGKI (25 μM) and either MG132 (10 μM) or Baf A1
(100 nM; Fig. 10B(i)). There was a significant (p < 0.001) increase in
the top NDRG1 band after primary incubation with Dp44mT followed
by a secondary incubation with MG132 (Fig. 10B(ii, iii), Lane 9),
compared to the corresponding control cells treated with Dp44mT
alone (Fig. 10B(ii, iii), Lane 7). Notably, in the presence of SGKI in the
secondary incubation, there was no significant (p > 0.05) reduction in

Fig. 10. SGK1 inhibition by the inhibitor GSK650394, does not affect the processing of the top NDRG1 band. A(i) PANC1 cells were incubated for 24 h/37 °C with
either Dp44mT (10 μM) or SGKI (25 μM) or both. The cells were then washed, followed by incubation with control medium or medium containing MG132 (10 μM) or
Baf A1 (100 nM) for 24 h/37 °C. A(ii) Immunoblotting was then performed to investigate levels of the different isoforms of NDRG1. A(iii) Densitometric analysis
(arbitrary units) of results in A(ii). β-actin was used as a loading control. Results are shown as mean ± S.D. (3 experiments). *p < 0.05; **p < 0.01; ***p < 0.001
compared to control cells. #p < 0.05; ##p < 0.01; ###p < 0.001 compared to SGKI alone. †p < 0.05, compared to the corresponding treatments in the absence
of SGKI. B(i) PANC1 cells were incubated for 24 h/37 °C with or without Dp44mT (10 μM). The cells were then washed, followed by incubation with control medium
or medium containing SGKI (25 μM) and either MG132 (10 μM) or Baf A1 (100 nM) for 24 h/37 °C. B(ii) Immunoblotting was then performed to investigate levels of
the different NDRG1 isoforms. B(iii) Densitometric analysis (arbitrary units) of results in B(ii). β-actin was used as a loading control. Results are shown as
mean ± S.D. (3 experiments). *p < 0.05; **p < 0.01; ***p < 0.001 compared to control cells. #p < 0.05; ###p < 0.001 compared to Dp44mT alone.
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the ability of MG132 to increase the top NDRG1 (Fig. 10B(ii, iii), Lane
11), compared to corresponding treatments with MG132 alone
(Fig. 10B(ii, iii), Lane 9). These results demonstrate that SGKI, in con-
trast to GSKI (Fig. 9B(ii, iii)), has no effect on the top NDRG1 band in
the presence of proteasomal inhibition. Similarly, there was no effect of
SGKI in the presence of MG132 on the top band of p-NDRG1 (Ser330) or
p-NDRG1 (Thr346) (Supplemental Fig. 5B; Lane 9 vs. 11). Collectively,
these results suggest that the SGKI mainly acts as a suppressor of kinase
activity when incubated with Dp44mT (Fig. 8A).

4. Discussion

NDRG1 is an intriguing metastasis suppressor that has been de-
monstrated to play a role inhibiting the progression and metastasis of a
variety of solid tumors, including pancreatic cancer [2]. NDRG1 has
been shown to inhibit a number of critical oncogenic cellular signaling
pathways (e.g., EGFR pathway, ROCK-pMLC, FAK-paxillin, Src, β-ca-
tenin, etc.) in cancer cells [3,4,8–10,54].

Previous studies using immunoblotting have reported the presence
of three different NDRG1 isoforms that could be the product of post-
translational modifications, such as phosphorylation or truncation
[15,18,21,28]. To understand the mechanism(s) relating to the gen-
eration of NDRG1 isoforms, the current investigation dissected the roles
of two established protein processing pathways, namely that mediated
by the proteasome and lysosome. Surprisingly, both these latter protein-
processing machineries affected different NDRG1 isoforms (Fig. 11A).
First, the levels of the top NDRG1 band (47-kDa band) were increased
by two well-characterized proteasomal inhibitors, namely MG132 and
Epoxomycin [47]. Each of these inhibitors have their own specific
profile of inhibiting different proteolytic activities [47], nonetheless,
both increased the top NDRG1 band, demonstrating the role of the
proteasome in NDRG1 processing (Fig. 11A). Second, the middle
NDRG1 band (46-kDa) was increased by the lysosomal acidification
inhibitor, Baf A1, that inhibits both chaperone-mediated and macro-
autophagy and also 3-MA that inhibits only the latter process [38]. This
suggested the middle band was being processed and potentially de-
graded via the lysosome (Fig. 11A). Of note, these well-established
classical inhibitors are known to affect cellular protein degradation
machinery, i.e., proteasomal (e.g., MG132; [47]) or autophagy (e.g., Baf
A1; [38]), rather than transcription/translation.

In the presence of proteasomal inhibitors, lysosomal inhibitors were
unable to increase the middle NDRG1 band (Fig. 2). This suggests that a
sequential processing of NDRG1 occurs with the functional proteasome
being required for subsequent lysosome-mediated metabolism. These
effects were observed in three different cell-types, suggesting a more
general mechanism. Of interest, other proteins also have been reported
to be processed by coordinated proteasomal and lysosomal metabolism,
such as the EGFR [62]. Such processing of NDRG1 may be critical in
terms of different aspects of its biological activities. For instance, it has
been demonstrated that NDRG1 plays a role in suppressing metastasis
via inhibiting multiple oncogenic pathways and this could, at least in
part, be mediated through these different isoforms.

Throughout all studies, it was of interest that despite marked al-
terations in the top and middle bands by either proteasomal or lyso-
somal inhibitors, the effect on the bottom band was not significant nor
consistent. Considering this, it could be suggested that the bottom band
may not be result of subsequent processing after the lysosomal step,
rather it could be result of a separate mechanism that results in clea-
vage of the top band (Fig. 11A). Such separate processing is consistent
with previous studies where cleavage was indicated to be responsible
for the bottom NDRG1 band in cancer cells. In fact, this cleavage event
was consistent with pseudotrypsin digestion at the N-terminus between
residues Cys49-Gly50, potentially leading to the NDRG1 41-kDa protein
[18].

The role of both the proteasomal and autophagic pathways in
NDRG1 processing was further confirmed by immunofluorescence

studies using confocal microscopy. However, it should be noted that the
fluorescent signal obtained by confocal microscopy represents a com-
bination of all three NDRG1 bands and it does not distinguish between
the top, middle and bottom NDRG1 isoforms. There was a slight in-
crease in co-localization of NDRG1 with proteasomal marker (PSMD9)
after incubation with MG132 or Baf A1. On the other hand, there was a
marked increase in co-localization of NDRG1 with PSMD9 upon in-
cubation MG132 and Baf A1. These findings are in accordance with our
proposed model of NDRG1 processing, where processing by the pro-
teasome then proceeds to autophagic metabolism (Fig. 11A). Thus,
inhibition of both processes were required to observe a marked accu-
mulation of NDRG1 in proteasomes. There was increased co-localiza-
tion of NDRG1 with LC3 stained autophagosomes after inhibition of
proteasomal and/or autophagic processing, which could be due to the
downstream processing role of autophagy in NDRG1 metabolism. These
findings substantiate that both proteasomal and autophagic pathways
are intricately involved in NDRG1 processing.

Hypoxia is a well-known, physiologically-relevant, NDRG1-inducing
factor in tumor cells [24] and in the current investigation was able to
increase levels of the middle NDRG1 band (Fig. 4A). Under hypoxic
conditions, the proteasomal inhibitor resulted in a marked increase in
the levels of the top band, with a significant decrease in the middle
NDRG1 band. In terms of the development of NDRG1 as a therapeutic
target, novel thiosemicarbazone-based anti-cancer agents (e.g.,
Dp44mT) can markedly and significantly increase the top and middle
bands of NDRG1, and its phosphorylation at Ser330 and Thr346, which
was correlated with its anti-cancer activity [15,28,39,45]. Furthermore,
the anti-metastatic effects of these agents have been reported to be
dependent on NDRG1 expression [6]. In contrast to hypoxia, which
only increased the middle NDRG1 band, Dp44mT up-regulated both the
top and middle bands indicating differential processing by different
induction stimuli.

NDRG1 is a known to be an important metastasis suppressor, which
regulates plethora of cellular pathways involved in cancer progression,
such as EGFR, ROCK-pMLC, FAK-paxillin, Src, β-catenin, etc.
[3,4,8–10,54]. In future studies, it will be interesting to assess the role
of the diverse investigative conditions employed in this current study
(i.e., proteasomal or lysosomal inhibition or both) on the downstream
NDRG1 signaling.

In this investigation, rather than focusing on other possible post-
translational processes (e.g., SUMOlyation; [17]), we performed de-
tailed mechanistic studies examining NDRG1 phosphorylation and up-
stream kinases involved in this process. The effect of proteasomal and
lysosomal inhibitors on the Dp44mT-induced top and middle NDRG1
bands directly correlated with the phosphorylated forms of this protein
at Ser330 and Thr346. However, while the bottom NDRG1 band at 41-
kDa was also detected after probing for phosphorylated NDRG1, its
levels were not directly correlated with the bottom band of total
NDRG1. Collectively, these observations suggest the top and middle
NDRG1 bands are predominantly the phosphorylated forms of the
protein, while the bottom band could be a cleavage product, as reported
previously [18]. This remains consistent with the hypothesis described
above and illustrated in the Schematic in Fig. 11A.

We further demonstrated that in the presence of the proteasomal
inhibitors, Dp44mT was unable to increase the levels of the top and
middle NDRG1 bands, as well as is phosphorylated forms (Figs. 5A, 6A).
These observations demonstrated the role of the active proteasome in
the ability of Dp44mT to induce NDRG1 expression and phosphoryla-
tion. Considering this, proteasomal inhibitors could be potentially in-
hibiting upstream kinases of NDRG1 that could control its phosphor-
ylation and also potentially its activation.

Previous investigations by others have reported the phosphorylation
of NDRG1 can be mediated through both GSK3β and SGK1 activity
[16]. Initial studies to determine their roles in NDRG1 processing de-
monstrated that specific inhibitors for these kinases were able to
markedly reduce the level of the top NDRG1 and p-NDRG1 bands at 47-

S. Sahni, et al. BBA - Molecular Basis of Disease 1865 (2019) 1361–1378

1375



kDa (Figs. 7 and 8). To assess whether this observation was due to the
ability of these inhibitors to decrease kinase activity, or due to alternate
mechanisms, more detailed mechanistic dissection was performed.
These studies demonstrated that GSK3β inhibition is involved in a ki-
nase-independent decrease in NDRG1 levels (Fig. 11B). Previous reports
have demonstrated that GSK3β inhibition can result in the activation of
a lysosomal pathway [61], that could potentially be responsible for the
decrease in the NDRG1 top band observed under these conditions. In
contrast, the effects of SGK1 inhibition on the top NDRG1 band were
demonstrated to be mediated through its ability to inhibit NDRG1
phosphorylation (Fig. 11B).

5. Conclusions

In conclusion, the multiple isoforms of NDRG1 are processed by
both proteasomal and lysosomal pathways (top 47-kDa and middle 46-
kDa bands, respectively) and also possibly cleavage (bottom 41-kDa
band). Evidence of sequential processing of NDRG1 by the proteasome
and then the lysosome was demonstrated with the top and middle
bands being consistently correlated to both p-NDRG1 at Ser330 and
Thr346. Furthermore, the upstream kinases, GSK3β and SGK1, were
also demonstrated to be involved in the metabolism of NDRG1. For the

first time, these results dissect the complex mechanisms involved in
NDRG1 processing in cancer cells.
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Fig. 11. Schematic diagram illustrating: (A) NDRG1 cellular
processing. The various NDRG1 isoforms are the result of
sequential processing by the proteasomal and lysosomal
machinery (top 47-kDa and middle 46 kDa bands, respec-
tively). Secondly, there is also a potential cleavage of
NDRG1 via an independent, but unknown mechanism
leading to the bottom 41-kDa band. The top and middle
NDRG1 bands were consistently correlated to both pNDRG1
at Ser330 and Thr346. While pNDRG1 at both Ser330 and
Thr346 was observed at the bottom 41-kDa band, the levels
were not consistently correlated with the bottom band of
total NDRG1. (B) Differential processing of NDRG1 by the
upstream kinases, GSK3β and SGK1. The kinases, GSK3β
and SGK1, were also shown to be involved in NDRG1 me-
tabolism. Inhibition of GSK3β was demonstrated to decrease
the levels of the top NDRG1 band, via a proteasomal-in-
dependent pathway. The effects of SGK1 inhibition on the
top NDRG1 band were mediated by its ability to inhibit
NDRG1 phosphorylation.
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