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Abstract: Due to its potent anticancer activity, there is interest in repurposing of the FDA-approved anti-alcoholism
drug, disulfiram (DSF). DSF forms potent complexes with copper (DSF/Cu) that induce apoptosis of many types of
cancer cells. Here, we investigated the role of DSF/Cu in autophagy, a mechanism of cell death or survival, and its
interplay with DSF/Cu induced apoptosis of human pancreatic and breast cancer cells. Methods: Levels of autopha-
gy and apoptosis were assessed by Western blot, flow cytometry and immunofluorescence analysis. Cell viability was
measured by MTT assays. Activation of inositol-requiring enzyme 1a (IREL1a)-mRNA X-box binding protein 1 (XBP1)
pathway and spliced XBP1 (XBP1s) expression were analyzed by Western blot, Phos-tag gel assay, RT-PCR, gRT-PCR
and flow cytometry. Results: The apoptosis induced by DSF/Cu in pancreatic and breast cancer cells is autophagy
dependent. This is accomplished by activating IRE1q, the sensor of unfolded protein response (UPR) via promotion
of phosphorylation of IRE1a and its downstream XBP1 splicing into active XBP1s. Conclusions: DSF/Cu induces ER-
stress through activation of IRE1a-XBP1 pathway which is responsible, at least in part, for induction of autophagy-
dependent apoptosis of cancer cells. Insight into the ER-stress inducing ability by DSF/Cu may open a new research

area for rational design of innovative therapeutic strategies for pancreatic and breast cancers.
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Introduction

Drug repurposing has become an attractive
area of cancer research for a variety of rea-
sons. Increased knowledge of complexity and
interrelationships of numerous signaling path-
ways involved in many human pathologies and
the drugs developed for their treatment, some-
times even decades ago, are finding new appli-
cations in the field of cancer therapeutics. One
such entity is DSF, a well-established agent for
treatment of alcoholism based on its property
of being a pan-inhibitor of aldehyde dehydroge-
nase (ALDH), a critical enzymatic activity in the
metabolism of aldehydes, such as acetalde-
hyde, the initial metabolite of ethanol and geno-
toxic, unless converted to acetic acid. The inter-

est in repurposing DSF for cancer therapy is
based on its target, ALDH, which plays a key
role in the resistance to the cytotoxicity in most
standard chemo- and radio-therapies through
metabolizing the genotoxic aldehydes they
generate.

The anti-tumor activity of DSF, however, is not
solely due to inhibition of ALDH enzymatic activ-
ities. DSF is a potent chelator of the trace ele-
ment copper (Cu?*) and forms DSF-Cu?* com-
plexes (DSF/Cu), which effectively inhibit 26S
proteasome activity [1]. Consequently, DSF/Cu
interferes with the activation of NF-kB (nuclear
factor kappa-light-chain-enhancer of activated
B cells) [2-4], a master transcriptional factor.
However, this activity alone does not define the
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anti-tumor effect of DSF/Cu. Proteasome inhibi-
tors have emerged as a new class of endoplas-
mic reticulum (ER) stress agents [5, 6]. Varied
environmental, nutritional and pathological
stresses to both normal and tumor cells can
cause protein misfolding and accumulation in
the ER and activation of the UPR. This is par-
ticularly pertinent to tumor cells, which due to
their relatively higher proliferation and growth
rates than normal cells are prone to ER stress.
To ensure survival, the UPR plays a major role in
blocking translation and promoting proper pro-
tein folding, while simultaneously enhancing
the degradation of misfolded proteins and
autophagy. If these activities do not restore
proper cellular functions, the UPR leads ulti-
mately to apoptosis. Consequently, the UPR
interfaces survival as well as apoptotic path-
ways. ER stress induced autophagy activation
could also induce a cytotoxic autophagic res-
ponse depending on the intensity of the stimu-
lus factors, the cell type (normal vs. cancer
cells), and the cellular context (hypoxia, starva-
tion, treatment with anti-tumor agents) [7, 8].
Therefore, therapeutic exploitation of cytotoxic
autophagy to drive cancer cell death is an
emerging novel concept for novel cancer treat-
ments. Therefore, the anti-tumor activity of
DSF/Cu was investigated in vitro relative to its
ability to promote cytotoxic autophagy of breast
and pancreatic carcinoma cells via its impact
on the ER stress and UPR pathways.

Materials and methods
Cell culture

The human breast carcinoma MDA-MB-231 cell
line was acquired from the Duke Cancer Center
Cell Culture Facility (Durham, NC, USA). The
human breast cancer UACC-812 and pancreat-
ic ductal adenocarcinoma (PDAC) PANC-1 cell
lines were purchased from the American Type
Culture Collection (ATCC) (Manassas, VA, USA).
The pancreatic cancer PDAC6 cell line was
established from the ascites of a patient with
metastatic pancreatic ductal adenocarcinoma
[4]. PANC-1, PDAC6 and MDA-MB-231 cell lines
were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal
calf serum (FCS; Atlanta Biologicals, Flowery
Branch, GA, USA). UACC-812 was cultured in
RPMI 1640 medium supplemented with 10%
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fetal calf serum. All cells were cultured at 37°C
in a 5% CO, atmosphere.

Chemical reagents and antibodies

Tetraethylthiuram disulfide (disulfiram, DSF),
copper (Il) D-gluconate (copper, Cu), autophagy
inhibitor wortmannin, IREL1x inhibitors STF-
083010 and 4u8C, proteasome inhibitor bort-
ezomib, and NF-kB inhibitor IMD-0354 were
purchased from Sigma-Aldrich (St. Louis, MO,
USA). The apoptosis inhibitor Z-VAD-FMK and
the autophagy inhibitor chloroquine (CQ) were
purchased from MedChem Express (Monmouth
Junction, NJ, USA). The following rabbit mono-
clonal antibodies (mAb) used for Western blot
analyses were purchased from Cell Signaling
Technology (Danvers, MA, USA), and used at
the following indicated dilutions: anti-LC3A/B
(#4108) (1:1000), anti-human cleaved PARP
(#9541) (1:1000), anti-human and anti-mouse
3-actin (#4970) (1:2000), anti-human elF2a
(#5324) (1:1000) and anti-pelF2a (#3398)
(1:1000), anti-human XBP1s (D2C1F) (#12782)
(1:2000) and goat anti-rabbit 1gG, HRP-linked
secondary antibody (#7074) (1:2000). The rab-
bit polyclonal anti-human phosphorylated
IRE1x antibody (ab48187) (1:1000) was pur-
chased from Abcam, Inc (Burlingame, CA, USA),
and the anti-calnexin mouse mAb TO-5 was
developed in our laboratory, as described previ-
ously [9]. All the primary antibodies were dilut-
ed in Phosphate Buffered Saline (PBS) contain-
ing 5% nonfat dry milk and secondary antibody
was diluted in Tris Buffered Saline with 0.1%
Tween® 20 (TBST). The following antibodies
and the dilutions used for immunofluorescence
and flow cytometry analysis were: Alexa Fluor®
488-conjugated rabbit anti-cleaved Caspase-3
(Aspl75) (D3E9) mAb (#9603) (1:50), and
Phycoerythrin (PE) conjugated-rabbit anti-LC3B
(D11) XP® mAb (#8899) (1:50), and anti-LC3B
(#2775) (1:200) were purchased from Cell
Signaling Technology (Danvers, MA, USA),
Mouse anti-human XBP1s mAb (MAB4257)
(1:2000) was purchased from R&D Systems Inc
(Minneapolis, MN, USA), and R-PE-conjugated
AffiniPureF(ab’), Fragment Goat Anti-mouse I1gG
(115-116-071) (1:3000) and FITC- conjugated
AffiniPure Goat Anti-Rabbit IgG (H+L) (111-095-
003) (1:2000) were purchased from Jackson
ImmunoResearch Inc (West Grove, PA, USA). All
antibodies were diluted in TBST containing 1%
BSA. The restriction enzyme Pstl (#R0140S)
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was purchased from New England Biolabs
(Ipswich, MA, USA). Phos-tag™ SuperSep™ pre-
cast (50 ymol/l), 7.5% polyacrylamide gel was
purchased from FUJIFILM Wako Chemicals
U.S.A. Corporation (Richmond, VA, USA). The
plasmid for retroviral transduction, pQCXI Puro
DsRed-LC3-GFP (DsRed-LC3-GFP), was a gift
from David Sabatini (Addgene plasmid #31182,
Cambridge, MA, USA) [10].

Western blot analysis

Cells were plated in 6-well plates at a density of
3x10° cells/well (PANC-1), 4x10°% cells/well
(UACC-812, MDA-MB-231), or 5x10° cells/well
(PDACG6) in 2 mL of the appropriate complete
medium and grown overnight. All the cells were
treated with DMSO, DSF (0.25 uM), Cu (1 pM)
or DSF/Cu (0.25/1 pM) for 24 hours in the
absence or presence of CQ (20 uM, 16 hours).
When cells were treated at different times with
DSF/Cu, the cells were plated in 6-well plates at
a density of 4x10°% cells/well (UACC-812) or
5x10° cells/well (PDACG) in 2 mL of the appro-
priate complete medium and grown overnight.
All the cells were then treated with DSF/Cu
(0.25/1 yM) and collected at O, 4, 8, 12, 16,
24, 36 and 48 hours. When treated with wort-
mannin and DSF/Cu, cells were plated in 6-well
plates at a density of 5x10° cells/well in 2 mL
of the appropriate complete medium and grown
overnight. The cells were treated with wortman-
nin (1 uM) or not for 6 hours followed by DSF/Cu
(0.25/1 uM) or not for another 24 hours. When
treated with STF-083010 and DSF/Cu, cells
were plated in 6-well plates at a density of
3x10°% cells/well in 2 mL of the appropriate
complete medium and grown overnight. The
cells were treated with STF-083010 (1 uM) or
not for 30 min, then co-treated with DSF/Cu
(0.25/1 uM) or not for an additional 12 hours.

Treated cells were collected and lysed in lysis
buffer (10 mM Tris-HCI [pH 8.2], 1% NP40, 1
mM EDTA, 0.1% BSA, 150 mM NaCl) containing
1/50 (vol./vol.) of a protease inhibitor cocktail
(Calbiochem, San Diego, CA, USA). The super-
natants of the lysed cells were analyzed by
Western blot for expression of related proteins
as described [4].

Phos-tag gel assay

Cells were plated in 6-well plates at a density
of 4x10°% cells/well in 2 mL of the appro-
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priate complete medium and grown overnight.
Cells were then treated with DSF/Cu (0.125/1
UM or 0.25/1 uM) for 8 or 24 hours.
Treated cells were collected and lysed,
and 10 pg of each cell lysate was loaded on
Phos-tag™ SuperSep™ precast polyacrylamide
gels. After electrophoresis, Phos-tag gels were
soaked in a transfer buffer containing 5 mM
EDTA for 10 min and repeated twice with gentle
agitation to eliminate the manganese ions from
the gels. Next, the gels were soaked in a trans-
fer buffer without EDTA for 10 min with gentle
agitation. The proteins were electrophoretically
transferred to PVDF membranes in the transfer
buffer without SDS/EDTA. The other steps
were the same as regular Western Blotting
experiments.

Flow cytometry

Cells were plated in 6-well plates at a density of
3x10° cells/well (PANC-1) or 4x10°5 cells/well
(UACC-812, MDA-MB-231, PDACG) in 2 mL of
the appropriate culture medium and grown
overnight. Cells were then treated with DMSO,
Cu (1 puM), DSF (0.25 uM) or DSF/Cu (0.25/1
M) for 24 hours. For detection of intracellular
molecules, such as cleaved Caspase-3 and
LC3Il, cells were fixed with 4% paraformalde-
hyde and permeabilized with 0.1% triton X-100
prior to being stained with Alexa Fluor® 488- or
PE-conjugated antibodies for 1 hour. For detec-
tion of intracellular XBP1s, cells that were fixed
and permeabilized as described above were
stained with mouse anti-human XBP1s mAb for
1 hour and then PE-conjugated goat anti-mouse
IgG for 30 min. Cells were analyzed using a BD
Biosciences FACSAria Il flow cytometer.

Immunofluorescence analysis (IFA)

MDA-MB-231 cells were plated in 6-well plates
(with a cover slip at the bottom) at a density of
4x105 cells/well in 2 mL of the appropriate cul-
ture medium, cultured overnight and then treat-
ed with DSF/Cu (0.25/1 uM) for 24 hours. For
the detection of autophagosome puncta in
cytoplasm, cells were stained with anti-LC3B
after they had been fixed with 4% paraformal-
dehyde and permeabilized with 0.1% triton
X-100. Then the secondary FITC-conjugated Ab
anti-Rabbit IgG was added and counterstained
for 5 min with the nuclear stain DAPI at 1 ug/
mL in PBS. The stained cells on the cover slip
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were sealed on a slide glass and observed by
immunofluorescence microscope (10x100).

For the detection of autophagy and apoptosis
in cytoplasm, fixed and permeabilized PANC-1
cells were treated with DSF/Cu (0.25/1 uM) for
24 hours and stained with Alexa Fluor®
488-conjugated anti-cleaved Caspase-3 and
Phycoerythrin  (PE) conjugated-rabbit anti-
LC3B, and counterstained for 5 min with the
nuclear stain DAPI at 1 pg/mL in PBS. The
stained cells on the cover slip were sealed on a
slide glass and observed by confocal laser
scanning microscope (10x60).

Cell proliferation and MTT assay

Cells were plated in 96-well plates at a density
of 5x103 cells/well in 100 uL of the appropriate
complete medium and grown overnight. Cells
were i) pretreated with STF-083010 (10 uM), or
4u8C (10 yM), for 30 min, and then co-treated
with DSF/Cu (0.25/1 uM) for another 24 hours
or ii) co-treated with wortmannin (10 pM) or
Z-VAD-FMK (20 uM), or CQ (20 uM) with DSF/Cu
(0.25/1 uM) for 24 hours. Cell viability was
determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay.
Data was generated in triplicate and shown
as mean = SD (*P<0.05, **P<0.01, and
***P<0.001).

Retroviral transduction

PANC-1 cells were retrovirally transduced with
DsRed-LC3-GFP to establish a stable cell line
according to the manufacturer’s instructions.
DsRed-LC3-GFP-transfected PANC-1 cells were
seeded into a 6-well plate (3x10° cells/well)
and grown overnight. The cells were subse-
quently treated with DSF/Cu (0.25/1 uM) for 24
hours. Treated cells were harvested, fixed for
detection of LC3 positive cell population in red
fluorescence by flow analysis.

Real-time quantitative reverse transcription
PCR (qRT-PCR)

Cells were plated in 6-well plates at a density of
3x10° cells/well (PANC-1) or 4x10° cells/well
(UACC-812, MDA-MB-231, PDACG) in 2 mL of
the appropriate complete medium and treated
with DMSO, Cu (1 yM), DSF (0.25 uM) and DSF/
Cu (0.25/1 uM) for 24 hours. On the other
hand, the PANC-1 cells treated with different
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doses (0.125/1 uM or 0.25/1 uM) of DSF/Cu
for 8 or 24 hours. Total RNA from all samples
was isolated using TRIzol and 1 pg total RNA
was reverse transcribed using M-MLV re-
verse transcriptase purchased from Life Te-
chnologies (Carlsbad, CA, USA), according to
the manufacturer’s instructions. All samples
within each experiment were reverse tran-
scribed at the same time. The resulting cDNA
was diluted to a concentration of 100 ng/uL in
nuclease-free water. gRT-PCR using cDNA as a
template with SYBR green detection was per-
formed using a LightCycler96 system with
FastStart SYBR Green Master Mix purchased
from Roche (Penzburg, Germany). The following
real-time PCR primers (forward and reverse)
were used: spliced XBP1s, 5-TGCTGAGTCCG-
CAGCAGGTG-3’ and 5-GCTGGCAGGCTCTGGG-
GAAG-3’ [11]; ERdj4, 5-TCTTAGGTGTGCCAAA
ATCGG-3' and 5-TGTCAGGGTGGTACTTCATGG-
3’; PB8IPK, 5-GGCTCGGTATTCCCCTTCCT-3’
and 5’-AGTAGCCCTCCGATAATAAGCAA-3'. Appro-
priate no-RT and non-template controls were
included in each 96-well PCR reaction, and dis-
sociation. Each gene expression level was nor-
malized to mRNA levels of the housekeeping
gene r18S. Fold changes of each gene’s expres-
sion were compared to that of the untreated
sample using the 2-AACT method.

Semi-quantitative RT-PCR

The PANC-1 cells were treated with different
doses (0.125/1 uM or 0.25/1 uM) of DSF/Cu
for 8 or 24 hours. Tunicamycin (1 ug/mL) treat-
ed cells were used as a positive control. Total
RNA was extracted with TRIZOL Reagent. Semi-
quantitative RT-PCR was performed to amplify
the spliced and unspliced XBP1 mRNA. Human
XBP1 primers were used as described previ-
ously [12]: (Forward 5-AAACAGAGTAGCAGCT-
CAGACTGC-3’, Reverse 5-TCCTTCTGGGTAGAC-
CTCTGGGAG-3’). Actin (Forward 5-CATGTAC-
GTTGCTATCCAGGC-3’, reverse 5-CATGTACG-
TTGCTATCCAGGC-3’) was used as a loading
control. PCR products were electrophoresed on
a 2.5% agarose gel to distinguish the size differ-
ence, i.e., 26 nucleotides (nt) between the
spliced (XBP1s) and the unspliced XBP1 (XB-
P1u). Furthermore, the amplified XBP1 cDNA
was digested by restriction enzyme Pstl, which
has its specific recognition site located within
the 26-nt region of XBP1 cDNA removed
by IREla-mediated splicing, as previously
described [12].
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Results

DSF/Cu induces autophagy and apoptosis in
cancer cells

The ability of DSF/Cu to induce autophagy and
subsequent apoptosis was initially studied
using a panel of breast and pancreatic carci-
noma cell lines, which consisted of the breast
cancer UACC-812 and MDA-MB-231 cell lines
and the pancreatic cancer PDAC6 and PANC-1
cell lines. The cell lines were cultured in the
presence of DSF/Cu in the presence or absence
of CQ, an inhibitor of both fusion of autophago-
some with lysosome and lysosomal protein
degradation [13]. The conversion of the cyto-
solic form of the microtubule-associated pro-
tein 1A/1B light chain 3B (LC3]I) to lipid bound
LC3Il is a critical step in autophagy, because
LC3Il is a central protein in the pathway, where
it functions in autophagosome biogenesis. In
the presence of CQ, accumulation of LC3II posi-
tive autophagosomes demonstrates efficient
autophagic flux, while little to no detection of
LC3Il expression indicates a defect or delay
earlier in the process, prior to degradation at
the autolysosome. Thus, autophagic flux is con-
sidered a more reliable indicator of autophagic
activity than measurement of autophagosome
numbers. Accordingly, the difference in LC3lII
expression levels in cells treated in the pres-
ence and absence of CQ represents LC3Il being
delivered to lysosomes for degradation [14].
Consequently, Western blot analyses of cells
treated with DSF/Cu and CQ were performed
relative to the following two parameters: i)
autophagic flux, i.e, LC3Il expression levels in
the presence or absence of CQ, and ii) the
cleavage by Caspase-3 of poly (ADP-ribose)
polymerase (PARP) to cleaved PARP, a marker
of apoptosis. As expected, DSF/Cu (0.25/1 uM)
induced the autophagy and apoptosis in all four
cell lines tested as evidenced by expression
levels of LC3Il and cleaved PARP. However, DSF
(0.25 uM) or Cu (1 uM) alone induced neither
autophagy nor apoptosis. Although increased
accumulation of LC3Il was detected in all 4 cell
lines in the presence of CQ, apoptosis was
reduced in the presence of CQ compared to
that in its absence in both breast carcinoma
cell lines UACC-812 and MDA-MB-231, but
remained at similar levels with or without CQ,
as indicated by cleaved PARP, in pancreatic car-
cinoma cell lines PDAC6 and PANC-1 (Figure
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1A-D). The latter may reflect that CQ is a late
inhibitor of autophagy and reduced the viability
of PDAC cells [15, 16]. Concurrently, flow cytom-
etry analysis confirmed autophagy and apopto-
sis were induced by DSF/Cu. Increased autoph-
agy activity, indicated by DsRed-LC3 puncta in
DsRed-LC3-GFP-transfected PANC-1 cells [10]
was evident after 12 h and 24 h culture in the
presence of DSF/Cu (Figure 1E, 1F). To confirm
the sequence of DSF/Cu-induced autophagy
and apoptotic events that define its anti-tumor
activity, a kinetic analysis of treatment of the
UACC-812 and PDACG cell lines over the course
of a 48 h exposure to DSF/Cu was performed.
Western blot analyses of the cell cultures indi-
cated that conversion of LC3l to LC3Il was
detectable within 8 h of exposure, whereas
cleaved PARP was detected at or around 12 h
in both cell lines (Figure 1G, 1H). The falloff in
the levels of LC3Il and cleaved PARP after 24 h
can be attributed to the decreased viability of
the cell cultures. Gray intensity values for LC3II
or cleaved PARP in the Western blot (Figure 1)
were determined by Image J software with the
mean gray value of the protein band areas
method (Figure S1). In addition, IFA staining of
PANC-1 cells for LC3Il and cleaved Caspase-3
indicated that DSF/Cu induced autophagy and
apoptosis simultaneously at a single cell level
(Figure 1l), while the number of autophago-
some puncta increased in DSF/Cu treated-
MDA-MB-231 cells compared to untreated cells
(Figure 2). Furthermore, cleaved Caspase-3
expression, another indicator of apoptosis, was
detected by flow cytometry analysis in all four
cell lines treated with DSF/Cu (Figure 3).

DSF/Cu induced apoptosis is autophagy de-
pendent

Since the autophagy pathway balances cell sur-
vival with cell death relative the extent to which
a cell can counteract various intensities of
stress, the dependency of DSF/Cu induced
apoptosis on autophagy was studied.
Wortmannin, is an inhibitor of PI3K, which is
required for autophagy [17]. Exposure of all
four carcinoma cell lines to wortmannin result-
ed in abrogation of DSF/Cu-induced autophagy
as well as apoptosis (Figure 4A-D), as indicated
by the intensity values for LC3Il and cleaved
PARP in the Western blot analyses of the treat-
ed cells (Figures 4, S2). Relative to this point,
cell viability analysis of the four carcinoma cell
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Figure 1. DSF/Cu induces in vitro both autophagy and apoptosis in breast and pancreatic cancer cell lines. The
cell lines UACC-812 (A), MDA-MB-231 (B), PDAC6 (C) and PANC-1 (D) were treated as indicated for 24 hours in the
presence or absence of CQ (20 uM, 16 hours) for detection of autophagic flux (increased LC3II/LC3I ratio in the
presence of CQ) and apoptosis (cleaved PARP). DsRed-LC3-GFP transfected PANC-1 cells treated with DSF/Cu for
12 hours (E) or 24 hours (F) were analyzed for red fluorescence LC3 positive cells by flow cytometry. UACC-812 (G)
and PDAC6 (H) cells were treated with DSF/Cu at different indicated time points, lysed and analyzed by Western
blot for expression of LC3ll/1 and cleaved PARP. PANC-1 cells treated with DSF/Cu were stained for autophagy and
apoptosis at the same time and analyzed by IFA. A representative cell stained by immunofluorescence and viewed
under confocal microscopy (600x%) (OLYMPUSDeltaVision RT IX70) is shown (l): Blue- DAPI for nucleus (top left), Red-
LC3 (bottom left) and Green-Cleaved Caspase-3 (top right) and merged (bottom right).
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Figure 2. DSF/Cu increases levels of autophagosome puncta. The cell line MDA-MB-231 was treated in the absence
(A-C) or presence (D-F) of DSF/Cu for 24 hours. Cells were harvested, fixed and permeabilized for intracellular LC3B
staining. The autophagosomes in the cytoplasm were observed by an immunofluorescence microscope (10x100)
(ZEISS AXIOScope. Al). Blue-DAPI for nucleus (A, D), Green-LC3B (B, E) and merged (C, F), autophagosomes as

indicated by the red arrows in (F).
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In order to further investigate
p ok S the mechanistic pathways
involved in DSF/Cu-induced
autophagy, given that DSF/Cu
is a functional proteasome
inhibitor and can disrupt UPR,

UACC-812 (A), MDA-MB-231 (B), PDAC6 (C) and PANC-1 (D) were treated in
the absence or presence DSF/Cu for 24 hours. Treated cells were harvested,
fixed, and permeabilized for intracellular staining of cleaved Caspase-3. Neg-
ative controls are superimposed on each graph. The percentage of cleaved

one can hypothesize that DSF/
Cu inhibits UPR and causes
increased and unresolved ER

Caspase-3 positive cells of each cell line is shown.

lines tested indicated that CQ (Figure 4E-H) or
wortmannin (Figure 4I-L) significantly blocked
the ability of DSF/Cu to induce cell death in the
four human carcinoma cell lines tested. Finally,
as expected, in the presence of Z-VAD-FMK,
which inhibits Caspase-3, a required compo-
nent of the apoptotic pathway, the ability of
DSF/Cu to induce apoptosis of the four breast
and pancreatic carcinoma cell lines was signifi-
cantly reduced as indicated by cell viability
assays (Figure 4l-L). In summary, the results of
this set of experiments indicate that induction
of apoptosis in tumor cells by DSF/Cu is depen-
dent on the initiation of autophagy prior to the
engagement of the apoptotic pathway.
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stress leading to autophagic

cell death in cancer cells.
Therefore, the impact of DSF/Cu on the three
distinct pathways that constitute the UPR,
namely, the IRE1a, ATF6a, and PERK pathways,
was evaluated by analyzing the expression lev-
els of phosphorylated IREla (pIRE1la) and
XBP1s (IREla branch), elF2a/pelF2a (PERK
branch) and calnexin (ATF6a branch), in DSF/
Cu treated and untreated cells. Surprisingly, it
was observed in Western blot analyses on all
four cell lines that DSF/Cu activated, instead
of inhibited the UPR IREL1a branch by upregulat-
ing phosphorylated IRE1la (pIRE1lx) in a dose
and time dependent manner (Figure 6A-D).
Activated IRE1q, i.e., pIRE1x, possesses both
kinase and RNase activity and triggers uncon-
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without wortmannin for 6 hours. The cells were further treated with or without DSF/Cu for 24 hours. Treated cells were lysed and analyzed by Western blot for au-
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the presence or absence of wortmannin and Z-VAD-FMK (I - UACC-812, J - MDA-MB-231, K - PDACG, L - PANC-1). Cell viability was determined by the MTT assay. Data
generated in triplicate were expressed relative to the mean of vehicle-treated cells in each experiment, for three independent experiments, and shown as mean +
SD (*P<0.05, **P<0.01, and ***P<0.001).
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with tunicamycin (1 ug/mL) for 8 hours were used as a positive control (E). Furthermore, XBP1s and its downstream targets gene ERdj4, P58IPK were detected by
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Figure 6. DSF/Cu activates the IRE1a-XBP1 axis. The cell lines were treated with the indicated doses of DSF/Cu
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(UACC-812 (A), MDA-MB-231 (B), PDACG6 (C) and PANC-1 (D)) or pIREL1x vs. non-phosphorylated IRE1a by Phos-tag
gels (UACC-812 (E), MDA-MB-231 (F), PDAC6 (G) and PANC-1 (H)), cells treated for 8 hours with tunicamycin (TM)
for inducing ER-stress were used as a positive control in Phos-tag gel assay. The UACC-812 (I) and PDAC6 (J) cell
lines were treated with DSF/Cu (0.25/1 uM) for O, 4, 8, 12, 16, 24, 36, and 48 hours. Treated cells were lysed and
analyzed by Western blot for levels of calnexin and elF2a/pelF2a, downstream components of the other two UPR

branches, ATF6a and PERK, respectively.

ventional cytoplasmic splicing of XBP1 mRNA
by splicing 26 nucleotides from the unspliced
XBP1 (XBP1u) mRNA. The resulting spliced
XBP1 mRNA is translated into the highly active
transcription factor, XBP1s, that controls genes
involved in ER membrane biosynthesis, protein
import, chaperoning, ER-associated degrada-
tion (ERAD), and cell type-specific genetic pro-
grams [20, 21]. Therefore, the impact of DSF/
Cu on XBP1s expression was determined in
several of the cancer cell lines used in this
study. As expected, DSF/Cu increased the lev-
els of spliced XBP1 at the mRNA level as deter-
mined by real-time quantitative PCR analysis
(Figure 5A, 5B) and the protein levels in the
breast carcinoma UACC-812 cell line as well as
the pancreatic carcinoma PDACG line, as deter-
mined by flow cytometry analysis (Figure 5C,
5D). To visualize XBP1u and XBP1s by gel elec-
trophoresis, we used XBP1 splicing assay and
found that both bands were detected in PANC-1
cells treated by DSF/Cu and the XBP1s was
increased in a dose and time dependent man-
ner. Furthermore, unlike XBP1u, XBP1s does
not contain a Pstl restriction site, thus Pstl
could not digest the DNA of XBP1s. DNA gel
electrophoresis of RT-PCR products digested
with the restriction enzyme Pstl from cells
treated with DSF/Cu revealed an increased
non-digested ~500 bp band (XBP1s), and
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digested ~200 and 300 bp bands (XBP1u)
(Figure BE). The classical XBP1s downstream
genes ERdj4 and P58IPK as well as XBP1s
were also elevated, quantified by qRT-PCR, in
PANC-1 cells in responding to DSF/Cu treat-
ment in a dose and time dependent manner
(Figure 5F).

Moreover, we detected increased protein levels
of pIRE1a and XBP1s in all four cell lines treat-
ed by DSF/Cu in a dose and time dependent
manner (Figure 6A-D). The detection of IRE1a
phosphorylation on Phos-tag gels as a dose
and time dependent response in all 4 cell lines
to treatment with DSF/Cu further confirmed the
results that DSF/Cu activated IRE1a-XBP1 axis
(Figure 6E-H). In contrast, the Western blot
analysis of breast carcinoma UACC-812 cells
and pancreatic carcinoma PDACG6 cells indicat-
ed little to no effect of DSF/Cu on either cal-
nexin or elF2a/pelF2a levels during a 48 h
kinetic study, respectively, ruling out a signifi-
cant participating role of the ATF6a and PERK
pathways of the UPR (Figure 6l, 6J). This finding
would indicate, therefore, that DSF/Cu induced-
UPR activation was via the IRE1a-XBP1 signal-
ing pathway. Additional confirmation that the
IRE1ac pathway is responsible for DSF/Cu
induced autophagy was obtained by an analy-
sis of the impact of STF-083010 and 4u8C,
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Figure 8. DSF/Cu and proteasome inhibitor bortezomib induce autophagy and apoptosis of cancer cells. The UACC-
812 (A) and PDACG (B) cell lines were treated with either DSF/Cu, bortezomib, or NF-kBi, at indicated doses for 24
hours. Treated cells were lysed and analyzed by Western blot for levels of LC3ll/I and cleaved PARP.

inhibitors of IRE1x endonuclease activity
involved in the formation of XBP1ls mRNA.
Following treatment of the four breast carcino-
ma and pancreatic carcinoma cell lines with
DSF/Cu in the presence or absence of STF-
083010, Western blot analysis indicated that
the inhibitor partially blocked DSF/Cu-induced
conversion of LC3Ito LC3Il and cleaved PARP in
the four cell lines (Figure 7A-D). Gray intensity
values in the Western blot (Figure 7) were
determined by Image J software (Figure S3). An
additional analysis of the cell viability on the
four carcinoma cell lines treated with DSF/Cu in
the presence or absence of STF-083010 or
4u8C was also performed. The results reflected
the involvement of IRE1a pathway in DSF/Cu
induced autophagic apoptosis by the fact that
culture in the presence of STF-083010 or 4u8C
significantly increased the cell viability of cells
treated with DSF/Cu (Figure 7E-H).

DSF/Cu acting as a proteasome inhibitor ap-
pears to induce autophagy

DSF/Cu is known to inhibit proteasome 26S
and as a consequence, inhibit NF-kKB activity
[4, 2]. To investigate whether this DSF/Cu func-
tional activity is responsible, at least in part for
induction of autophagic apoptosis in cancer
cells, the effects of inhibitors of proteasome
and NF-kB were directly compared to those of
DSF/Cu on cancer cells. Bortezomib is a spe-
cific inhibitor of the 26S proteasome and clini-
cally approved for treatment of myeloma [22]. It
inhibits the activation of NF-kB and promotes
ER stress and UPR [23, 24]. Bortezomib has
been shown to induce apoptosis of a wide
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range of human carcinoma cell lines, including
breast and pancreatic carcinoma cell lines [25,
26]. To this end, the human breast UACC-812
and pancreatic carcinoma PDAC6 cell lines
were cultured in the presence of bortezomib,
NF-kBi, or DSF/Cu and then analyzed by
Western blot for levels of autophagic and apop-
totic events, namely, conversion of LC3l to
LC3Il and cleavage of PARP. The results indi-
cated that bortezomib and NF-kBi mimicked
the effects of DSF/Cu on autophagy. Inter-
estingly, however, only bortezomib mimicked
DSF/Cu and induced both autophagy and apop-
tosis, whereas NF-kBi (at 1 and 10 yM) only
induced autophagy of both human carcinoma
cell lines tested (Figure 8).

Discussion

Tumor cells, with their more rapid growth and
proliferative rates than normal cells, have a
greater potential of being manipulated by ther-
apeutics to undergo autophagy and become
apoptotic. In this study, it is evident that DSF/
Cu, perhaps independent of its ability to inhibit
ALDH activity, promotes ER stress, UPR and
apoptosis, making it as an attractive candidate
for drug repurposing in the area of cancer
therapeutics.

DSF/Cu impacts various biochemical pathways
related to cell survival and cell death. Earlier
research, including the data from our laborato-
ry, indicated that the anti-tumor activity of DSF/
Cu was initiated by inhibition of IkBa, which
blocks the activation of NF-kB, a master tran-
scriptional factor controlling many pathways

Am J Cancer Res 2019;9(6):1266-1281



Induction of ER-stress and cytotoxic autophagy

Proteasome

)
17

DSF/Cu

Indirect
Interaction

\»

Direct
Interaction

‘_.

Autophagy

Apoptosis

IRE1a pIRE1a

F

XBP1u mRNA

XBP1s mRNA

Nucleus

@ [

.

ER Quality Control Genes
UPR Target Genes

Figure 9. Schematic diagram demonstrating the potential mechanism of DSF/Cu in induction of ER-stress and
cytotoxic autophagy. DSF/Cu may directly (via interaction with IRE1x) or indirectly (via inhibition of NPL4, protea-
some, generation of reactive oxygen species, or a combination of these mechanisms) activate the UPR IRE1a-XBP1
pathway, resulting in cytotoxic autophagy-dependent apoptosis in cancer cells.

involved in the survival, death and stemness
pathways. Consequently, the anti-tumor activity
of DSF/Cu appears to be similar to that of bort-
ezomib, a famous inhibitor of 26S proteasome
and, in fact, DSF/Cu has also been shown to be
an inhibitor of the 20S proteasome and 26S
proteasome [1].

Recent findings also indicate that the complex
of diethydithiocarbamate (a metabolite of DSF)
and copper, CUET (bis(Diethyldithiocarbamate)-
copper) [27], targets the p97 segregase adap-
tor NPL4, a component in the p97/NPL4/UFD1
pathway, which influences UPR and ER stress
[28, 29]. Inhibition of p97, which has ATPase
activity, by CB-5083, a selective and orally bio-
available inhibitor, was shown to downregulate
the degradation of post-ubiquitinated proteins
by proteasomes, which is required for homeo-
stasis [30]. As a result, CB-5083 greatly
enhanced ER stress and activation of the 3
branches of UPR, including upregulation of
XBP1s protein expression, and as expected,
induction of autophagy and apoptosis [31].
Similarly, CUET promotes aggregation of p97/
NPL4 preventing formation of p97/NPL4/UFD1
complexes and degradation of proteins marked
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for degradation, which leads to lethal ER stress
[28]. It is not clear if CuET is fully responsible
for the cytotoxic activity of DSF/Cu in vitro and
in vivo as the interplay between the activation
of the UPR IRE1a-XBP1 branch pathway and
inhibition of p97 through targeting its adaptor
NPL4 induced by DSF/Cu needs to be resolved.
Moreover, the relationship between DSF/Cu
induced-activation of IRE1La-XBP1 or inhibition
of NPL4 and proteasome, i.e., as a cause or
result of either one or both, needs to be eluci-
dated in future studies. In vitro and in vivo-
based data also demonstrate that DSF/Cu
antagonizes antioxidant levels [32] and reduc-
es the cellular antioxidant capacity to induce
ROS and activate redox signaling. Consequently,
DSF/Cu may contribute to ER stress through
redox modulation, as well.

Presently there are seven active clinical cancer
trials, including one for metastatic breast can-
cer, involving administration of DSF and Cu
(https://clinicaltrials.gov). Unfortunately, they
may not succeed because it is known that many
tumors including breast tumors have elevated
Cu levels compared to normal cells. While this
provides an opportunity for selective DSF tar-
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geting tumor over normal tissues, Cu is tumor
promoting [33, 34]. In this regard, Cu depleting
therapy using the Cu chelator, tetrathiomolyb-
date, increased relapse-free survival in patients
at high risk for breast cancer recurrence [35].
In contrast, a new epidemiological study in
Nature revealed the exciting result that admin-
istration of DSF (250 mg/daily) without exoge-
nous copper significantly reduced risk of death
from cancer, including breast cancer, in patients
with either localized or metastatic disease [28].
Moreover, a DSF-related, post-adjuvant phase
Il trial involving breast cancer was completed
involving 64 patients at high risk for metasta-
sis. They received adjuvant chemotherapy with
or without the non-FDA approved, DSF metabo-
lite, DEDTC (600 mg/weekly), in the absence of
exogenous copper. Interestingly, the trial clini-
cians were unaware of DEDTC being a DSF
metabolite [36]. Overall survival at 6 years was
81% in the group given DEDTC and chemother-
apy versus 55% for chemotherapy alone [37].
These findings strongly argue in favor of using
DSF without exogenous Cu and relying on
endogenous tumor Cu levels to form DSF/Cu
complexes.

In summary, using well-established inhibitors of
various parameters associated with autophagy,
such as LC3I/1l conversion and PARP cleavage,
the results of this study indicate that DSF/Cu
induced autophagy-dependent apoptosis in all
4 tested human breast and pancreatic carci-
noma cell lines (Figures 1, 2, 4). Furthermore,
among the three pathways associated with ER
stress and UPR, the anti-tumor activity of DSF/
Cu occurs selectively through the IRE1x path-
way with upregulation of the plIRE1a-XBP1
pathway leading to autophagic apoptosis
(Figures 5-7). The results of this study clearly
indicate the efficacy of DSF/Cu in promoting
elevated ER-stress in cancer cells, and the
potential mechanism that DSF/Cu activates
directly or indirectly the UPR IRE1x axis, result-
ing in cytotoxic autophagy of cancer cells
(Figure 9). This newly elucidated mechanism of
the anti-tumor activity of DSF/Cu warrants fur-
ther studies and highlights the utility of repur-
posing this established, safe and low-cost
pharmaceutical in treating cancers.
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Figure S1. DSF/Cu induces in vitro autophagy and apoptosis in breast and pancreatic cancer cell lines. The cell
lines were treated as indicated. Treated cells were lysed and analyzed by Western blot for expression of cleaved

PARP and LC3Il/1. The mean gray intensity values for LC3Il (UACC-812 - A, PDACG - B) or cleaved PARP (UACC-812 - C,
PDACG6 - D) were shown.
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Figure S2. DSF/Cu induced apoptosis is autophagy dependent. The cell lines were pretreated with or without wortmannin for 6 hours. The cells were further treated
with DSF/Cu for 24 hours. Treated cells were lysed and analyzed by Western blot for expression of cleaved PARP and LC3I/1l. The mean gray intensity for LC3Il (UACC-
812 - A, MDA-MB-231 - B, PDAC6 - C and PANC-1 - D) and cleaved PARP (UACC-812 - E, MDA-MB-231 - F, PDAC6 - G and PANC-1 - H) were shown.
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Figure S3. IRE1a inhibitor reduces DSF/Cu-induced autophagy and cell death. The cell lines were pretreated with or without STF-0830210 for 30 minutes and further
treated with DSF/Cu for 24 hours. Treated cells were lysed and analyzed by Western blot for expression of cleaved PARP and LC3I/Il. The mean gray intensity values
for LC3II (UACC-812 - A, MDA-MB-231 - B, PDAC6 - C and PANC-1 - D) and cleaved PARP (UACC-812 - E, MDA-MB-231 - F, PDAC6 - G and PANC-1 - H) were shown.



