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ABSTRACT

In contrast to normal tissue, cancer cells display profound alterations in protein synthesis and degradation.
Therefore, proteins that regulate endoplasmic reticulum (ER) homeostasis are being increasingly recognized
as potential therapeutic targets. The ubiquitin-proteasome system and autophagy are crucially important for
proteostasis in cells. However, interactions between autophagy, the proteasome, and ER stress pathways in
cancer remain largely undefined. This study demonstrated that withaferin-A (WA), the biologically active
withanolide extracted from Withania somnifera, significantly increased autophagosomes, but blocked the
degradation of autophagic cargo by inhibiting SNARE-mediated fusion of autophagosomes and lysosomes in
human pancreatic cancer (PC) cells. WA specifically induced proteasome inhibition and promoted the
accumulation of ubiquitinated proteins, which resulted in ER stress-mediated apoptosis. Meanwhile, the
impaired autophagy at early stage induced by WA was likely activated in response to ER stress. Importantly,
combining WA with a series of ER stress aggravators enhanced apoptosis synergistically. WA was well
tolerated in mice, and displayed synergism with ER stress aggravators to inhibit tumor growth in PC
xenografts. Taken together, these findings indicate that simultaneous suppression of 2 key intracellular
protein degradation systems rendered PC cells vulnerable to ER stress, which may represent an avenue for
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new therapeutic combinations for this disease.

Introduction

Pancreatic cancer (PC) has one of the worst prognoses among
malignant tumors. Despite advances in early diagnosis and
treatment of PC, the 5-year survival rate is less than 5% and the
median survival is only 6 mo.' This neoplasm is often resistant
to available therapeutic approaches such as radiotherapy and
chemotherapy, in part because of frequent genomic altera-
tions.” Currently, gemcitabine is the mainstay of therapy; how-
ever, response rates are less than 20%.% Thus, this lack of
effective therapeutic strategies urgently raises the need for novel
systemic treatments.

The endoplasmic reticulum (ER) is an important organelle
that plays a critical role in protein metabolism. Accumulation of
misfolded proteins in the ER initiates a specialized response
known as the unfolded protein response (UPR), which is the
major protective mechanism during ER stress.*> The UPR acti-
vates an array of ER-located sensors, including ERN1 (endoplas-
mic reticulum to nucleus signaling 1), EIF2AK3 (eukaryotic
translation initiation factor 2 o« kinase 3), and ATF6 (activating
transcription factor 6), which are normally inactivated through
interaction with HSPAS5 (heat shock protein family A (Hsp70)

member 5). The main functions of the UPR are to reduce the
amount of protein that enters the ER and to increase the folding
capacity of the ER.> Moreover, if proteins cannot be folded cor-
rectly in the ER, they are exported to the cytoplasm and degraded
by the ubiquitin-proteasome system (UPS), through a process
called ER-associated degradation (ERAD).® However, when these
adaptation strategies fail, the same system will trigger cell death
via induction of pro-apoptotic transcription factors such as
DDIT3/CHOP (DNA damage inducible transcript 3).”® Thus,
using a proteasome inhibitor may interfere with clearance of mis-
folded proteins through the ERAD system, which appears to
induce ER stress-mediated apoptosis.” In addition, unlike normal
tissues, tumor cells are exposed to chronic metabolic stress condi-
tions that favor the activation of ER stress."’ Therefore, ER
homeostasis is increasingly recognized as a promising target for
cancer therapy."'

Besides the UPS, autophagy is another evolutionarily conserved
intracellular degradation system. Macroautophagy/autophagy is
characterized by the formation of functionally double-membrane
compartments, phagophores, that sequester long-lived, misfolded
proteins as well as damaged organelles, which are subsequently
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degraded following fusion of the resulting autophagosomes with
lysosomes."' In contrast to the specific degradation of ubiquiti-
nated short-lived proteins by the proteasome, autophagy is consid-
ered to be a nonselective degradation system for long-lived
proteins. Nevertheless, evidence suggests that these 2 degradation
pathways are complementary and interlinked. Ubiquitinated pro-
teins can be degraded by selective autophagy mediated via receptor
proteins (e.g., SQSTM1/p62),'"* whereas impairment of the UPS
stimulates autophagy, which acts as a compensatory mechanism to
remove protein aggregates.'> Furthermore, recent findings indicate
that ER stress is a potent inducer of autophagy, which acts to
remove toxic and damaged proteins, and abate ER stress."®'* How-
ever, the reciprocal interactions between these pathways and their
influence on therapeutic outcomes in cancer are largely unclear.

Withaferin-A (WA), a purified steroidal lactone isolated
from the medicinal plant Withania somnifera, exhibits pro-
apoptotic and antiproliferative activities in several cancer mod-
els."”** WA targets the tumor proteasome, which leads to ubiq-
uitinated protein accumulation and induction of ER stress in
human cancer cells.””*> WA also has effects on autophagy,
although the role of autophagy in the anticancer effects of WA
remains to be determined.”>** In this study, the effect of WA
on protein homeostasis in PC cells was examined. Our data
indicate that WA induces incomplete autophagy by suppressing
the fusion of autophagosomes and lysosomes. Furthermore,
WA inhibits proteasome activity, which results in ER stress-
mediated apoptosis. Importantly, WA-mediated obstruction of
autophagy and the proteasome significantly increased the cyto-
toxic effect of ER stress aggravators in vitro and in vivo.

Results
WA induces incomplete autophagy in PC cells

As indicated in Fig. 1A, WA decreased PC cell (Panc-1,
SW1990, MIAPaCa-2, AsPC-1 and BxPc-3) survival in a dose-
dependent manner. In contrast, treatment of human pancreatic
ductal epithelial cells (HPDE) resulted in minimal loss of viable
cell when exposed to identical concentrations of WA for a simi-
lar period (Fig. 1A). To determine whether WA induced
autophagy, we first monitored autophagic alterations by analyz-
ing the abundance of MAP1LC3B/LC3B (microtubule-associ-
ated protein 1 light chain 3 p). Generally, the covalent
conjugation of a soluble form of LC3B (LC3B-I) with phospha-
tidylethanolamine to form a nonsoluble form (LC3B-II) is a
hallmark of autophagy.'? As shown in Fig. 1B and C, WA treat-
ment of Panc-1 and MIAPaCa-2 cells increased the amount of
LC3B-II protein in a dose- and time-dependent manner. Inter-
estingly, all cell lines tested displayed similar trends in LC3B-II
protein levels following WA treatment (Fig. S1). To monitor
autophagosome formation, the lentivirus vector encoding the
GFP-LC3B fusion protein was utilized. As expected, treatment
with WA increased GFP-LC3B puncta in a dose- and time-
dependent manner, indicating that there was a cumulative
increase in autophagosomes (Fig. 1D, Fig. S2). Furthermore,
transmission electron microscopy revealed an increase in auto-
phagic vacuoles in the cytoplasm of Panc-1 and MIAPaCa-2
cells exposed to WA (Fig. 1E). Collectively, these data clearly

demonstrate that WA causes the accumulation of autophago-
somes in PC cells.

Autophagosome accumulation in cells is an intermediate
process within the autophagic flux, which reflects a balance
between their rate of formation and degradation. Thus, accu-
mulation of autophagosomes in WA-treated cells could, in
principle, be explained by 3 possibilities: (1) WA induces com-
plete autophagy, (2) WA suppresses basic autophagic flux, or
(3) WA induces incomplete autophagy. To examine this, a
series of lysosomal inhibitors, bafilomycin A; (Baf-Al), chlo-
roquine (CQ), or E64D together with pepstatin, were used. As
indicated in Figure 1F, the addition of these agents dramati-
cally increased the accumulation of LC3B-II after WA (1-
2.5 uM) treatment in both Panc-1 and MIAPaCa-2 cells, sug-
gesting that WA induces autophagy (either complete autoph-
agy or incomplete autophagy). Interestingly, the abundance of
SQSTM1, an LC3B binding protein and receptor that is
degraded via autophagy,” was markedly increased in cells
treated with WA (Fig. 1F and G). In addition, when CQ was
combined with a high concentration of WA (5 uM), no differ-
ence in LC3B-II levels was observed (Fig. S3A), indicating that
a high concentration of WA saturates the ability of CQ to
block autophagic flux.

Next, dual treatment with CQ and WA plus rapamycin,
which induces autophagy by inhibiting MTOR (mechanistic
target of rapamycin [serine/threonine kinase]), resulted in a
significant increase in LC3B-II levels (Fig. 1H, Fig. S3B) as well
as the increased appearance of GFP-LC3B puncta (Fig. S3C).
Conversely, SQSTM1 levels decreased under rapamycin treat-
ment, but were markedly increased by exposure to the CQ and
WA combination (Fig. 1H, Fig. S3B). Moreover, phosphory-
lated (p)-RPS6 levels (a surrogate measure of MTOR activity)
were dramatically reduced by rapamycin treatment, but not
obviously affected by WA or CQ (Fig. 1H). In addition, WA
treatment prevented the starvation-induced degradation of
LC3B-II and SQSTM1 protein levels in both Panc-1 and MIA-
PaCa-2 cells (Fig. S4). Together, these results indicate that WA
is a potent autophagic flux inhibitor; WA-induced autophago-
some accumulation is due to impaired autophagic degradation
rather than promoting autophagic flux in PC cells.

WA inhibits the fusion of lysosomes and autophagosomes

Because autophagosome maturation depends on its fusion with
a lysosome, inhibition of the fusion process or the activation of
lysosomal proteases impairs autophagic degradation. To con-
firm whether WA suppressed the maturation of autophagy, a
tandem labeled GFP-mRFP-LC3B construct was used. The
GFP of this tandem autophagosome reporter is sensitive to pH
and quenched in the acidic environment of the lysosome,
whereas the mRFP is resistant. Therefore, the fusion of auto-
phagosomes with lysosomes results in the loss of yellow puncta
and the appearance of red-only puncta.”® As shown in Figs. 2A
and S5, in rapamycin-treated cells, only parts of the LC3B-posi-
tive puncta were yellow. Conversely, CQ and WA inhibited the
maturation of autophagy, resulting in predominantly autopha-
gosomes (yellow) in cells.

To address whether WA affects autophagosome-lysosome
fusion, we examined the colocalization of GFP-LC3B and
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Figure 1. WA specifically initiates autophagy but blocks the degradation of SQSTM1 in PC cells. (A) Panc-1, SW1990, MIAPaCa-2, AsPC-1, BxPc-3 and HPDE cells were treated
with increasing concentrations of WA (0.5-5 ©M) for 48 h; viable cells were quantified using the MTS assay. Data are presented as mean =+ SD from 3 independent experi-
ments. (B and C) Panc-1 and MIAPaCa-2 cells were treated for 24 h with the indicated concentrations of WA, or cells were treated with 2.5 «M WA for the indicated times.
Levels of protein expression were analyzed by western blot using antibodies against LC3B and GAPDH. (D) Panc-1 cells transfected with GFP-LC3B were treated with the indi-
cated concentrations of WA for 24 h, or treated with 2.5 uM WA for the indicated period of time. The number of GFP-LC3B dots in each cell was quantified, and at least 50
cells were included for each group. Data are presented as mean =+ SD from 3 independent experiments (%, p < 0.05; **, p < 0.01; ™, p < 0.001). Scale bar: 20 pm. (E)
Panc-1 and MIAPaCa-2 cells treated with DMSO (<0.1%) or WA (2.5 «M) for 24 h were imaged by transmission electron microscopy. Representative images of cells are
shown. A magnified view of the electron photomicrograph shows a characteristic autophagosome. Arrowhead, autophagic vacuoles; N, nuclear. Quantification of the number
of autophagic vacuoles from at least 20 randomly selected areas is shown (***, p < 0.001). Scale bar: 500 nm. (F) Panc-1 and MIAPaCa-2 cells were either untreated or
treated with WA (1-2.5 M) for 24 h in the absence or presence of Baf-A1 (100 nM), CQ (10 M) or E64D together with pepstatin (P/E; 10 reg/ml). The indicated protein lev-
els were analyzed by western blot. (G) Panc-1 cells were treated with DMSO (<0.1%), CQ (10 M) or WA (2.5 uM) for 24 h followed by immunostaining with an anti-
SQSTM1 antibody. Nuclei are counterstained with DAPI (blue). Scale bar: 20 ;«m. (H) Panc-1 cells were pretreated with Rap (100 nM) for 30 min, followed by treatment with
2.5 #M WA or 10 uM CQ for another 24 h, and then the indicated protein levels were analyzed by western blot.

LysoTracker Red, a specific dye for live cell lysosome labeling.  findings indicate that WA blocks the fusion of autophago-
As a positive control, rapamycin treatment induced a remark-  somes with lysosomes.

able increase of GFP-LC3B puncta, which were well colocal- Subsequent experiments were performed to ascertain the mech-
ized with LysoTracker Red. In contrast, GFP-LC3B puncta anism(s) by which WA causes impaired autophagy. First, expres-
were greatly increased in WA-treated cells and did not coloc-  sion of several autophagy-related (ATG) proteins was investigated.
alize with LysoTracker Red (Fig. S6A). The intensity of Lyso- Paradoxically, WA markedly decreased expression levels of
Tracker Red dye can be changed by pH alteration; therefore ~BECNI, whereas it increased expression levels of ATG14 (Fig. 2B).
we examined the colocalization of GFP-LC3B and LAMP2 Interestingly, downregulation of BECN1 did not attenuate the
(lysosomal-associated membrane protein 2), a marker for accumulation of LC3B-II or appearance of GFP-LC3B puncta
endosomal and lysosomal membranes. As shown in induced by WA, whereas autophagosome accumulation elicited by
Figure S6B, WA-treated cells exhibited separation of GFP- WA was significantly abrogated after knockdown of ATGS5 or
LC3B puncta and LAMP2. In contrast, GFP-LC3B was well ATG7 (Fig. S7), suggesting WA-induced autophagosome accumu-
colocalized with LAMP2 during rapamycin treatment. These lation was autophagy-dependent. Because RAB5 (early endosome



1524 X. LI ET AL

A B

enlarged

GFP-LC3B RFP-LC3B Merge

- 05 1 25 5 - 05 1 25 5 WA(uM)
————-—--“ATGM

— e

T

DMSO

’——-—-I |——-—--—-‘ ATGS

l---——-—-| |““—-—~— ‘BECNI

[ ——— | |- - ®— w—| GAPDH

Panc-1 MIAPaCa-2

+CQ

C +Baf-A1
DMSO WA

DMSO WA

+WA
Panc-1

+Rap
MIAPaCa-2

125+ ] RFP*GFP* D
B RFPGFP & Panc-1 MIAPaCa-2
« 1004 as e DMSO 2 DMSsO
S = PP o]=—wa o]—wa
o © ] @ — WA+Baf-ALl @] — WA+Baf-Al
g?
£ o P | 3 2 \
2s . T W A M
P
F R B TR
s g E 1/ 1/ 40 =41 } i\
2 ] 3
=T o] W L =L { AN\ N TR Y/
3 il Bopd o | LN
d = 100 10" 107 10° 10t  10” 10" 107 10° 10*
DMSO +CQ +WA +Rap LysoTracker Red ———————————————
E = cTse F
120 cTSD
. DMSO WA
T
4*;"‘“ E kg 0 05 1 2 0 05 1 2 Time after EGF ()
£ CLLEI LLTee
o
o 60
% w [ == o» o o == a» e | crroH
-8
@
£ Panc-1
§ 20
0 051 255 0 051 255
WA (1 M)

Figure 2. WA inhibits the fusion of lysosomes with autophagosomes, but has no effect on lysosomal function and degradation of endocytic cargo. (A) Panc-1 cells were
transiently transfected with GFP-mRFP-LC3B for 48 h and subsequently treated with CQ (10 «M), WA (2.5 M), or Rap (100 nM) for 12 h, and then observed for the
change of both green and red fluorescence using a confocal microscope. Scale bar: 20 um (white) and 2 um (blue). Lower panel, the numbers of acidified autophago-
somes (GFP~ RFP™) versus neutral autophagosomes (GFP*RFP™) per cell in each condition were quantified. Data are presented as mean = SD from 3 independent experi-
ments (N.S, not significant; *, p < 0.05; ***, P < 0.001). (B) western blot analysis of autophagy-related protein levels after Panc-1 and MIAPaCa-2 cells were treated with
WA for 24 h at the indicated concentrations. (C) Panc-1 and MIAPaCa-2 cells were either untreated or treated with WA (2.5 ;M) for 24 h in the absence or presence of
Baf-A1 (100 nM), then stained with acridine orange (1 mg/ml for 15 min). Representative results of 2 independent experiments are shown. Scale bar: 100 uwm. (D) FACS
analysis of LysoTracker Red after Panc-1 and MIAPaCa-2 cells were treated without or with WA (2.5 M) in the absence or presence of Baf-A1 (100 nM) for 24 h. (E) Enzy-
matic activity of CTSB and CTSD in WA-treated Panc-1 cells. Cells were treated with WA for 24 h at the indicated concentrations. Enzymatic activity was analyzed using flu-
orogenic kits. Data are presented as mean & SD from 3 independent experiments. (F) Panc-1 cells were serum-starved overnight, and incubated without or with WA
(2.5 uM) for 12 h before stimulating with 100 ng/ml EGF for 0, 0.5, 1 and 2 h. EGFR protein levels were analyzed by western blot.

marker), RAB7 (late endosome marker), RAB11 (recycling
endosome marker), and LAMP1 are critical for lysosome fusion
with endosomes and autophagosomes,” we examined the effects
of WA on the expression of these proteins by western blot analysis.
Interestingly, treating cells with WA increased the levels of RAB5
and RAB7 in a dose-dependent manner (Fig. S8A). However, no
apparent change was detected in RAB11 or LAMP1 expression
(Fig. S8A). These data suggested that the mechanism by which
WA blocked autophagosome-lysosome fusion was not due to
reduced expression of these proteins.

As autophagosome-lysosome fusion depends on the pH in
acidic compartments,28 we first used acridine orange (AO; a
dye that accumulates in intracellular acidic vesicles) staining to
evaluate lysosomal pH. As shown in Figure 2C, treating cells
with WA resulted in a significant increase in acidic vesicles
compared to the control. In contrast, treating with Baf-Al, a
selective inhibitor of the vacuolar-type H*-translocating
ATPase that can raise the pH of acidic compartments, resulted
in a considerable decrease in acidic vesicles. LysoTracker Red
manifests red fluorescence in a pH-dependent manner in the



lysosome. Our measurements also indicated that the Lyso-
Tracker Red fluorescent intensities were significantly enhanced
in WA-treated cells, but were dramatically decreased in Baf-
Al-treated cells (Fig. 2D). Thus, our data indicated that
impaired autophagic flux induced by WA was not due to inhi-
bition of lysosomal acidification.

Autophagy is a process involved in the proteolytic degrada-
tion of cellular macromolecules in lysosomes, which requires
the activity of proteases. Cathepsins are the most studied lyso-
somal proteases that participate in autophagic degradation.*
We next investigated whether WA treatment affects the expres-
sion and maturation process of 2 main cathepsins, CTSB
(cathepsin B) and CTSD (cathepsin D). As shown in Fig. S8B,
WA had no affect on CTSB and CTSD protein levels in Panc-1
and MIAPaCa-2 cells, including both precursors and mature
forms. Consistently, the enzymatic activity of CTSB and CTSD
had not changed upon WA treatment (Fig. 2E). Finally, we
used EGFR (epidermal growth factor receptor) as an endoge-
nous substrate to monitor lysosomal activity. EGFR is a typical
member of the receptor tyrosine kinase family, which after
ligand binding-induced activation is endocytosed and delivered
to lysosomes for degradation. In this assay, Panc-1 cells were
treated with EGF for 0.5, 1 or 2 h in the presence or absence of
WA, and the rate of EGFR degradation was assessed by western
blot analysis. Consistent with our results from the cathepsin
activity assay, no defect in ligand-induced EGFR degradation
was observed after WA treatment (Fig. 2F).

Taken together, these data demonstrate that, although WA
blocks the fusion of autophagosomes with lysosomes, this
blockade has no effect on lysosomal functions or the degrada-
tion of endocytic cargo.

WA disrupted the function of the SNAREs

Recently, an elegant study demonstrated that fusion of auto-
phagosomes with lysosomes is mediated by soluble N-ethyl-
maleimide-sensitive factor attachment protein receptors
(SNAREs), which are composed of STX17 (syntaxin 17),
SNAP29 (synaptosome associated protein 29kDa), and
VAMPS (vesicle-associated membrane protein 8).%° Thus, we
sought to determine whether WA blocks the fusion of auto-
phagosomes with lysosomes by disrupting the function of
SNAREs. As shown in Fig. 3A, levels of STX17 and SNAP29
decreased in a dose-dependent manner in WA-treated cells,
whereas the abundance of SQSTM1 was markedly increased.
Consistent with previous results,”® knockdown of STX17 or
SNAP29 caused dramatic accumulation of LC3B-II and
SQSTML1 in cells, even under normal conditions (Fig. 3B). In
agreement with this finding, transient transfection of Panc-1
cells with GFP-mRFP-LC3B led to the formation of many yel-
low LC3B-positive puncta after knockdown of these SNARE
proteins (Fig. 3C), suggesting that loss of function of these
SNAREs inhibits autophagosome maturation. Furthermore,
SNAP29 siRNA alone further increased LC3B-II levels under
treatment with a low concentration of WA (1 uM) (Fig. 3D).
Conversely, in cells exposed to high WA concentrations
(5 uM), LC3B-II levels did not increase further, regardless of
SNAP29 knockdown (Fig. 3D), which was supportive of high
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WA concentrations (5 wM) being sufficient to block the
fusion of lysosomes and autophagosomes.

To confirm that downregulation of STX17 and SNAP29 is
the leading cause of WA-induced autophagy inhibition, Panc-1
and MIAPaCa-2 cells were either mock infected or infected
with lentiviral vectors carrying the genes for STX17, SNAP29,
or STX17 plus SNAP29, and then treated with WA (1-2.5 uM)
or DMSO. As shown in Fig. 3E and S9A, compared with
cells overexpressing STX17 or SNAP29 only, co-overexpression
of STX17 and SNAP29, which had no significant effect on
BECNI1 expression, cooperatively reversed WA-induced LC3B-
II and SQSTM1 accumulation. In contrast, BECN1 overexpres-
sion did not alter the expression of LC3B-II, SQSTM1, STX17
or SNAP29 affected by WA (Fig. 3F; Fig. S9B). Furthermore,
transmission electron microscopy was used to observe the cel-
lular ultrastructures. High magnification images clearly showed
accumulation of autophagic vacuoles in the cytoplasm of
mock-infected cells exposed to WA (Fig. 3G; Fig. S9C). Of
note, most of these accumulated autophagic vacuoles contained
intact cytoplasmic material without any features of degrada-
tion. More remarkably, WA-treated cells with co-overexpres-
sion of STX17 and SNAP29 exhibited numerous autolysosomes
as well as hybrid autolysosomes fused with early endosomes or
late endosomes, compared with the control. This observation
indicates that co-overexpression of STX17 and SNAP29 accel-
erates autophagosome maturation under WA treatment. From
these results, we conclude that WA inhibits the fusion of lyso-
somes and autophagosomes by disrupting the function of
SNAREs.

WA inhibits proteasome activity and induces ER
stress-related apoptosis in PC cells

Increasing evidence suggests that the UPS and autophagy are
interdependent,'* whereas it has been reported that the tumor
proteasome is a target of WA.?' Thus, we sought to determine
whether the incomplete autophagy induced by WA was associ-
ated with proteasome inhibition. As shown in Fig. 4A, WA pro-
gressively inhibited the proteasomal chymotrypsin-like activity
in a dose-dependent manner in Panc-1 and MIAPaCa-2 cells.
Meanwhile, the level of ubiquitinated proteins dose-depen-
dently increased (Fig. 4B), suggesting WA inhibited proteasome
activity. It is generally thought that inhibition of autophagy can
damage bulk protein degradation by lysosomes, leading to pro-
tein aggregation.'* Unexpectedly, the autophagy inhibitor CQ
caused a slight elevation in the level of ubiquitinated proteins
in Panc-1 cells, even at lethal concentrations (Fig. S10), suggest-
ing WA-induced ubiquitinated protein accumulation primarily
through proteasome inhibition.

To verify whether ER stress was involved in WA-induced
proteasome inhibition, cells were stained with the ER-specific
marker CANX (calnexin; a calcium-binding protein embedded
in the ER membrane). In untreated cells, the ER had a reticular
pattern, whereas following WA treatment, numerous cyto-
plasmic vacuoles appeared (Fig. 4C). Furthermore, WA dose-
dependently increased the levels of ERN1, p-EIF2A, HSPAS5,
and DDIT3, and decreased the levels of ATF6/p90 as distinc-
tively as the typical ER stress inducer tunicamycin (TM)
(Fig. 4D). These results indicate that WA induced ER stress.
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Figure 4. WA inhibits proteasome activity and induces ER stress-related apoptosis in PC cells. (A and B) WA affected ubiquitin-proteasomal activity in PC cells. Panc-1 and
MIAPaCa-2 cells were treated with either DMSO (<0.1%) or the indicated concentrations of WA for 24 h, followed by measuring inhibition of the proteasomal chymotryp-
sin (CT)-like activity using a cell-based assay (A) and western blot analysis using specific antibodies to ubiquitin (B). Data are presented as mean =+ SD from 3 independent
experiments (%, p < 0.05; **, p < 0.01; ***, p < 0.001). (C) Panc-1 and MIAPaCa-2 cells were treated with DMSO (<0.1%) or WA (2.5 M) for 24 h followed by immunos-
taining with an anti-CANX antibody. Nuclei are counterstained with DAPI (blue). Arrows indicate dilated ER cavities. Scale bar: 10 pm. (D) Western blot analysis of ER
stress-related protein levels after Panc-1 and MIAPaCa-2 cells were treated with the indicated concentrations of WA or tunicamycin (TM, 10 xg/ml) for 24 h. (E) Apoptotic
cells were detected by flow cytometry using an ANXA5-FITC staining assay after cells were treated as described in (A). Data are presented as mean £ SD from 3 indepen-
dent experiments (%, p < 0.05; **, p < 0.01; ™™, p < 0.001). (F) Western blot analysis of PARP1, CASP9, CASP8 and cleaved (C)-CASP3 levels after cells were treated as
described in (A). (G) Panc-1 cells were pretreated or not with CHX (1 mg/ml) for 1 h, followed by treatment with the indicated concentrations of WA for 24 h. The ubiquiti-
nated protein levels (upper panel) and the cell viability (lower panel) were determined by western blot and MTS assay, respectively. Data are presented as mean 4 SD
from 3 independent experiments (*, p < 0.05). (H) Panc-1 and MIAPaCa-2 cells were pretreated with TUDCA (1 mM) for 30 min, and then exposed to WA (2.5 «M) for
24 h. The indicated protein levels (upper panel) and the apoptotic cells (lower panel) were determined by western blot and ANXA5-FITC staining assay, respectively. Data
are presented as mean =+ SD from 3 independent experiments (*, p < 0.05). (I) Panc-1 cells were transfected with DDIT3 siRNAs (#1 and #2) for 48 h and then cells were
treated with WA (2.5 M) for an additional 24 h. The indicated protein levels (upper panel) and the apoptotic cells (lower panel) were determined by western blot and
ANXAS5-FITC staining assay, respectively. Data are presented as mean =+ SD from 3 independent experiments (*, p < 0.05).

We next determined whether WA-induced ER stress was
related to apoptosis. First, ANXA5/annexin V-FITC staining
assays revealed that WA increased cellular apoptosis in a dose-
dependent manner (Fig. 4E). Moreover, WA effectively induced
cleavage of PARP1 (poly[ADP-ribose] polymerase 1), CASP9
(caspase 9), CASP8 (caspase 8) and CASP3 (caspase 3)
(Fig. 4F). Pretreatment of cells with zZVAD-fmk (a pan-caspase
inhibitor) almost completely blocked WA-induced cell death,
whereas the RIPKI1 (receptor interacting serine/threonine
kinase 1) inhibitor necrostatin-1, which is an inhibitor of pro-
grammed necrotic cell death,”" was unable to block cell death
in this system (Fig. S11). These data suggest that WA causes

caspase-dependent apoptosis in PC cells. Subsequently, it was
found that cycloheximide (CHX), an inhibitor of protein syn-
thesis, significantly reduced WA-induced ubiquitinated protein
accumulation and delayed the cell death response to WA, sug-
gesting that proteotoxicity is important for the effect of WA
(Fig. 4G). Moreover, the ER stress inhibitor tauroursodeoxy-
cholic acid (TUDCA), which significantly suppressed
WA-induced ER stress, strongly reduced PARP1 and CASP3
cleavage in WA-treated cultures concomitant with decreased
WA-induced apoptosis (Fig. 4H). Interestingly, TUDCA atten-
uated WA-elicited formation of LC3B-II, although LC3B-II
expression was not depressed to the basal level (Fig. 4H).
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However, TUDCA-treatment had no apparent effect on WA-
induced downregulation of STX17 and SNAP29 levels. DDIT3
is generally considered to be a key pro-apoptotic factor during
ER stress.”® Similarly, knockdown of DDIT3 markedly attenu-
ated WA-induced apoptosis and LC3B-II formation (Fig. 4I).
Together, these results indicate that WA inhibited proteasome
activity and triggered ER stress, which subsequently induced
apoptosis and autophagy in PC cells.

Simultaneous inhibition of autophagy and the proteasome
triggers cell death through elevating ER stress

One purpose for upregulation of autophagy by ER stress is to
remove misfolded protein aggregates, which in turn ameliorates
ER stress.'*'® Indeed, confocal microscopy indicated that the
GFP-LC3B puncta colocalized with ubiquitinated aggregates in
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WA-treated cells (Fig. 5A). However, WA-induced autophagy
becomes impaired at the late stage of autophagy, which hinders
autophagic function as a compensatory mechanism to reduce
proteotoxicity. Moreover, coincubation with WA and CQ failed
to augment the accumulation of ubiquitinated proteins and
expression of HSPA5 and DDIT3 compared with WA alone
(Fig. 5B and C). In contrast, compared with control cells, there
was a significant reduction in the cleavage of PARP1 as well as
expression of HSPA5 and DDIT3 in STX17- and SNAP29-co-
overexpressing cells after treatment with WA (Fig. 5D). How-
ever, pretreatment of the cells with CQ almost completely
blocked the effect of STX17 and SNAP29 co-overexpression
(Fig. 5D). This result suggested that reversal of the impaired
autophagy induced by WA was likely a cytoprotective effect.
Interestingly, there was a pronounced increase in the cleavage
of CASP3 and PARP1 in BECNI-overexpression cells after
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treatment with WA (Fig. S12), indicating that BECN1 exerts an
autophagy-independent tumor suppressive effect in PC cells
upon exposure to WA.

To further verify the above hypothesis, the canonical protea-
some inhibitor bortezomib was used. It has been reported that
bortezomib induces autophagy in PC cells.”* Consistent with a
previous report, bortezomib treatment of Panc-1 and MIA-
PaCa-2 cells increased LC3B-II protein levels, whereas the level
of SNARE proteins was unaltered (Fig. S13). Moreover, CQ
dramatically increased the accumulation of LC3B-II after borte-
zomib exposure, indicating that autophagic flux was enhanced
(Fig. 6A). Furthermore, knockdown of ATG5, ATG7 or both,
simultaneously augmented bortezomib-induced expression of
HSPA5 and DDIT3, as well as PARP1 cleavage and ubiquiti-
nated protein accumulation in Panc-1 cells (Fig. 6B and C),
indicating a protective role for autophagy in bortezomib-
induced proteotoxicity. Similar results were generated in MIA-
PaCa-2 cells (data not shown). Additionally, CQ and WA
potentiated bortezomib-induced ER stress and cell death
(Fig. 6D-F). Interestingly, while both CQ and WA were able to
sensitize cells to bortezomib when applied alone, the addition
of CQ together with WA had no additional sensitizing effect on
bortezomib-induced toxicity compared to WA alone (Fig. 6F;
Fig. S14). This indicates that CQ and WA sensitize cells to bor-
tezomib largely though the same mechanism. Collectively, these
results indicate that autophagy has a protective role against
bortezomib-induced proteotoxicity, and simultaneous inhibi-
tion of autophagy and the proteasome triggers cell death by ele-
vating ER stress.
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The combination of WA with ER stress aggravators causes
synergistic enhancement of apoptosis in PC cells

Because WA and bortezomib are both proteasome inhibitors,
the ability of WA to sensitize PC cells to other cytotoxic agents,
including DNA-damaging agents (cisplatin and epirubicin),
anti-metabolite agents (gemcitabine and 5-fluorouracil), an
anti-mitotic agent (paclitaxel), and a death receptor agonist
(TNFSF10/TRAIL), was examined. Combined treatment with
WA and cisplatin, paclitaxel, epirubicin or TNFSF10 synergisti-
cally reduced viability and induced PARP1 cleavage in Panc-1
and MIAPaCa-2 cells (Fig. 7A and B). Morphological and iso-
bologram analyses demonstrated that these combination treat-
ments acted synergistically (Fig. S15). Conversely, the
combination of either gemcitabine or 5-fluorouracil with WA
did not exhibit synergistic effects (Fig. 7A).

Interestingly, combined treatment of WA with cisplatin,
paclitaxel, epirubicin or TNFSF10 resulted in a significant
increase in ER stress-associated proteins compared with either
agent alone (Fig. 7B). Of note, treatment of cells with cisplatin,
paclitaxel, epirubicin or TNFSF10 alone (for 24 h) also induced
accumulation of ER stress-associated proteins (Fig. 7B). How-
ever, gemcitabine or 5-fluorouracil alone did not induce ER
stress nor enhance WA-induced ER stress (Fig. S16). In addi-
tion, combination of WA with these ER stress aggravators
caused further elevations in LC3B-II levels (Fig. 7C), whereas
they had no synergistic effects on proteasomal chymotrypsin-
like activity (Fig. 7D). These data suggest that WA may syner-
gize with cytotoxic agents by augmenting ER stress. To enhance

A SIATG7 SIATG7
=+ - & Bor SINC  SIATG7 siATGS  + SINC  SIATG7 SIATGS  +
H -+ + ca SIATG5 SIATGS
N LC3B-1 - + - + - + - + Bor Bor
é LC3B-1I — s e — ATG7
s
e ——==
-z — —_ — PARP1
> LC3B-1 — T =T = | v !
& S LS & 8 2 :
s LC3B-II P——m—a] P - Ubiqutin
< = = =
e SR
- —— - LC3B-I
© e LC3B-1I
‘ —--————I GAPDH
Panc-1
D -+ + + Bor E + - + - + Bor F
- - ca -+ 4+ - ca
WA T -
3
’ - —— -—--‘ HSPAS z
3
’-—-—-.--:..‘-‘ DDIT3 5
Ubiqutin 8

o~ g e

PARP1
C-PARP1

l———-——.—} GAPDH

Bor

= Panc-1
|—-—--— GAPDH

Panc-1

Figure 6. Inhibition of autophagy augments proteasome inhibitor-induced cell death through elevating ER stress in PC cells. (A) Panc-1 and MIAPaCa-2 cells were either

untreated or treated with Bor (100 nM) for 24 h in the absence or presence of CQ (1
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tein levels were analyzed by western blot. (D and E) Panc-1 cells were treated with Bor (100 nM) for 24 h in the absence or presence of CQ (10 «M) or WA (2.5 uM). The

indicated protein levels were analyzed by western blot. (F) Cell viability (MTS) of

Panc-1 cells treated with Bor (100 nM) for 24 h in the absence or presence of CQ

(10 12M) or/and WA (2.5 M). Data are presented as mean == SD from 3 independent experiments (N.S, not significant; *, p < 0.05; *, p < 0.05).
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Figure 7. WA sensitizes PC cells to multiple cytotoxic agents by augmenting ER stress. (A) Panc-1 and MIAPaCa-2 cells were pretreated with WA (2.5 uM), and then
exposed to gemcitabine (GEM, 50 M), cisplatin (DDP, 20 uM), paclitaxel (PTX, 200 nM), 5-fluorouracil (5-FU, 50 M), epirubicin (EPI, 200 nM) or TNFSF10 (50 ng/ml) for
24 h. Cell viability was measured by MTS assay. Data are presented as mean = SD from 3 independent experiments (*, p < 0.05; and synergistic [#, Cl < 1] effect are indi-
cated). (Band C) Panc-1 and MIAPaCa-2 cells were pretreated with WA (2.5 M), and then exposed to cisplatin (DDP, 20 M), paclitaxel (PTX, 200 nM), epirubicin (EPI,
200 nM) or TNFSF10 (50 ng/ml) for 24 h. After treatment, the indicated protein levels were analyzed by western blot. (D) Panc-1 and MIAPaCa-2 cells were treated as
described in (B). The proteasomal chymotrypsin (CT)-like activity was measured by a cell-based assay. Data are presented as mean =+ SD from 3 independent experiments
(%, p < 0.05). (E) Panc-1 and MIAPaCa-2 cells were treated with WA (2.5 .M) and/or tunicamycin (TM, 10 ng/ml) for 24 h. The indicated protein levels were analyzed by
western blot. (F) Panc-1 cells were pretreated with CHX (1 mg/ml) or TUDCA (1 mM) for 30 min, and then cells were exposed to the combination treatment as described
in (B) for 24 h. The apoptotic cells were determined by ANXA5-FITC staining assay. Data are presented as mean =+ SD from 3 independent experiments (*, p < 0.05). (G)
Panc-1 cells were transfected with ATG5, ATG7, or BECNT siRNA for 48 h, and then exposed to cisplatin (DDP, 20 M), paclitaxel (PTX, 200 nM), epirubicin (EPI, 200 nM) or
TNFSF10 (50 ng/ml) in the absence or presence of WA (2.5 M) for an additional 24 h. Cell viability was measured by MTS assay. Data are presented as mean =+ SD from
3 independent experiments (N.S, not significant; *, p < 0.05). (H) Panc-1 cells were treated with cisplatin (DDP, 20 1+M), paclitaxel (PTX, 200 nM), epirubicin (EPI, 200 nM)
or TNFSF10 (50 ng/ml) for 24 h in the absence or presence of CQ (10 xM) or Bor (100 nM) or both. Cell viability was measured by MTS assay. Data are presented as

mean = SD from 3 independent experiments (N.S, not significant; *, p < 0.05; *, p < 0.05).

ER stress, TM was applied with WA, leading to, as expected, a
significant increase in PARP1 and CASP3 cleavage as well as
LC3B-II levels compared with either agent alone (Fig. 7E). Con-
versely, pretreatment with CHX or TUDCA attenuated the
cytotoxicity induced by combination treatment (Fig. 7F).

Because these data suggested that WA inhibits autophagic
flux, it was investigated whether WA sensitizes these ER stress
aggravators though the same mechanism. As shown in Fig. 7G,
suppression of autophagy by BECN1, ATG7 or ATG5 knock-
down augmented cell death induced by the majority of ER
stress aggravators, except for paclitaxel; however, none of the
single drugs achieved the effect of combining with WA. More-
over, knockdown of BECN1, ATG7 or ATG5 neither enhanced
WA-induced cell death nor augmented the effects of the combi-
nation of WA and ER stress aggravators. Furthermore, while
both CQ and bortezomib alone sensitized cells to the ER stress
aggravators, the addition of CQ to bortezomib had an addi-
tional sensitizing effect on inducing toxicity compared with
either agent alone (Fig. 7H). Taken together, these data demon-
strate that simultaneous inhibition of the proteasome and
autophagy renders PC cells vulnerable to ER stress.

WA enhances the therapeutic efficacy of ER stress
aggravators in PC xenografts

To translate the above results to an in vivo setting, Panc-1 cell
pancreatic tumor xenograft models were established. At 21 d
post-cell injection, mice with tumors of 100 mm”> were ran-
domly assigned to vehicle, WA alone, epirubicin alone, cis-
platin alone, WA + epirubicin, or WA + cisplatin. All
treatments were administered for 24 d. As depicted in Fig. 8A,
there were minimal effect on tumor volume after WA or epiru-
bicin administration compared with vehicle group at d 45 (p =
0.052; p = 0.047). As expected, the WA and epirubicin or WA
and cisplatin combinations significantly reduced tumor volume
(p < 0.001). Consistent with the tumor volumes, mean tumor
weights were substantially reduced in the combination groups
compared with the single-drug groups (Fig. 8B). Notably, mice
receiving epirubicin and cisplatin appeared to be sick, with loss
of appetite and weight loss; however, no other significant toxic-
ity in terms of progressive weight loss was observed in the com-
bination groups (Fig. S17). In addition, although there was no
difference, WA alone or the combination treatment caused



inhibition of the proteasomal chymotrypsin-like activity in vivo
(Fig. 8C).

As shown in Fig. 8D, immunohistochemical hematoxylin
and eosin (H&E) staining of samples from mice treated in the
combination group demonstrated that cell density was lower
than in the single-drug groups. MKI67 staining confirmed a
pronounced reduction in cell proliferation, whereas TUNEL
staining revealed a significant increase in the number of apo-
ptotic cells after combination treatment compared with either
drug alone. Expression levels of LC3B and SQSTMI1 were
assessed as a measure of autophagy, with the finding that vehi-
cle-treated control tumors had low expression levels of LC3B
and SQSTM1, whereas epirubicin or cisplatin slightly increased
LC3B expression and decreased SQSTM1 expression, implying
that autophagy was activated. Conversely, WA administration
significantly increased the expression of LC3B and SQSTMI,
which was further enhanced by combination therapy, indicat-
ing that WA inhibits epirubicin- or cisplatin-induced auto-
phagy in vivo. To confirm these results, western blot and
electron microscopy analyses were carried out. As shown in
Fig. 8E, tissue lysates from harvested tumors revealed that WA
treatment reduced the protein levels of STX17 and SNAP29
and induced LC3B-II and SQSTM1 accumulation even in com-
bined treatments. Electron microscopy showed accumulation
of autophagosomes containing cytoplasmic material without
degradation after WA treatment alone or in combination with
chemotherapeutic drugs (Fig. 8F), indicating that WA also
induced incomplete autophagy in vivo.

Thus, these findings corroborate the in vitro data, verifying
the synergistic antitumor activity of the combination of WA
with ER stress aggravators in human PC.

Discussion

Here, we report that WA inhibited proteasome activity and
triggered ER stress, resulting in apoptosis induction and
autophagy in PC cells. However, WA-induced autophagy
impairment at a late stage was likely due to blocking SNARE-
mediated fusion of autophagosomes with lysosomes, whereas
overexpression of SNAREs corrected the autophagosome
fusion blockage in WA-treated cells. Furthermore, WA signifi-
cantly increased the cytotoxic effect of ER stress aggravators in
vitro and in vivo, suggesting that simultaneous inhibition of the
ubiquitin-proteasome system and autophagy rendered PC cells
vulnerable to ER stress.

UPS-mediated proteolysis consists of 2 steps: ubiquitination
and proteasomal degradation, which is involved in the regula-
tion of cell proliferation, differentiation, survival, and apopto-
sis.”® Thus, targeting of its pathway has emerged as effective
antitumor approach.* Moreover, proteasome inhibition
appears to prevent the clearance of misfolded proteins through
the ERAD system, possibly triggering ER stress-mediated apo-
ptosis. Indeed, it has been widely reported that ER stress is
implicated in antitumoral effects of proteasome inhibitors.**>°
Consistent with previous research,”"** the present study dem-
onstrated that WA inhibited proteasome activity and accumula-
tion of ubiquitinated proteins in PC cells. Subsequent
investigations revealed that CHX attenuated WA-induced cell
death, indicating that proteotoxicity is important for the effect
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of WA. Furthermore, pretreatment with the ER stress inhibitor
TUDCA or DDIT3 siRNA dramatically attenuated WA-induced
apoptosis, leading to the suggestion that ER stress is directly
involved in WA-induced apoptosis. Similarly, WA promotes
ER stress-induced apoptosis in human renal carcinoma cells.””

Accumulating data indicate that ER stress is a potent trigger
of autophagy.'®'® In these cases, ER stress-induced autophagy
counterbalances ER expansion, removes aggregated proteins,
and has a cytoprotective function. In this study, we also found
that WA treatment of PC cells stimulated the formation of
autophagic vacuoles, and promoted GFP-LC3B redistribution
and the accumulation of LC3B-II, all of which confirmed that
autophagy was activated. Similar to our findings, WA has also
been demonstrated to have effects on autophagy, although the
role of autophagy in the anticancer effects of WA remains to be
determined.”»** Moreover, pretreatment with TUDCA par-
tially reduced WA-induced LC3B-II accumulation, suggesting
that ER stress precedes WA-induced autophagy. Previous stud-
ies reported that major transducers of the UPR, EIF2AK3,
EIF2A, ATF4 and DDIT3, are able to induce autophagy
through ER stress.”®*” In accordance with this, accumulation of
LC3B-II was partially ameliorated in DDIT3-depleted cells,
which further supports the idea that ER stress occurs upstream
of WA-induced autophagy.

Inhibition of autophagy leading to the accumulation of
autophagy substrates and receptors may lie upstream of protea-
somal dysfunction in certain cases.*” Under these conditions,
detection of SQSTMI levels concomitant with LC3B conver-
sion has been proposed to be useful in monitoring autophagic
flux.*> The present findings clearly indicate that WA treatment
blocks autophagic flux in PC cells, while SQSTM1 failed to
be degraded. In addition, results obtained using either
LysoTracker Red, LAMP2 (a marker of endosomal and lyso-
somal membranes), or a tandem-labeled GFP-mRFP-LC3B
construct demonstrated that autophagosomes remained sepa-
rate from lysosomes for the duration of WA treatment. Thus,
autophagy did not occur normally and was impaired at the lat-
ter stages. Interestingly, although WA enlarged the lysosomal
compartment, which retained the ability to be stained by Lyso-
Tracker Red, no changes in lysosomal pH or a reduction in pro-
teolytic activity were observed after WA treatment. These
results demonstrate that WA does not impair endolysosomal
or lysosomal activities. These data are in conflict with another
report indicating that an azido-derivative of withaferin A
(3-azido withaferin A) induces autophagy coupled with gradual
degradation of SQSTM1.>* Unexpectedly, consistent with our
results, this report showed that treating cells with 3-azido with-
aferin A induces ER stress to trigger apoptosis and ER stress-
associated autophagy. It is possible that withanolide com-
pounds function differently in distinct cellular processes
including autophagy. Further investigations are needed to
resolve this controversy.

Another intriguing observation from the present study was
that WA disrupts the function of SNAREs. Recent studies dem-
onstrated that STX17 is inserted into completed autophago-
somes via its unusual C-terminal hairpin-like structure, and
mediates autophagosome-lysosome fusion by binding to its
partner SNAP29 and VAMPS8 in mammalian cells, all of which
is indispensable for the fusion of autophagosomes with
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Figure 8. Combination of WA plus ER stress aggravators showed significant tumor growth inhibition in a xenograft model. (A) Panc-1 cells were inoculated subcutane-
ously and when tumors reached 100 mm?, mice were treated with vehicle, WA, epirubicin, cisplatin, WA + epirubicin, or WA 4+ cisplatin as described in Materials and
Methods. Data are presented as mean 4S.E.M. from each group (%, p < 0.01; # p < 0.001, treatment vs. control by one-way ANOVA). (B) Tumor weight of each group at
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protein levels were analyzed by western blot. (F) Ultrastructure of tissue samples exacted from tumor xenografts shown by electron microscopy. Arrows, autolysosomes;
arrowhead, autophagosomes. Scale bar: 500 nm.



autolysosomes.” Surprisingly, WA substantially decreased lev-
els of STX17 and SNAP29 in PC cells, whereas it had no effect
on VAMPS. Furthermore, knockdown of SNAP29 caused a
dramatic accumulation of LC3B-II and SQSTM1 in PC cells
under normal conditions, and did not further increase LC3B-II
levels above those induced by a high concentration of WA, sug-
gesting that WA is sufficient to block autophagosome-lysosome
fusion. In contrast, co-overexpression of STX17 and SNAP29
reversed the autophagosome fusion blockade in WA-treated
cells in which BECN1 overexpression had no effect. The mech-
anism underlying the destabilization of BECN1, STX17 and
SNAP29 in WA-treated cells remains unclear, since 2 major
protein degradation pathways, the ubiquitin-proteasome path-
way and the autophagy-lysosome pathway, are inhibited. It is
likely that nonlysosomal cysteine proteases (CAPN/calpain,
etc.,) mediate the degradation of these proteins. It has been
reported that CAPN is involved in proteasome inhibitor-
induced androgen receptor breakdown,*** and the autophagic
proteins BECN1 is cleaved by CAPN.* The involvement of
CAPN and other proteases in autophagic SNARE protein
breakdown will be further explored in future studies. Indeed,
although the underlying molecular mechanisms for WA’s
effects on the SNAREs require further investigation, this is the
first report describing inhibition of the SNAREs by a natural
compound.

The development of resistance to antineoplastic agents is one
of the primary obstacles for PC treatments. An increasing num-
ber of studies have reported the use of WA as an adjunct agent
for enhancing the antitumor activity of chemotherapy drugs.***
However, the detailed molecular mechanisms are not yet fully
understood. Interestingly, dramatic synergistic effects were noted
when WA was combined with cisplatin, epirubicin, paclitaxel or
TNFSF10, all of which induce ER stress, whereas no synergism
was found with gemcitabine or 5-fluorouracil. Importantly, com-
bined treatment with WA yielded a synergistic increase in ER
stress, whereas gemcitabine or 5-fluorouracil alone did not
induce ER stress nor enhance WA-induced ER stress. Further-
more, suppression of autophagy augmented ER stress aggrava-
tor-induced cell death; however, the effect of all single agents
was inferior to that achieved by combined treatment with WA.
Of note, although inhibition of autophagy has little effect on the
antitumor activity of paclitaxel, WA is able to sensitize paclitaxel
and cause a synergistic increase in ER stress. Therefore, it was
speculated that WA sensitizes ER stress aggravators through
simultaneous suppression of autophagy and the UPS, which ren-
dered PC cells vulnerable to ER stress. Indeed, WA also sensi-
tized PC cells to TM (an ER stress inducer). Conversely,
pretreatment with CHX or TUDCA attenuated the cytotoxicity
induced by all the combination treatments. Similar to these find-
ings, it was previously reported that combining inhibitors of pro-
teasome and autophagy elevates ER stress and enhances
anticancer activity in myeloma cells.*® Thus, in the context of ER
stress loading, targeting intracellular protein degradation path-
ways appears to be an important factor for determining sensitiv-
ity to chemotherapy.

In summary, the findings suggest that disrupting ER homeo-
stasis by simultaneously blocking 2 major protein degradation
systems is a promising therapeutic strategy to enhance the cyto-
toxicity of ER stress aggravators. These data provide a basis for
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future clinical trials to explore proteasome inhibitors, auto-
phagy inhibitors, and ER stress aggravators as combinatory
therapeutic approaches for the treatment of PC.

Materials and methods
Antibodies and reagents

All commercial antibodies and chemicals were purchased from
the following resources: anti-LC3B (3868), anti-SQSTM1 (8025;
for western blot), anti-SQSTM1 (7695; for immunofluorescence/
immunohistochemistry), anti-ATG7 (2631), anti-ATG5 (8540),
anti-BECN1 (3495), anti-DDIT3 (2895), anti-HSPA5 (3177),
anti-ERN1 (3294), anti-EIF2A (5324), anti-CANX (2679), anti-
ubiquitin (3936), anti-PARP1 (9542), anti-CASP9 (9502), anti-
cleaved (C)-CASP3 (9664), anti-FLAG (14793) antibodies and
paclitaxel (PTX; 9807) were from Cell Signaling Technology;
anti-GAPDH (60004-1-Ig), anti-STX17 (17815-1-AP), anti-
ATG14 (19491-1-AP) and anti-CASP8 (13423-1-AP) antibodies
were from Proteintech Group; anti-p-RPS6 (2268-1), anti-
SNAP29 (6700-1), anti-VAMPS (2379-1), anti-ATF6 (T3355),
anti-p-EIF2A (1090-1) and anti-EGFR (2116-1) antibodies were
from Epitomics; anti-MKI67/Ki67 (sc-15402) antibody, bortezo-
mib (Bor; sc-217785), epirubicin (EPI; sc-203041) and withaferin
A (WA; 5c-200381) were from Santa Cruz Biotechnology; horse-
radish peroxidase-conjugated secondary antibodies (anti-rabbit
or anti-mouse) were purchased from Beyotime (A0208 and
A0216); Cy3-conjugated secondary antibodies (anti-rabbit or
anti-mouse) were purchased from Jackson ImmunoResearch
(111-165-003 and 115-165-003); bafilomycin A, (Baf-A1; B1793),
chloroquine (CQ; C6628), rapamycin (Rap; R0395), pepstatin A
(77170), E-64d (E8640), acridine orange (AO; 01662), human
EGF (E9644), cycloheximide (CHX; C7698), cisplatin (DDP;
C479306), gemcitabine (GEM; G6423), recombinant human
TNFSF10/TRAIL (T9701) and 5-fluorouracil (5-FU; F6627) were
from Sigma-Aldrich; LysoTracker Red DND-99 (L-7528) was
purchased from Molecular Probes; tauroursodeoxycholic acid
(TUDCA; 580549), zZVAD-FMK (627610) and tunicamycin (TM;
654380) were obtained from Calbiochem. The chemicals were
dissolved in either appropriate media solution or dimethyl sulfox-
ide (DMSO) and then treated at the required working dilution.
All chemicals were handled in accordance with the supplier’s
recommendations.

Cell cultures

Human pancreatic cancer cell lines Panc-1, SW1990, MIA-
PaCa-2, AsPC-1 and BxPc-3 were purchased from ATCC
(CRL-1469, CRL-2172, CRL-1420, CRL-1682 and CRL-1687).
The immortalized human pancreatic ductal epithelial cell line
HPDE was obtained from North Carolina Chuanglian Biotech-
nology research institute (BNCC338284). All cells were main-
tained in DMEM or RPMI-1640 medium (Gibco, 12100-046
and 31800-089) supplemented with 10% fetal bovine serum
(Gibco, 10438-026), 2 mM glutamine, 100 units/ml of penicillin
and 100 mg/ml of streptomycin in a 5% CO, atmosphere at
37°C. All cell lines used in this study were regularly authenti-
cated by morphological observation and routinely tested for
mycoplasma contamination.
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Cell viability assay

The cell viability was detected by using the CellTiter96®
Aqueous Non-Radioactive Cell Proliferation Assay kit as
described previously.*” Briefly, cells (3,000 per well) were plated
in 96-well plates. After 24 h, cells were treated with the
chemical agents as indicated in the figure legends. DMSO was
used as vehicle. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt
(MTS) solution (Promega, G5430) was added to each well and
the cells were incubated at 37°C with 5% CO2 for 1 h. Absor-
bance at 490 nm was then measured with a microplate reader
(Bio-tek Instruments, VT, USA). To investigate the synergistic
effect between WA and the chemotherapy agents, cells were
exposed to drugs at a fixed concentration ratio and a combina-
tion index (CI) was calculated using CalcuSyn software (Bio-
soft). CI < 1, CI = 1 and CI > 1 indicate synergism, additive
effect and antagonism, respectively.

Acridine orange staining

Cell staining with acridine orange (AO) was performed accord-
ing to the protocol from the manufacturer. Following the differ-
ent treatments, the cells were stained with acridine orange
(I mg/ml) in phosphate-buffered saline (PBS; Beyotime,
C0221A) at 37°C for 15 min. After washing with PBS, the cells
were immediately analyzed under an inverted fluorescence
microscope (OLYMPUS).

LysoTracker red staining

Cells from different treatments were collected and then incu-
bated in the dark for 30 min at 37°C with LysoTracker Red
DND-99. After washing with PBS, stained cells were assessed
by FACS-Calibur flow cytometry (Becton Dickinson). Data
analysis was performed with Flow]Jo software.

Cathepsin activity assay

The catalytic activities of cathespins were determined by CTSB
and CTSD activity fluorometric assay kits (BioVision, K140-
100 and K143-100,) according to the manufacturer’s protocol.
Briefly, cells were harvested after treatment and lysed in 200 ul
of cell lysis buffer. Then 50 ul of cell lysate was transferred into
96-well plates, mixed with reaction buffer and substrate, and
incubated at 37°C for 2 h. The samples were read in a fluorom-
eter and the activity was normalized with the samples’ protein
concentration.

Detection of cell death

In this study, cell death was quantitatively and qualitatively
analyzed by the following approaches: (i) morphological analy-
sis under phase-contrast microscopy; (ii) ANXA5-FITC stain-
ing assay using the ANXA5/Annexin V-FITC/PI apoptosis
detection kit (Invitrogen, V13242) according to the manufac-
turer’s protocol; (iii) levels of cleaved CASP3 and PARP1 were
determined by immunoblotting.

Western blot analysis

Upon treatment, cell pellets were lysed on ice in RIPA buffer
(150 mM NaCl, 1% Triton X-100 [Sigma, X100], 0.5% deoxy-
cholate [Sigma, D6750], 0.1% SDS [Sigma, 74255], 50 mM Tris,
pH 7.5, protease inhibitor cocktail [Roche, 04693116001]). Pro-
tein concentration was determined using the bicinchoninic acid
protein assay kit (Beyotime, P0009). Equivalent amounts of pro-
tein (20 ng) from each sample were subjected to electrophoresis
on a SDS-polyacrylamide gel, and then transferred onto polyvi-
nylidene difluoride membranes. Target antigens were detected
with primary antibodies and subsequently secondary antibodies.
Immunoreactive bands were then developed using an enhanced
chemiluminescence reagent (Pierce, 32132), according to the
manufacturer’s instructions.

Transmission electron microscopy

After designated treatments, cells were fixed with 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer and stored at 4°C
until embedding. Then, they were postfixed with 1% OsO, in
0.1 M cacodylate buffer (pH 7.2) containing 0.1% CaCl, for 1 h
at 4°C. After rinsing with cold distilled water, cells were dehy-
drated through a graded series of ethanol (30%-100%). The
samples were embedded in Embed-812 (EMS, 14120). After
polymerization of the resin at 60°C for 36 h, serial sections
were cut using an ultramicrotome (Leica) and mounted on for-
mvar-coated slot grids (EMS, GA300-Cu). Sections were
stained with 4% uranyl acetate and lead citrate, and examined
under a Tecnai G2 F20 S-TWIN transmission electron micro-
scope (FEI).

Proteasome activity assay

Proteasome activity was determined by Proteasome-Glo™
Chymotrypsin-Like Cell-Based Assay kit (Promega, G8661).
Briefly, cells (6,000 per well) were plated in 96-well plates. After
24 h, cells were treated with the chemical agents as indicated in
the figure legends. Equal volumes of Proteasome-Glo reagent
were then added and the luminescence signal was measured
using a microplate reader (F200/M200, TECAN).

Immunofiluorescence and confocal laser-scanning
microscopy

After transfection with GFP-LC3B or GFP-mRFP-LC3B, cells
were grown on glass coverslips. Following designated treat-
ments, the fluorescent autophagy marker GFP-LC3B or GFP-
mRFP-LC3B were observed using a confocal microscope
LSM710 (Carl Zeiss, Germany). The average number of GFP-
LC3B dots per cell was determined from 3 independent experi-
ments. Ten random fields representing 200 cells were counted
on each coverslide.

To detect fusion of lysosomes and autophagosomes, GFP-
LC3B-expressing cells were grown on glass coverslips. Follow-
ing designated treatments, the cells were then stained with
50 nM LysoTracker Red DND-99 in DMEM medium at 37°C
for 30 min. After washing with PBS, the cells were immediately



fixed with 4% paraformaldehyde for 10 min and observed
under a confocal LSM710 microscope (Carl Zeiss, Germany).

For immunofluorescence, cells were seeded on sterile cover
glasses placed in the 6-well plates. After designated treatments,
cells were fixed with 4% formaldehyde for 20 min followed by
permeabilization with 0.5% Triton X-100 (Sigma-Aldrich,
X100) for 20 min. Fixed cells were washed and blocked with
2% BSA (Roche, 10735086001) for 30 min, then incubated with
primary antibodies against SQSTM1, LAMP2, CANX or ubig-
uitin at 4°C overnight. After washing twice with PBS, antibod-
ies were visualized with Cy3-conjugated secondary antibodies.
Subsequently, cells were counterstained with DAPI (Sigma-
Aldrich, D8417) and observed under a laser scanning confocal
microscope LSM710 (Carl Zeiss, Germany).

Transfection

A lentiviral vector containing GFP-LC3B reporter, 3 x FLAG-
STX17, 3 x FLAG-SNAP29, or 3 x FLAG-BECN1 were con-
structed by GenePharma (Shanghai, China) and transfection
was carried out according to the manufacturer’s instructions.
The tandem labeled GFP-mRFP-LC3B plasmid were purchased
from Addgene (#21074, depositing Dr. Tamotsu Yoshimori’s
lab). For transfection experiments, cells were seeded into 6-well
plates overnight and transiently transfected using Lipofect-
amine 2000 (Invitrogen, 11668019) according to the manufac-
turer’s instructions. After 48 h of transfection, the cells were
incubated with the indicated reagents for further experiments.

RNA interference

The specific nucleotide RNAs and scrambled siRNA were syn-
thesized chemically from Ribobio (Guangzhou, China) and
resuspended in RNase-free water to a concentration of 20 M.
For siRNA transfection, cells were seeded into 6-well or 12-well
plates in antibiotic-free media and transfected at 30-50% conflu-
ency with 50 nM siRNA in Opti-MEM (Invitrogen, 22600050)
using Lipofectamine 2000 (Invitrogen, 11668019) according to
the manufacturer’s instructions. Cells were used 48 h after trans-
fection and siRNA effects were monitored by western blot analy-
sis with suitable antibodies. The effective sequences of siRNAs
used in experiments were as follows: ATG5 (5-GUGAGAU
AUGGUUUGAAUA-3'), ATG7 (5-CAGCUA UUGGAACACU
GUA-3"), BECNI (5'-GGUCUAAGACGUCCAACAA-3'), STX
17 (5'-CCGAAAGGAUGACCUAGUA-3'), SNAP29 (5'-AGA-
CAGAAAUUGAGGAGCA-3'), DDIT3-1 (5-GCCUGGUAU-
GAGGACCUGC-3') and DDIT3-2 (5-GAACCAGCAGAGG
UCACAA-3).

Xenograft experiments

The Institutional Animal Care and Treatment Committee of
Huazhong University of Science and Technology approved all
studies herein. Female athymic BALB/c nude mice (HFK Bio-
science, China), 6- to 8-wk old, were injected subcutaneously
with Panc-1 cells (5 x 10° cells/mouse). When the tumors
became palpable (~100 mm?) at d 21, the mice were random-
ized into the following treatment groups (n = 6): i) intraperito-
neal (i.p.) injection of vehicle every other days; ii) i.p. injection
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of WA 4 mg/kg every other day; iii) i.p. injection of epirubicin
2 mg/kg twice a wk; iv) i.p. injection of cisplatin 4 mg/kg twice
a wk; v) a combination of treatments ii + iii; or vi) a combina-
tion of treatments ii + iv. WA was dissolved in vehicle (10%
DMSO, 40% cremophor:ethanol (3:1), and 50% PBS).** Tumor
size and body weight were measured every 2 d from d 21 after
implantation. The tumor volume was calculated by the formula:
volume (mm?®) = (length x width?)/2. Animals were sacrificed
and tumors were segregated and weighed by d 45 after treat-
ment. Samples were prepared for proteasome activity assay,
immunohistochemistry, immunoblotting and transmission
electron microscopy.

Immunohistochemistry and TUNEL analysis

The tumor samples were embedded in paraffin, cut into 4-um
sections, and stained with H&E or incubated with primary anti-
bodies for MKI67, LC3B and SQSTMI using the ElivisionTM
plus Polyer HRP ITHC Kit (Maxim, KIT-9901). TUNEL assays
for tissue sections were performed using an ApopTag® Plus
Peroxidase Apoptosis Detection Kit (Roche, S7101) according
to the manufacturer’s instructions.

Statistical analysis

Data are presented as mean + SD or mean £+ SEM. Levels of
significance were evaluated by 2-tailed Student ¢ test between 2
groups or by one-way ANOVA for multiple groups using
GraphPad Prism 5 (GraphPad Software). P < 0.05 was consid-
ered statistically significant.

Abbreviations

AO acridine orange

ATFo6 activating transcription factor 6

ATG autophagy related

Baf-Al bafilomycin A,

CHX cycloheximide

CI combination index

CQ chloroquine

CTSB cathepsin B

CTSD cathepsin D

DDIT3 DNA damage inducible transcript 3

EIF2A eukaryotic translation initiation factor 2A

ERN1 endoplasmic reticulum to nucleus signaling 1

ER endoplasmic reticulum

H&E hematoxylin and eosin

HPDE human pancreatic ductal epithelial

GFP green fluorescent protein

LAMP lysosomal-associated membrane protein

MAPILC3B/LC3B microtubule-associated protein 1 light
chain 3 8

MTOR mechanistic target of rapamycin (serine/
threonine kinase)

PC pancreatic cancer

RAB member RAS oncogene GTPases

RFP red fluorescent protein

SNAREs soluble N-ethylmaleimide-sensitive factor

attachment protein receptors
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SNAP29 synaptosome associated protein 29kDa

SQSTM1 sequestosome 1

STX17 syntaxin 17

™ tunicamycin

TUDCA tauroursodeoxycholic acid

TUNEL terminal deoxynucleotidyl transferase-
mediated nick end labeling

UPR unfolded protein response

UPS ubiquitin-proteasome system

VAMPS vesicle associated membrane protein 8

WA withaferin A
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