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A B S T R A C T

The lysosome is emerging as a central regulator of the autophagic process, which plays a critical role in tumor
growth and chemoresistance. Alantolactone, which is a natural compound produced by Inula helenium, has been
shown to induce apoptosis in numerous cancer types. However, the mechanism by which alantolactone regulates
apoptosis is still poorly understood. In this work, we observed that alantolactone caused the accumulation of
autophagosomes due to impaired autophagic degradation and substantially inhibited the activity and expression
of CTSB/CTSD proteins that when depleted caused lysosomal dysfunction. Furthermore, we found that alanto-
lactone inhibited the proliferation of pancreatic cancer cells in vitro and in vivo and enhanced the chemosensi-
tivity of pancreatic cancer cells to oxaliplatin. In addition, a reduction in TFEB levels was a critical event in the
apoptosis and cell death caused by alantolactone. Our data demonstrated that alantolactone, which impaired
autophagic degradation, was a pharmacological inhibitor of autophagy in pancreatic cancer cells and markedly
enhanced the chemosensitivity of pancreatic cancer cells to oxaliplatin.

1. Introduction

Pancreatic cancer (PC) is a devastating disease due to its malignancy
caused by complicated genomic characterization (Torre et al., 2015;
Networ, 2017). Despite the continual progress made by surgical ad-
vancements, the prognosis of patients remains poor because PC is often
resistant to chemotherapies such as gemcitabine and oxaliplatin
(Bullock et al., 2017; Middleton et al., 2017). Therefore, new ther-
apeutic options, particularly those that enhance susceptibility to cur-
rent chemotherapies, are urgently needed.

Macroautophagy (hereafter, autophagy) is a precisely regulated
process that is involved in multiple biological activities (Fitzwalter and
Thorburn, 2015; Fitzwalter et al., 2018). Autophagy is an evolutionarily
conserved catabolic process whereby cellular components are engulfed
in double-membraned autophagosomes, which subsequently fuse with
the lysosome, and degraded into the cytoplasm (Amaravadi et al., 2016;

Kimmelman and White, 2017; Fitzwalter et al., 2018). Although it is
well described that autophagy is directed by proteins encoded by au-
tophagy-related genes (ATGs) (Klionsky et al., 2011), there is increasing
evidence that lysosomes are emerging as central regulators of the au-
tophagic process and that these regulatory systems are based on the
transcription factor (TF) EB, which dominates the CLEAR (coordinated
lysosomal expression and regulation) gene network (Medina et al.,
2011; Palmieri et al., 2011; Settembre et al., 2011). Basal autophagy is
essential to the maintenance of cellular function; thus, autophagy de-
fects are linked to numerous diseases (Choi et al., 2013), including
cancer (Amaravadi et al., 2016; Kimmelman and White, 2017), immune
and inflammatory diseases (Bhattacharya and Eissa, 2015; Cadwell,
2016), and age-related and degenerative diseases (Rubinsztein et al.,
2011). It is well established that suppressing autophagy in genetically
engineered mouse models of PC can slow tumor growth and that
pharmacological inhibition of autophagy increases cancer cell apoptosis

https://doi.org/10.1016/j.taap.2018.08.003
Received 15 April 2018; Received in revised form 2 August 2018; Accepted 3 August 2018

Abbreviations: PC, pancreatic cancer; Alan, Alantolactone; OxP, oxaliplatin; TFEB, transcription factor EB; CTSB, cathepsin B; CTSD, cathepsin D; ATG5, autophagy-
related gene 5; siRNA, small interfering RNA; LC3B, microtubule-associated protein 1 light chain 3β; STX17, syntaxin 17; SNAP29, synaptosome-associated protein
29 kDa; SNAREs, soluble N-ethylmaleimide-sensitive factor attachment protein receptors; CLEAR, coordinated lysosomal expression and regulation; CQ, chloroquine;
Baf-A1, bafilomycin A1; LAMP2, lysosomal associated membrane protein 2
⁎ Corresponding author at: Department of Biliary-Pancreatic Surgery, Affiliated Tongji Hospital, Tongji Medical College, Huazhong University of Science and

Technology, No.1095 Jie Fang Avenue, Wuhan 430030, PR China.
E-mail addresses: kuai_1985@hotmail.com (X. Li), ryqin@tjh.tjmu.edu.cn (R. Qin).

Toxicology and Applied Pharmacology 356 (2018) 159–171

Available online 04 August 2018
0041-008X/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0041008X
https://www.elsevier.com/locate/taap
https://doi.org/10.1016/j.taap.2018.08.003
https://doi.org/10.1016/j.taap.2018.08.003
mailto:kuai_1985@hotmail.com
mailto:ryqin@tjh.tjmu.edu.cn
https://doi.org/10.1016/j.taap.2018.08.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.taap.2018.08.003&domain=pdf


(Rosenfeldt et al., 2013; Yang and Kimmelman, 2014; Li et al., 2016).
For this reason, pre-clinical research on autophagy inhibitors may
benefit PC treatment.

Alantolactone (Alan), which is a natural product of Inula helenium,
regulates multiple biological activities, including inhibition of the in-
flammatory process and induction of apoptosis (Kim et al., 2017; Tang
et al., 2018). Previous studies demonstrated that alantolactone induced
apoptosis and cell death in numerous cancer types. However, the me-
chanism by which alantolactone regulates these processes is still un-
clear (Chun et al., 2015; Wang et al., 2017). Moreover, little research
has been conducted on alantolactone in PC to date. In this work, we
demonstrated that Alan impaired lysosomal function by inhibiting
TFEB, resulting in incomplete autophagy, which led to the apoptosis of
PC cells. Importantly, Alan-mediated autophagic obstruction chemo-
sensitized PC cells to oxaliplatin. Our results suggest that the combi-
nation of these two agents may serve as a novel strategy for PC therapy.

2. Materials and methods

2.1. Antibodies and reagents

The following antibodies and chemical reagents were purchased:
anti-LC3B (3868), anti-SQSTM1 (8025), anti-PARP (9532), anti-cas-
pase-3 (9665), anti-cleaved caspase-3 (9664), and anti-TFEB (37785)
were obtained from Cell Signaling Technology (Beverly, MA, USA);
anti-GAPDH (60004-1-Ig) and anti-CTSB (12216-1-Ig) were obtained
from Proteintech Group (Chicago, IL, USA); anti-CTSD (ab75852) was
purchased from Abcam; anti-LAMP2 (sc-18822), anti-Ki67 (sc-15402)
antibody were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); alantolactone (SML0415), chloroquine (CQ; C6628), bafilo-
mycin A1 (Baf-A1; B1793), and acridine orange (AO; 01662) were
obtained from Sigma-Aldrich (St. Louis, MO, USA); EBSS (24010043)
was obtained from ThermoFisher Technology; oxaliplatin (OxP; S1224)
was obtained from Selleck (Houston, TX, USA); and LysoTracker Red (L-
7528) was purchased from Molecular Probes. Z-VAD-FMK was obtained
from Millipore (Bedford, MA, USA); and CA-074 methyl ester (HY-
100350), aloxistatin (HY-100229) and pepstatin (HY-P0018) were ob-
tained from MCE (Monmouth, NJ, USA).

2.2. Cell lines and culture

Human pancreatic cancer cell lines (MIA PaCa-2 and PANC-1) were
purchased from American Type Culture Collection (Manassas, VA,
USA). All cells were cultured in Dulbecco's modified Eagle's medium
(Gibco) supplemented with 10% fetal bovine serum (FBS) in a 5% CO2

atmosphere at 37 °C.

2.3. Cell viability assay

Cell viability was assessed with the Cell Counting Kit-8 (CCK-8)
assay (Dojindo Molecular Technologies, Kumamoto, Japan) according
to the manufacturer's instructions. In brief, cells (3× 103 per well)
were plated in a 96-well plate and treated for 24 h with reagents as
indicated by the figures. Water-soluble tetrazolium salt (WST-8) was
added to each well and incubated for half an hour at 37 °C with the
cells. Absorbance at 450 nm was then measured with a microplate
reader (Biotek Instruments, USA). A combination index (CI) was used to
study the joint effect of oxaliplatin and alantolactone. The cells were
treated with fixed ratios of drug concentrations, and the CI was calcu-
lated from the formula using CalcuSyn software.

2.4. Colony formation assay

Cells (1× 103 per well) were seeded in a 6-well plate. After 24 h,
cells were treated with compounds as indicated in the figure legends.
After replacing the medium, the cells were cultured for another half a

month and then photographed after fixation with 4% paraformalde-
hyde and 0.1% crystal violet. The colonies (with at least 50 cells/
colony) were counted, and statistical tests were used to determine
significance.

2.5. Annexin V-FITC/PI apoptosis assay

Cell apoptosis was detected after the indicated treatments by using
an annexin V-FITC/PI apoptosis kit (MultiSciences, Hangzhou, China)
according to the manufacturer's instructions. After collection following
the indicated treatments, the cells were resuspended in 1× binding
buffer with annexin V-FITC and PI and incubated in the dark for 15min
at room temperature before being analyzed by flow cytometry on a
FACS Calibur flow cytometer (BD Immunocytometry Systems, USA).

2.6. Protein isolation and western blot analysis

For total cellular protein isolation, cells were harvested and lysed on
ice in RIPA buffer (Boster Biological Technology, Wuhan, China) with
protease inhibitor cocktail for 30min. After centrifugation at 12,000g
for 15min, the supernatant was collected as total cellular protein ex-
tract. Protein concentration was measured by the bicinchoninic acid
protein assay kit (Beyotime, Haimen, China). An equivalent amount of
extracts protein from every sample was resolved on an SDS-PAGE gel
and transferred onto a PVDF membrane (Millipore, MA, USA). After
incubation with primary antibodies overnight, followed by incubation
with specific secondary antibodies coupled to horseradish peroxidase,
the blots were then detected with a ChemiDoc XRS System (Bio-Rad
Laboratories, USA).

2.7. Acridine orange staining

Acridine orange (AO) is a lysosomotropic weak base that is often
used to measure lysosomal function through its accumulation in in-
tracellular acidic vesicles. Cells were stained with AO using the protocol
from the manufacturers. Briefly, after treatment with Alan (10 μM,
24 h) or Baf-A1 (100 nM, 24 h), AO (10 μg/ml) was added to cells at 37
°C for 15min. The cells were washed with phosphate-buffered saline
(PBS) three times and then immediately analyzed with an inverted
fluorescence microscope (OLYMPUS).

2.8. LysoTracker red staining

Cells were treated with DMSO (6 h), Alan (10 μM, 6 h), or Baf-A1
(100 nM, 6 h) 24 h after they were seeded onto six-well plates. The cells
were then collected by trypsin digestion, washed with PBS, and in-
cubated with LysoTracker Red in the dark at room temperature for
30min. Finally, the fluorescence intensity of the stained cells was im-
mediately assessed by flow cytometry on a FACSCalibur flow cytometer
(Becton Dickinson). Data analysis was performed with FlowJo software.

2.9. Cathepsin activity assay

Cathepsin enzymatic activity was detected using fluorometric assay
kits for CTSB and CTSD activity (BioVision; K140 and K143) according
to the manufacturer's protocol. The cells were collected and lysed in
200 μl of cell lysis buffer after treatment with DMSO (24 h) or Alan
(10 μM, 24 h). Then, 50 μl of cell lysate was transferred into 96-well
plates, where the reaction buffer and substrate had been previously
mixed. The reactions were incubated at 37 °C for 2 h and read in a
fluorometer. The enzymatic activity of cathepsins was normalized to
the protein concentration of the samples.

2.10. Transmission electron microscopy

After the indicated treatments, cells were fixed in 2.5%
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glutaraldehyde in 0.1M cacodylate buffer at 4 °C overnight and then
postfixed with 1% osmium tetroxide in 0.1M cacodylate buffer for 1 h
at 4 °C. After dehydration through a graded series of ethanol, the cells
were embedded in spur resin. Serial sections were cut with an ultra-
microtome and stained with 4% uranyl acetate and lead citrate. Images
were captured by a Hitachi H-7000FA transmission electron micro-
scope.

2.11. Transfection and RNA interference

A lentiviral vector harboring the GFP-LC3B reporter was con-
structed by GenePharma (Shanghai, China), and transfection was im-
plemented according to the manufacturer's specification. Transfection
of the tandem-labeled GFP-mRFP-LC3B and TFEB in the pEnter plasmid
was carried out using Lipofectamine 2000 (Invitrogen) according to the
manufacturer's instructions. Forty-eight hours after transfection, the
cells were incubated with the indicated reagents for further experi-
ments.

The specific small interfering RNA (siRNA, GUGAGAUAUGGUUUG
AAUA) targeting ATG5 and the corresponding control were chemically
synthesized by Ribobio (Guangzhou, China). The cells were grown in 6-
well plates and transfected with 50 nM siRNA using Lipofectamine 2000
(Invitrogen) according to the manufacturer's specifications. Forty-eight
hours after transfection, the efficiency of siRNA was monitored by
western blot analysis.

2.12. Immunofluorescence and confocal microscopy

For immunofluorescence analysis, cells were seeded on glass cov-
erslips placed in 6-well plates. Following the indicated treatments, cells
were fixed with 4% formaldehyde for 30min and permeabilized with
0.1% Triton X-100 (Sigma-Aldrich) for 10min. Fixed cells were in-
cubated with primary antibody against TFEB at 4 °C overnight after
being blocked with 5% BSA for 30min at room temperature. The cells
were then incubated with Cy3-conjugated secondary antibody for 1 h at
37 °C and counterstained with DAPI (Sigma-Aldrich) for 10min. Cells
were subsequently visualized under a fluorescence microscope.

For confocal microscopy, cells transfected with GFP-LC3B or GFP-
mRFP-LC3B were grown on glass coverslips. Following the designated
treatments, cells were fixed with 4% formaldehyde for 30min and
photographed using a confocal microscope (Carl Zeiss, Germany,
LSM710).

For detection of the fusion of autophagosomes with lysosomes, GFP-
LC3B-transfected cells were seeded on glass coverslips. Cells treated
with the indicated conditions were fixed with 4% formaldehyde and
permeabilized with 0.1% Triton X-100. After blocking with 5% BSA,
cells were incubated with antibody against LAMP2 at 4 °C overnight.
Cells were then incubated with Cy3-conjugated fluorescent secondary
antibody, stained with DAPI, and analyzed with a confocal microscope.

2.13. Autophagic flux measurements

The autophagic flux measured by the LC3B turnover assay was de-
termined by subtracting the densitometric value of the LC3B II amount
in untreated samples (LC3B II− CQ) from the corresponding sample
treated with chloroquine (LC3B II+CQ) (Aveleira et al., 2015). For
each independent experiment, the results are expressed as a percentage
of the control.

2.14. Expression profiling in TCGA dataset

TCGA PC mRNA gene expression data were downloaded from UCSC
Xena at https://xenabrowser.net/. The gene expression profile was
analyzed using the Illumina HiSeq pancan normalized pattern.

2.15. Xenograft experiments

Animal experiments were approved by the Institutional Animal Care
and Treatment Committee of Huazhong University of Science and
Technology. Female nude BALB/c mice obtained from HFK
BioTechnology at 6 to 8 weeks old were subcutaneously injected with
PANC-1 cells (2× 106 per mouse), which were mixed with Matrigel
(Becton Dickinson, USA) at a 1:1 ratio. When cells had been successfully
implanted, mice were randomized into control and treatment groups
(n=6 each). The mice in the control group were intraperitoneally (i.p.)
injected with vehicle (10% DMSO, 40% Cremophor/ethanol (3:1), and
50% PBS), while the mice in the alantolactone treatment group re-
ceived an i.p. injection of alantolactone (3mg/kg of body weight) ac-
cording to the indicated frequency. Tumor size and body weight of the
mice were measured once a week from the time of implantation. Tumor
volume was calculated using the following formula: volume
(mm3)= length × width2/2. The tumor samples were embedded in
paraffin, and subjected to immunohistochemistry staining.

2.16. Statistical analysis

Data are presented as the means± SD from at least three separate
experiments unless otherwise indicated. Significance was evaluated by
a two-tailed Student's t-test using GraphPad Prism 5 software
(GraphPad Software Inc., La Jolla, CA, USA). P < .05 was considered
statistically significant.

3. Results

3.1. Alan inhibits PC cells growth in vitro and in vivo

To evaluate the effects of Alan on PC cells growth, cell viability
assays were carried out in cells treated with increasing concentrations
of Alan for 24 and 48 h. Alan partially inhibited the cells viability of
MIA PaCa-2 and PANC-1 cells in a dose- and time-dependent manner
(Fig. 1B). Next, we performed colony formation assays and revealed
that Alan had a similar effect on long-term colony formation by de-
creasing the number of colonies (Fig. 1C). To verify this finding in vivo,
we established xenografts of subcutaneously implanted PANC-1 cells.
Tumor-bearing mice were randomly divided into control and Alan
groups. The mice in the control group were injected with vehicle,
whereas the mice in the Alan treatment group received an Alan injec-
tion according to the indicated frequency. The mean tumor volume was
similar in each group at two weeks post-injection until each group re-
ceived its corresponding intervention (Fig. 1D). At week 6, treatment
with Alan had dramatically inhibited the growth of the xenograft tu-
mors. Meanwhile, weight of mice in each group had no statistically
significant difference (Fig. 1D). Immunohistochemistry staining was
performed on paraffin-embedded samples of xenograft tumors from the
control and Alan groups. The results revealed that Ki67 was lower in
the xenograft tumors of the Alan group compared with the control
group (Fig. 1E). Collectively, these results demonstrated that Alan in-
hibited PC cells growth in vitro and in vivo.

3.2. Alan causes the accumulation of autophagosomes in PC cells

Autophagy is important to support tumor growth in extreme en-
vironments (Kimmelman and White, 2017). In recent years, based on
the importance of LC3B (microtubule-associated protein 1 light chain
3β) processing for autophagosome formation and function, the detec-
tion of LC3B II by immunoblot or fluorescence analysis, together with
transmission electron microscopy for assessment of autophagosome
formation, has been considered the gold standard technique for mon-
itoring autophagy (Barth et al., 2010). Western blot analysis of en-
dogenous LC3B II expression was carried out to reflect the progression
of autophagy. The abundance of LC3B II in MIA PaCa-2 and PANC-1
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cells was elevated after treatment with Alan in both a dose- and a time-
dependent manner (Fig. 2A and Fig. 2B). Treatment of MIA PaCa-2 and
PANC-1 cells with Alan at the indicated dose and for the indicated time
significantly increased the number of GFP-LC3B puncta compared with
that resulting from DMSO treatment, indicating that Alan induced the
accumulation of autophagosomes (Fig. 2C). Consistent with these
fluorescence data, transmission electron microscopy revealed a 3-fold
increase in the number of autophagosomes/autolysosomes in PANC-1
cells that were exposed to Alan at a dose of 10 μM for 24 h compared
with that in the group treated with DMSO (Fig. 2D). These findings
consistently demonstrate that autophagosomes accumulate when cells
are exposed to Alan at the appropriate concentration and for the

appropriate duration.

3.3. Alan impairs autophagic degradation, resulting in incomplete
autophagy

Autophagosome accumulation in cells may be due to either ac-
celerated autophagosome synthesis or reduced autophagic vacuole
maturation and degradation. Chloroquine (CQ), which blocks late-stage
autophagy, was used to examine the effect of Alan on autophagosome
processes. We evaluated the LC3B II and p62 levels in the absence and
presence of CQ and determined autophagic flux by using the LC3B II
turnover assay. As expected when lysosome degradation is impaired in

Fig. 1. Alan inhibited PC cells growth in vitro and in vivo.
(A): Molecular structure of Alan. (B): The indicated cells were treated with Alan at the indicated concentrations and for the indicted duration and then tested for cell
viability. (C): MIA PaCa-2 and PANC-1 cells were cultured for 14 days after incubation with Alan (10 μM, 24 h) or DMSO. Representative images are shown (upper
panel), and statistical comparisons of the indicated groups were performed (lower panel). Data are represented as the means± SD (n=3); *, p < .05; **, p < .01.
(D): The tumor volume in each group (upper panel) and body weight (lower panel) of the mice were measured once a week from the time of tumor implantation; the
red triangle indicates when the injection was performed. n.s., no significance; *, p < .05; ***, p < .001. (E): Representative images of immunohistochemistry
staining showing H&E and Ki67 in xenograft tumor tissues from the different experimental mouse groups. Specimens were scored and estimated in percentage of
positive cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Alan induced the accumulation of autophagosomes in PC cells.
(A–B): Lysates of MIA PaCa-2 and PANC-1 cells were subjected to western blot analysis of LC3B and GAPDH expression after incubation with either the indicated
concentrations of Alan for 24 h or 10 μM Alan for varying periods of time. (C): MIA PaCa-2 and PANC-1 cells transfected with GFP-LC3B were treated with 10 μM Alan
for 24 h, and representative confocal images are shown in the left panel; the number of LC3 dots is quantified in the right panel, and at least 30 cells were included in
each group. Data are presented as the means± SD from 3 independent experiments (***, p < .001). Scale bar: 20 μm. (D): PANC-1 cells treated with Alan (10 μM) or
DMSO for 24 h were imaged by transmission electron microscopy to detect characteristic autophagosomes/autolysosomes. Representative images and their magnified
view are shown in the left panel. The right panel is the quantification of the number of autophagic vacuoles from at least 15 areas. Arrowhead: autophagic vacuoles;
Scale bar: 1 μm.

R. He et al. Toxicology and Applied Pharmacology 356 (2018) 159–171

163



the presence of CQ, LC3B II and p62 levels accumulated in treated cells
rather than in those incubated in the absence of CQ based on western
blot analysis (Fig. 3A). Autophagic flux represents the amount of LC3B
II delivered into the lysosome and is determined by comparing the LC3B
II amounts in samples in the presence and absence of CQ (Aveleira
et al., 2015; Klionsky et al., 2016). We demonstrated that Alan de-
creased the LC3B II net flux in PANC-1 cells (Fig. 3A). A tandem-labeled
GFP-mRFP-LC3 reporter was also used to measure autophagic flux. In
this system, the GFP-mRFP-LC3 reporter localizes as yellow puncta in
autophagosomes and red-only puncta in autolysosomes because the
GFP fluorescence of this reporter decays in the acidic lysosomal

environment, whereas mRFP is more resistant to low pH (Li et al.,
2016). Treatment of cells with either Alan or CQ increased the amount
of GFP-mRFP-LC3 yellow puncta compared with that resulting from
DMSO treatment, and conversely, the number of red-only puncta was
decreased (Fig. 3B). Taken together, these data indicate that Alan is a
potent autophagic inhibitor that accumulates in autophagosomes due to
impaired autophagic degradation.

3.4. Alan causes lysosomal dysfunction in PC cells

Impaired autophagic degradation is closely related to the

Fig. 3. Alan suppressed the autophagic flux in PC cells.
(A): MIA PaCa-2 and PANC-1 cells were exposed to Alan (10 μM, 24 h) in the absence or presence of CQ (10 μM, 16 h). Cell lysates were analyzed for protein levels of
LC3 and p62 by western blot analysis. Upper panels: representative bands; middle panels: quantitative analysis of relative protein levels from triplicate independent
experiments; lower panels: LC3B II net flux as determined by subtracting the densitometric value of LC3B II in samples not treated with CQ (LC3B II− CQ) from the
corresponding sample treated with chloroquine (LC3B-II +CQ); *, p < .05; **, p < .01. (B): PANC-1 cells were treated with Alan (10 μM, 24 h) and CQ (10 μM,
16 h) after transfection with GFP-mRFP-LC3B and then photographed using confocal microscopy. Representative images of autophagosome (yellow puncta) and
autolysosome (red puncta) formation are presented in the left panel. Scale bar: 20 μm (white) and 2 μm (blue). The numbers of yellow (RFP+GFP+) puncta and red
(RFP+GFP−) puncta are shown in the right panel. ***, p < .001 compared with the control. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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immaturity of autolysosomes and is caused by either defective fusion
between autophagosomes and lysosomes or lysosomal dysfunction
(Song et al., 2017). To determine whether Alan affects the fusion of
autophagosomes and lysosomes, confocal microscopy was used to de-
termine the colocalization between GFP-LC3B and LAMP2 (lysosomal
associated membrane protein 2, a marker of lysosomes). PANC-1 cells
treated with Alan exhibited colocalization between LC3B (green

puncta) and LAMP2 (red puncta) that was similar to that in cells treated
with DMSO (Fig. 4A). Fusion of autophagosomes with lysosomes is
mediated by soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs), which are composed of STX17 (syntaxin
17) and SNAP29 (synaptosome-associated protein 29 kDa) (Itakura
et al., 2012). Consistently, the abundance of STX17 and SNAP29 had
not changed upon Alan treatment (Fig. 4D). These data indicated that

Fig. 4. Alan inhibited lysosomal hydrolases, resulting in lysosomal dysfunction, but did not affect the fusion of autophagosomes and lysosomes.
(A): GFP-LC3B-transfected PANC-1 cells were incubated with Alan (20 μM) for 24 h and then immunostained for LAMP2, followed by DAPI staining of nuclei.
Representative confocal images are shown, and the panels on the right are higher magnification images. Scale bar: 20 μm (white) and 2 μm (blue). (B): FACS analysis
of LysoTracker Red after MIA PaCa-2 and PANC-1 cells were treated with Alan (10 μM) and Baf-A1 (100 nM) for 24 h. (C): PANC-1 cells were stained with 10 μg/ml
acridine orange at 37 °C for 15min after incubation with Alan and Baf-A1 (negative control) for 24 h. Scale bar: 25 μm. (D): Western blot analysis of autolysosome
-associated protein expression after treatment with Alan for 24 h at the indicated concentrations. (E): Enzymatic activity of CTSB and CTSD in Alan-treated PC cells.
After treatment with Alan (10 μM, 24 h), enzymatic activity was analyzed using fluorogenic kits. Data are presented as the means± SD from 3 independent ex-
periments; **, p < .01; ***, p < .001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Alan did not affect autophagosome-lysosome fusion. Thus, subsequent
experiments were performed to examine lysosomal function. Two spe-
cific probes for live-cell lysosome labeling were used to assess lysosomal
function. First, LysoTracker Red staining was analyzed by flow

cytometry. LysoTracker Red fluorescence intensity was lower in Alan-
treated cells compared with control cells, but higher in Alan-treated
cells compared with in cells treated with Baf-A1, which significantly
reduced fluorescence intensity (Fig. 4B), as Baf-A1 disrupts the normal

Fig. 5. Alan induced cytotoxic autophagosome-dependent apoptosis and cell death.
(A): Results of the FACS analysis of apoptosis after the treatment of PC cells with Alan at the indicated concentrations for 24 h are shown in the left panel. Apoptotic
cell results are shown in the right panel, and the data are shown as the means ± SD. (B): Western blot analysis of PARP, cleaved PARP, caspase-3, and cleaved
caspase-3 levels was performed on lysates from MIA PaCa-2 and PANC-1 cells treated with Alan at the indicated concentration for 24 h. (C-D): MIA PaCa-2 and PANC-
1 cells were pre-treatedwith either Z-VAD (50 μM) or inhibitors of lysosomal hydrolases (5 μM CA-074Me, 5 μM aloxistatin, 5 μM pepstatin) for 1 h, followed by a 24-
h treatment with Alan (20 μM), and cell viability was subsequently assessed. Data are represented as the means± SD (n=3); *, p < .05; **, p < .01. (E-G): MIA
PaCa-2 and PANC-1 cells were transfected with siRNA against ATG5 and then subjected to cell viability assays, western blot analysis and transmission electron
microscopy as indicated. Arrowhead: autophagic vacuoles; Scale bar: 1 μm. Data are presented as the means± SD (n=3); **, p < .01.
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function of the lysosome by neutralizing lysosomal pH (Li et al., 2016).
Second, AO staining exhibits green fluorescence in the cytoplasm but
red fluorescence when it enters acidic vesicles (Boya and Kroemer,
2008), Treatment of PANC-1 cells with Alan resulted in reduced

amounts of red fluorescence following AO staining compared with that
in cells treated with DMSO (Fig. 4C). Thus, the results indicate Alan
caused lysosomal alkalinization in PC cells. Moreover, lysosomal de-
gradation depends on the amount and activity of hydrolases, and

Fig. 6. Identification of TFEB as a critical regulatory factor in Alan-induced apoptosis of PC cells.
(A): Analysis of expression correlation based on a TCGA dataset of 196 pancreatic cancer patients. (B): Protein lysates from cells treated with the indicated
concentration of Alan for 24 h were subjected to western blot analysis as indicated. (C): After incubation with Alan (10 μM) for 24 h, PANC-1 cells were subjected to
immunofluorescence as indicated. Scale bar: 20 μm. (D-F): MIA PaCa-2 and PANC-1 cells were pre-transfected with TFEB via the pEnter plasmid, followed by a 24-h
treatment with Alan (20 μM), and they were subsequently subjected to Western blot, cell viability and annexin V-FITC/PI apoptosis assays as indicated. Results of
annexin V-PI positive cells are shown as indicated.
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cathepsins are the most studied lysosomal hydrolases that participate in
autophagic or lysosomal degradation (Settembre et al., 2013). We then
investigated whether Alan affects the expression and enzymatic activity
of CTSB (cathepsin B) and CTSD (cathepsin D). Under the same Alan
treatment conditions, reduced expression of CTSB and CTSD was ob-
served at the protein level and primarily involved the mature forms of
the proteins (Fig. 4D). Consistently, treatment of MIA PaCa-2 and

PANC-1 cells with Alan decreased the activity of proteases compared
with that in those treated with DMSO (Fig. 4E). Taken together, these
data verified that Alan caused lysosomal dysfunction due to lysosomal
alkalinization and inhibition of the activity and expression of CTSB/
CTSD simultaneous. Moreover, impaired autophagic degradation
caused by Alan is attributed to lysosomal dysfunction rather than im-
paired fusion between autophagosomes and lysosomes.

Fig. 7. Alan enhances the chemosensitivity of pancreatic cancer cells to oxaliplatin.
(A): Lysates of MIA PaCa-2 and PANC-1 cells were subjected to western blot analysis for LC3B and GAPDH expression after the cells were incubated with the
indicated concentrations of oxaliplatin for 24 h. (B): MIA PaCa-2 and PANC-1 cells were exposed to oxaliplatin (25 μM, 24 h) in the absence or presence of either CQ
(10 μM, 16 h) or EBSS (2 h). Cell lysates were analyzed for protein levels of LC3 and p62 by western blot analysis. Results of relative quantitative analysis of p62 are
shown as indicated. (C): PANC-1 cells were treated with oxaliplatin (25 μM, 24 h) and CQ (10 μM, 16 h) after transfection with GFP-mRFP-LC3B and then photo-
graphed using confocal microscopy. Representative images of autophagosome (yellow puncta) and autolysosome (red puncta) formation are shown in the left panel.
Scale bar: 20 μm (white) and 2 μm (blue). Quantification of the number of yellow (RFP+GFP+) puncta and red (RFP+GFP-) puncta is shown in the right panel.
***, p < .001 compared with the control. (D): MIA PaCa-2 and PANC-1 cells were treated with oxaliplatin, Alan or the two in combination at a fixed ratio (5:1) at the
indicated concentrations for 24 h, and cell viability assays were then performed. (E): The combination index (CI) values for oxaliplatin and Alan in MIA PaCa-2 and
PANC-1 cells were determined using CalcuSyn software. Synergy was defined as CI values< 1.0. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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3.5. Alan-induced incomplete autophagy promotes apoptosis and cell death

Increasing evidence demonstrates that autophagy can protect
cancer cells against apoptosis (Fitzwalter and Thorburn, 2015). Thus, it
was imperative to determine whether the incomplete autophagy in-
duced by Alan was associated with apoptosis. We used annexin V/PI to
assess whether Alan induced apoptosis. PC cells treated with Alan un-
derwent apoptosis within 24 h of treatment in a dose-dependent
manner (Fig. 5A). Cleaved PARP, which is the product of PARP after
cleavage by cleaved caspase-3, is considered a marker of apoptosis
(Agarwal et al., 2009). Consistently, treatment of PC cells with Alan
decreased the expression of PARP and caspase-3 in a dose-dependent
manner while increasing the level of cleaved PARP and cleaved cas-
pase-3 (Fig. 5B). To assess whether this caspase activity was dependent
on Alan-induced apoptosis, the cell-permeable pan-caspase inhibitor Z-
VAD-FMK was used. Cell death caused by Alan was notably reduced in
cells pre-treated with Z-VAD-FMK (Fig. 5C). Lysosomal dysfunction can
potentially induce lysosomal membrane permeabilization (LMP) due to
the translocation of abundant hydrolases from the lysosome to the cy-
toplasm (Song et al., 2017). To explore whether LMP was involved in
Alan-induced apoptosis, specific inhibitors of hydrolases were used.
Pre-incubation of MIA PaCa-2 and PANC-1 cells with CA-074Me (CTSB
inhibitor), aloxistatin (cysteine protease inhibitor), or pepstatin (CTSD
inhibitor) further increased the growth inhibition induced by Alan,
while these agents alone had no effect on cell viability (Fig. 5D). The
level of cleaved PARP also increased in cells treated with both Alan and
aloxistatin (Fig. S1A). In contrast, knockdown of the ATG5 (autophagy
related 5) gene in PC cells attenuated the inhibition of proliferation by
Alan (Fig. 5E and Fig. S1B). Consistent with this finding, the PARP
cleavage induced by Alan was rescued by silencing the expression of
ATG5 (Fig. 5F). Furthermore, knockdown of ATG5 attenuated Alan-
caused accumulation of autophagosomes (Fig. 5F and G). Thus, we
conclude that Alan induced cytotoxic autophagic cell death in PC cells
and that decreased activity of lysosomal hydrolases rather than LMP
was responsible for the apoptosis induced by Alan.

3.6. Reduced levels of TFEB is a critical event in the apoptosis induced by
Alan

The transcription factor EB (TFEB), a master regulator of lysosomal
biogenesis and function, regulates the CLEAR gene network, which
includes the CTSB and CTSD genes (Palmieri et al., 2011). To assess
whether there is a correlation between the expression of TFEB and that
of CTSB or CTSD, a TCGA dataset including 196 PC patients with mRNA
expression of TFEB/CTSB/CTSD was analyzed (Fig. 6A) (TCGA, 2018).
It suggests that the expression of TFEB was associated with CTSB/CTSD
expression (Fig. 6A). We next demonstrated that the abundance of TFEB
decreased in a dose-dependent manner after treatment of PC cells with
Alan (Fig. 6B). Treatment of PANC-1 cells with Alan decreased the
fluorescence intensity of TFEB compared with that of cells treated with
DMSO, particularly in the nucleus (Fig. 6C). Moreover, expression of
TFEB via the pEnter plasmid was used to ascertain whether TFEB plays
a significant role in Alan-induced lysosomal dysfunction. Pre-transfec-
tion with TFEB upregulated the expression of CTSB and CTSD in MIA
PaCa-2 and PANC-1 cells, and the expression of TFEB not only strikingly
rescued the reduction of CTSB and CTSD expression caused by Alan
(Fig. 6D) but also partially abrogated Alan-induced apoptosis (Fig. 6E)
and cell death (Fig. 6F). These results provided evidence that TFEB is a
key factor regulating lysosomal function and that a reduction in TFEB is
a critical event in the apoptosis and cell death caused by Alan.

3.7. Alan enhances the chemosensitivity of PC cells to oxaliplatin

It is well established that autophagy promotes therapeutic re-
sistance by protecting cells from apoptosis during the stress of che-
motherapy (Rebecca and Amaravadi, 2016). Thus, it is important to

determine the level of autophagy in PC cells during treatment with
chemotherapeutics. The abundance of LC3B II in MIA PaCa-2 and
PANC-1 cells increased in a dose-dependent manner when cells were
treated with gradually increasing concentrations of oxaliplatin
(Fig. 7A). To determine the actual role of oxaliplatin, its effects were
evaluated by western blot analysis in the presence of CQ and EBSS. Co-
incubation of cells with oxaliplatin and CQ caused a significant increase
in LC3B II compared with incubation with CQ alone (Fig. 7B), and co-
administration of oxaliplatin and EBSS markedly decreased the ex-
pression level of p62 compared with that in cells treated with EBSS
alone. Consistent with these results, treatment of PANC-1 with ox-
aliplatin not only increased the amount of total LC3 puncta but also
increased the red puncta mainly compared with that in cells treated
with DMSO, while CQ significantly increased the presence of GFP-
mRFP-LC3 puncta (Fig. 7C). This finding revealed that autophagic flux
was simulated during the exposure of PC cells to oxaliplatin. We next
investigated whether Alan sensitized PC cells to oxaliplatin-induced cell
death by cell viability assays. Combination treatment of MIA PaCa-2
and PANC-1 cells with Alan and oxaliplatin elevated the growth in-
hibitory ratio compared with either agent alone (Fig. 7D). To ascertain
whether the effect of the combination of these agents was additive or
synergistic, CI values were calculated using the CalcuSyn software. CI
values quantify the interaction of mutually exclusive agents that have
independent modes of action, and CI= 1 indicates an additive effect,
CI < 1 indicates synergy, and CI > 1 suggests antagonism (Crescenzi
et al., 2006). When PC cells were treated with oxaliplatin and Alan at a
fixed concentration ratio for 24 h, CI values of 0.825 and 0.798 and CI
values of 0.856 and 0.884 were calculated for a 25% inhibitory effect
and a 50% inhibitory effect in MIA PaCa-2 and PANC-1 cells, respec-
tively, which revealed that oxaliplatin and Alan acted in a synergistic
manner (Fig. 7E). Taken together, these data suggest that induced au-
tophagic flux functions to promote PC cells survival during oxaliplatin
treatment and Alan enhances the chemosensitivity of PC cells to ox-
aliplatin.

4. Discussion

Here, we report that Alan is a pharmacological inhibitor of autop-
hagy in PC cells by inducing incomplete autophagy due to impaired
autophagic degradation. Autophagy is a dynamic and continuous pro-
cess involving the formation of autophagosomes (early stage) and ly-
sosomal degradation after fusing (late stage) (Klionsky et al., 2016). In
our study, we found that Alan caused the accumulation of autophago-
somes in PC cells. However, autophagosome accumulation in cells may
be due to either accelerated autophagosome synthesis or reduced au-
tophagic vacuole maturation and degradation. We therefore used au-
tophagic flux assays to determine that Alan impaired autophagy during
the late stage. The impairment of autolysosomes depends on either the
defective fusion between autophagosomes and lysosomes or lysosomal
dysfunction (Song et al., 2017). Functional lysosomes have the unique
feature of a highly acidic pH, which depends on both the activity or
expression of lysosomal hydrolases and the integrity of the lysosomal
membrane (Zhou et al., 2013). Surprisingly, Alan substantially caused
lysosomal dysfunction due to lysosomal alkalinization and inhibition of
the activity and expression of CTSB/CTSD simultaneous. Furthermore,
we identified that a reduction in TFEB is a critical event in the apoptosis
and cell death induced by Alan. TFEB regulates lysosomal biogenesis
and function (Settembre and Ballabio, 2011; Settembre et al., 2011).
We observed that TFEB could partially abrogate Alan-induced apoptosis
and cell death. Therefore, the ability of Alan to impair autophagy at the
late stage mainly depends on the strong association between lysosomal
biogenesis and autophagy.

Autophagy has complicated effects on cancer; although autophagy
has been shown to have a critical role in fighting the transformation of
normal cells, it plays a role in promoting proliferation and invasion in
multiple types of pre-existing cancers (White, 2015; Kimmelman and
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White, 2017). For this reason, numerous studies are being conducted on
the inhibition of autophagy for cancer therapies, including ongoing
clinical trials (Levy et al., 2017). We thus found that Alan caused PC
cells death in vitro and inhibited PC cells growth in vivo and induced
caspase-dependent apoptosis. Interestingly, knockdown of ATG5 abro-
gated the ability of Alan to cause PC cells death, and attenuated Alan-
caused accumulation of autophagosomes. Depletion of ATG5, an es-
sential autophagy gene, inhibited autophagosome formation during
early autophagy (Kimmelman and White, 2017). These strongly suggest
that Alan-induced apoptosis was dependent on cytotoxic autophago-
somes. Additionally, lysosomal membrane stability is necessary to
prevent the acidic hydrolases from accessing the cytosol, which would
result in cell death (Boya and Kroemer, 2008). In our work, we found
that an LMP inhibitor further increased the growth suppression of PC
cells induced by Alan, indicating that decreased activity of lysosomal
hydrolases, rather than LMP, was responsible for Alan-induced apop-
tosis.

Like many other tumor types, PC exhibits elevated basal levels of
autophagy compared with normal tissue (Yang et al., 2011; Kimmelman
and White, 2017). Previous studies demonstrated that autophagy pro-
motes therapeutic resistance during chemotherapy in PC (Rebecca and
Amaravadi, 2016; Fitzwalter et al., 2018). Here, we determined that
oxaliplatin induced autophagy while killing cancer cells and further
confirmed that Alan-induced incomplete autophagy improves the anti-
cancer therapeutic effect of oxaliplatin. Therefore, it is possible to
leverage this protective autophagy to increase the efficacy of che-
motherapeutics (Ding et al., 2011; Rebecca and Amaravadi, 2016;
Fitzwalter et al., 2018).

5. Conclusions

In summary, here, we identified Alan as a pharmacological inhibitor
of autophagy in PC cells that induces incomplete autophagy due to a
reduced expression level of TFEB, which causes lysosomal dysfunction,
leading to impaired autophagic degradation. Moreover, Alan-induced
incomplete autophagy markedly enhanced the chemosensitivity of PC
cells to oxaliplatin. These findings will help facilitate the development
of combination therapies for inhibiting autophagy. Moreover, the
combination therapy of oxaliplatin and Alan could become a novel
approach for PC treatment.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.taap.2018.08.003.
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