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Abstract: Autophagy plays an important role in the survival of cancer cells under stressful conditions, such as nu-
trient or oxygen deficiency. Therefore, autophagy inhibition is being considered as a novel therapeutic strategy for
cancer. Decursin is a natural compound derived from Angelica gigas; it has been used in the treatment of various
diseases, including cancer. However, the mechanism by which decursin regulates autophagy in gastric cancer and
other carcinomas remains unclear. Here, we demonstrated that decursin reduced the growth and induced cell cycle
arrest in gastric cancer cells in vitro. Decursin blocked autophagic flux by reducing the expression of lysosomal pro-
tein cathepsin C (CTSC) and attenuating its activity, thereby causing autophagic dysregulation (i.e., accumulation of
LC3 and SQSTM1). Decursin also inhibited cell proliferation and cell cycle progression by inhibiting CTSC and E2F3,
both of which were linked to gastric cancer aggressiveness. The antitumor effects of decursin were confirmed in
vivo. We established spheroid and patient-derived organoid models and found that decursin decreased the growth
of spheroids and patient-derived gastric organoids, as well as modulated the expression of CTSC and autophagy-
related proteins. Hence, our findings uncovered a previously unknown mechanism by which decursin regulates cell
growth and autophagy and suggests that decursin may act as a potential therapeutic agent that simultaneously
inhibits cell growth and autophagy.
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Introduction

Gastric cancer (GC) is the third most lethal can-
cer. Despite the advances in surgery and phar-
macological interventions, the prognosis of GC
remains poor, especially in patients with recur-
rent tumors [1]. In a recent clinical trial, the
overall survival rate of metastatic GC patients
treated with targeted therapies was found to
be less than one year [2, 3]. Therefore, exten-
sive research is needed on the molecular me-
chanisms of GC progression to facilitate the
development of new therapies and improve
patient prognosis.

Autophagy is a key system involved in the deg-
radation of intracellular components. Autoph-
agy regulates various cellular processes, inclu-
ding cell growth and differentiation, organismal

development, and inflammation [4]. Although
autophagy’s role in cancer has been ambiva-
lent, many recent studies have indicated auto-
phagy as an essential energy support mecha-
nism via the digestion of subcellular compo-
nents [5]. Moreover, autophagy has been sh-
own to inhibit apoptosis and promote angio-
genesis and epithelial-to-mesenchymal transi-
tion (EMT) [4-6]. Therefore, various autophagy
inhibitors are currently being tested in clinical
trials, and preliminary data have confirmed
their potent antitumor effects. Like in many
other cancers, autophagy has dual effects on
GC development. Mounting evidence suggests
that autophagy promotes cancer progression
in several ways. Notably, Helicobacter pylori
infection, one of the main causes of GC, pro-
motes autophagy through the metabolic regu-
lation of host cells [7, 8].
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Table 1. Sequences of siRNAs

Gene siRNA sequence
CTSC 5-GGAGAAAGUUCAUGGUAUCA-3’
E2F3 5’-CGUCCAAUGGAUGGGCUGC-3’

Decursin is a coumarin extracted from the
plant Angelica gigas and has been shown to
possess anticancer, antibacterial, and antioxi-
dant effects [9-11]. In many cancers, including
glioma, hepatocellular carcinoma, and GC,
decursin has been shown to exert potent anti-
cancer effects [12-14]. Some compounds of
the coumarin family have been reported to reg-
ulate autophagy; however, the effects of decur-
sin on autophagy remain elusive [15, 16].

The aim of this study was to identify the rele-
vance of autophagy and cell cycle regulation in
the antitumor effects of decursin in GC, as well
as determine whether decursin can act as an
anticancer agent.

Materials and methods
Preparation of decursin

Decursin was prepared as described previously
[12]. The concentration of dimethyl sulfoxide
(DMSO) was 0.1% in all experiments.

Cell culture

The cancer cell lines used in this study were
previously described [12]. HT29 (colon cancer),
Hela (cervical cancer), MCF-7 (breast cancer),
and NCI-H460 (lung cancer) cell lines were
purchased from the American Type Culture
Collection (Gaithersburg, MD, USA); they were
then cultured in Dulbecco’s modified Eagle
medium (DMEM; Welgene) and incubated at
37°Cin a humidified atmosphere with 5% CO.,

Cell proliferation assay

CCK-8 and clonogenic assays were conducted
as previously described [12]. After decursin
treatment, CCK-8 solution was added to the
culture medium, and the absorbance at 450
nm was measured. For the clonogenic assay,
cells treated with decursin for 24 h were wa-
shed with phosphate-buffered saline (PBS),
and colony formation was evaluated after fix-
ing cells with 10% formalin and staining them
with 0.1% crystal violet.
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Small interfering RNA (siRNA)

We designed siRNAs targeting CTSC and E2F3,
as well as a non-targeting control siRNA (Table
1). Cells were transfected with siRNAs using
Lipofectamine RNAiMax (Invitrogen, Carlsbad,
CA, USA).

Tumor spheroid formation

Cells were seeded in ultra-low attachment
6-well plates (Corning, Inc., Corning, NY, USA)
as previously described [17]. For spheroid cul-
ture, advanced DMEM/F12 medium containing
1x B27, 1x N2, 20 ng/mL fibroblast growth fac-
tor (FGF)-basic, 20 ng/mL epidermal growth
factor (EGF), 10 mM HEPES, and 1x primocin.

Transmission electron microscopy (TEM)

Cells were treated with DMSO or 50 uM decur-
sin for 24 h. Subsequently, cells were washed
three times in PBS and fixed in 2.5% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.3) over-
night at 4°C. After cells had been fixed, they
were post-fixed with 1% osmium tetroxide on
ice for 1 h, dehydrated in an ethanol and propyl-
ene oxide series, and embedded in Epon812.
Polymerization was induced using pure resin
at 70°C for two days. Ultrathin sections (70
nm) were obtained using an ultramicrotome
(UltraCut-UCT, Leica, Wetzlar, Germany) and
collected on 150-mesh copper grids. After sec-
tions had been stained with 2% uranyl acetate
for 15 min and lead citrate for 5 min, they were
examined by TEM (Tecnai G? Spirit TWIN, FEI
Company, Hillsboro, OR, USA) at 120 kV.

Western blotting

Western blotting was performed as previously
described [12]. Briefly, cells were washed in
PBS and lysed with RIPA buffer supplemented
with 1x protease and phosphatase inhibitor
cocktail (GenDEPOT, Katy, TX, USA). Protein
samples were separated using SDS-PAGE,
transferred to a polyvinylidene difluoride mem-
brane, and incubated with primary antibodies
at 4°C overnight. After membranes had been
washed, they were incubated with horseradish
peroxidase (HRP)-conjugated secondary anti-
body (goat anti-mouse and goat anti-rabbit
IgG-HRP; Santa Cruz Biotechnology, Dallas, TX,
USA).
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Reverse-transcription polymerase chain reac-
tion (RT-PCR)

The RNA preparation method was previously
described [12]. Complementary DNA (cDNA)
was synthesized using a qPCR RT Master Mix
(TOYOBO, Osaka, Japan). RT-PCR was perfor-
med using EmeraldAmp Master Mix (TaKaRa
Bio, Shiga, Japan). The primers used in this
study are listed in Supplementary Table 1.

Cell cycle analysis

GC cells were treated with decursin for 24 h.
Subsequently, cells were fixed in 70% ice-cold
ethanol overnight at -20°C, washed with PBS,
and incubated with FxCycle™ propidium iodi-
de/RNase Staining Solution (Invitrogen) for 30
min at room temperature. Fluorescence was
analyzed using a MoFlo cell sorter (Beckman
Coulter, Brea, CA, USA) and the Kaluza analysis
program (ver. 1.2; Beckman Coulter).

Immunocytochemistry

The main aspects of the immunocytoche-
mistry method were previously described [12].
5-Ethynyl-2-deoxyuridine (EdU) analysis was
performed as previously described [18]. Briefly,
decursin-treated cells were incubated at 37°C
for 6 h in the presence of 20 uM EdU (Thermo
Fisher Scientific) and then incubated with EdU
antibody and Hoechst 33342 for 30 min at
room temperature. pEGFP-LC3 and mRFP-GFP-
LC3 plasmids were purchased from Addgene
(Watertown, MA, USA). GC cells were transfect-
ed with pEGFP-LC3 or mRFP-GFP-LC3 for 24 h.
After cells had been transfected, they were
treated with decursin at the indicated concen-
tration for 24 h and observed under a fluores-
cence microscope.

Immunohistochemistry

Immunohistochemistry was conducted as pre-
viously described [12]. Sections of 4 microme-
ter-thick paraffin-embedded tissues were pre-
pared for staining. Slides were deparaffinized in
xylene and rehydrated using a graded alcohol
series. Sections were performed by microwav-
ing the sections in Antigen Retrieval Buffer (pH
9.0; Dako, Carpinteria, CA, USA). Endogenous
peroxidase activity was inactivated by incuba-
tion in 3% hydrogen peroxide buffer for 15 min.
Slides were blocked for 20 min with protein
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block buffer (Dako). Primary antibodies diluted
in blocking solution were added to samples
and incubated overnight at 4°C. The next day,
slides were incubated with the appropriate
secondary antibody for 30 min and counter-
stained with hematoxylin.

Proteolytic activity assay

Recombinant human cathepsin C and L (rh-
CTSC and rhCTSL, respectively) were obtained
from R&D Systems (Minneapolis, MN, USA) and
activated in accordance with the manufactur-
er's instructions. Briefly, rhCTSC and rhCTSL
were diluted in Activation buffer to final concen-
trations of 20 yg/mL and 100 ug/mL, respec-
tively; they were then incubated for 1 h at room
temperature. Activated rhCTSC was diluted to
0.5 ng/uL in Assay buffer; the substrate (Gly-
Arg-AMC; Bachem Americas, Inc., Torrance, CA,
USA) was diluted to 20 yM in Assay buffer. The
reaction was initiated by loading 50 pL of 0.5
ng/uL rhCTSC into black well plates and adding
50 uL of the substrate (20 uM). The decursin-
treated group was incubated for 1 h with decur-
sin and rhCTSC, and then reacted with the
substrate.

Human tissue samples

Human GC and paired adjacent non-tumor tis-
sues were collected from Chungnam National
University Hospital. All protocols using human
materials were approved by the institutional
review board of Chungnam National University
Hospital (Approval No.: CNUH 2018-08-015).
Written informed consent was obtained from all
patients involved in this study.

Establishment of patient-derived gastric organ-
oids

Gastric tumor organoids were established
as previously described [19]. Human tissues
were washed 20-30 times with ice-cold PBS
until they were free of impurities. Biopsies
were then dissociated to single cells using a
Human Tumor Dissociation Kit (Miltenyi Biotec,
Bergisch Gladbach, Germany) for 1 h at 37°C.
Dissociated cells were filtered through a 70-um
cell strainer (BD Biosciences, San Jose, CA,
USA) into a new 50-mL tube. To remove red
blood cells, the filtered cells were incubated
with ACK lysis buffer for 5 min and washed with
basal media (advanced DMEM/F12, 10 mM
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HEPES, 1x GlutaMAX, 1x penicillin/streptomy-
cin). The cells were resuspended in 30 yL of
growth factor-reduced Matrigel (Corning, Inc.)
and seeded in 4-well dishes. Matrigel was then
solidified by a 15-min incubation at 37°C and
overlaid with 500 pL of complete organoid
media. Complete media were refreshed at 2-3
day intervals; passaging of patient-derived gas-
tric organoids (PDGOs) was performed using a
cell recovery solution (Corning, Inc.) once every
two weeks with a split ratio of 1:4.

Tumor formation assay in nude mice

All animal experiments were approved by the
Animal Experimental Ethics Committee of
Chungnam National University and were per-
formed in accordance with the guidelines. NCI-
N87 cells were washed three times with cold
PBS, and 1x107 cells were subcutaneously
injected into both flanks of each mouse with a
1:1 ratio of Matrigel. Tumor volume and body
weight were measured twice per week for four
weeks. After eight days, when tumor volumes
reached approximately 100 mm?2, decursin in
100 uL PBS was injected into the tumors of
each mouse twice per week. DMSO in 100 uL
PBS was injected as a negative control.

Bioinformatics

The online database Gene Expression Profiling
Interactive Analysis (GEPIA) was used to obtain
RNA sequencing data from The Cancer Geno-
me Atlas and Genotype-Tissue Expression
projects.

Statistical analysis

Data are expressed as means * standard er-
rors of the mean. Differences between groups
were analyzed using the Student’s t-test.
P-values < 0.05 were considered statistically
significant. Data are representative of at least
three independent experiments.

Results

Decursin inhibits cell growth and induces cell
cycle arrest in GC cells

As shown in Figure 1A, decursin significantly
reduced cell viability in a dose- and time-de-
pendent manner. We also observed a redu-
ction in cell growth through live-cell imaging
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and colony formation assays (Figure 1B, 1C).
EdU staining was performed to further investi-
gate the effect of decursin on cell proliferation.
EdU labeling revealed that decursin strongly
suppressed DNA synthesis in both GC cell lines
(Figure 1D). Propidium iodide staining revealed
that, after treatment with decursin, the per-
centage of cells in the GO/G1 phase was signi-
ficantly elevated, while the percentage of cells
in the S phase was reduced, indicating that
decursin induced GO/G1 phase arrest (Figure
1E). Cyclin-dependent kinase (CDK) 4/6 levels
were significantly reduced by decursin in a
dose-dependent manner; in contrast, the ex-
pression of Cyclin D1, which interacts with
CDK4/6 to promote cell cycle progression, did
not change (Figure 1F). The expression of cy-
clin A regulated by the CDK4/6-cyclin D1 com-
plex was also reduced. These results indicate
that decursin inhibits GC growth and induces
cell cycle arrest in vitro.

Decursin interferes with autophagic flux in GC
cells

Next, we investigated the effect of decursin
on autophagy. Decursin treatment markedly
increased LC3-Il levels in GC cells in a dose-
dependent manner (Figure 2A, 2B). However,
decursin-treated cells also showed SQSTM1
accumulation. The expression level of SQSTM1
is a useful indicator of autophagic flux [20],
and SQSTM1 accumulation indicates inhibition
of the autophagic flux. To further determine the
effect of decursin on autophagic flux, we tran-
siently expressed green fluorescent protein
(GFP)-LC3, a canonical autophagosome mark-
er, in SNU216 and NCI-N87 cells. Decursin
treatment significantly increased the number of
LC3 puncta compared with the control (Figure
2C). The autophagosome-specific Cyto-ID trac-
er dye was detected and quantified by FACS.
As previously shown, decursin treatment caus-
ed autophagosome accumulation (Figure 2D).
TEM was performed to visualize the autophagic
phenotype in decursin-treated cells. As shown
in Figure 2E, control cells displayed normal
mitochondria and other organelles, while de-
cursin-treated cells exhibited autophagic vacu-
oles and abnormal organelles. These results
highlight the relationship between decursin
and autophagy. However, SQSTM1 expression
levels were gradually increased with increa-
sing decursin concentrations (Figure 2A), sug-
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Figure 1. Decursin inhibits GC cell proliferation. A. SNU216 and NCI-N87 cells were treated with indicated concentrations of decursin for indicated times. B, C. After
decursin treatment for 24 h, cell growth was reduced, as demonstrated by bright field imaging and clonogenic assay (x100). Scale bar: 50 uym. D. Incorporated EdU
was stained with anti-EdU, and cell nuclei were counterstained with Hoechst 33342 (x400). Scale bar: 50 uym. E. Representative results of cell cycle analysis by
flow cytometry. F. Confirmation of expression of several cell cycle-related proteins. Full-length blots are presented in Supplementary Figure 6. n.s.: not significant;
*P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2. Decursin induces autophagic alteration in GC cells. A, B. Decursin induced autophagosome formation in
SNU216 and NCI-N87 cells, as revealed by conversion of LC3-I to LC3-Il determined by western blotting. Full-length
blots are presented in Supplementary Figure 6. C. Both cell lines were transfected with GFP-LC3 plasmid, and cells
were treated with decursin for 24 h (x1000). Scale bar: 2 um. D. Representative FACS data, showing accumulation
of Cyto-ID after treatment with decursin. E. Effect of decursin on GC cell morphology. Representative TEM images
are shown (x3200). Scale bar: 2 um. The right panel shows the magnification of the boxed region. *P < 0.05; **P

<0.01; ***P < 0.001.

gesting that decursin promoted SQSTM1 and
LC3 accumulation, impacting autophagic flux.

Decursin interferes with autophagic flux in a
pH-independent manner

Next, we analyzed the expression levels of LC3
and SQSTM1 after decursin treatment. Eleva-
ted LC3 levels were observed after 12 h of
treatment, and SQSTM1 levels increased in a
time-dependent manner (Figure 3A-C), sug-
gesting that autophagic flux was impaired by
decursin. Decursin-mediated inhibition of au-
tophagic flux was observed in GC, colon, cervi-
cal, breast, and lung cancer cells (Supplemen-
tary Figure 1). These findings were confirmed
by treatment with decursin and bafilomycin A,
a well-known inhibitor of autophagy (Figure
3D). Cells were transfected with the mRFP-
GFP-LC3 plasmid to determine the mechanism
involved in autophagic flux inhibition by decur-
sin. The RFP-GFP sensor was used to distin-
guish the different pH values of acidic auto-
lysosomes and neutral autophagosomes. GFP
was quenched at acidic pH, while RFP exhibit-
ed relatively stable fluorescence at low pH.
Therefore, green fluorescence was maintained
when autophagic flux was blocked by changes
in lysosomal pH. Interestingly, decursin redu-
ced green fluorescence in a dose-dependent
manner (Figure 3E). This finding suggests that
autophagic flux suppression due to decursin
treatment is not dependent on lysosomal pH.

Decursin inhibits autophagic flux by reducing
CTSC levels

As decursin’s role in autophagic flux was not
mediated by pH alterations, we investigated
the effects of decursin on lysosomes. We con-
firmed that the levels of the lysosomal marker
LAMP2 did not change after decursin treat-
ment (Figure 4A and Supplementary Figure 2),
indicating that decursin did not directly affect
lysosomes. Subsequently, the expression of
several lysosomal cathepsins was examined in
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decursin-treated GC cells (data not shown).
CTSC expression levels were significantly re-
duced after decursin treatment (Figure 4A).
CTSC silencing promoted autophagy dysregu-
lation, whereas rhCTSC expression activated
autophagy (Figure 4B, 4C). The loss of CTSC
increased the number of LC3 puncta (Figure
4D). Moreover, the elevated level of autopha-
gic flux caused by rhCTSC was restored to a
baseline level by decursin treatment (Figure
4E). To assess the effect of decursin on CTSC
activity, we performed a proteolytic analysis
using Gly-Arg-AMC, a CTSC-specific substrate.
Decursin reduced CTSC expression and CTSC
proteolytic activity in a concentration-depen-
dent manner (Figure 4F).

CTSC inhibits cell cycle through E2F3

Decursin was found to induce autophagic flux
disturbance through CTSC inhibition (Figure 4).
Degradation of cellular components by autoph-
agy can increase the nutrient pool required for
cancer cell growth [5]. Therefore, the relation-
ship between CTSC and cell growth was inves-
tigated. siRNA-mediated loss of CTSC signifi-
cantly reduced the proliferation of GC cells and
induced GO/G1 cell cycle arrest (Figure 5A,
5B). Importantly, we found that siCTSC reduc-
ed E2F3 levels (Figure 5C). In association with
E2F1 and E2F2, E2F3 promotes cell growth;
however, only E2F3 was reduced by siCTSC
(Supplementary Figure 3A). E2F3 was also
downregulated in decursin-treated cells (Figure
5D). These results indicate that decursin inhib-
its cancer cell growth and can be used as an
anti-GC drug. E2F typically forms a complex
with Rb; Rb phosphorylation releases E2F from
the Rb-E2F complex, increasing transcriptional
activity [21]. Therefore, the change in Rb phos-
phorylation status by CTSC was assessed.
siCTSC did not alter Rb phosphorylation levels
(Supplementary Figure 3B). Therefore, we con-
cluded that the CTSC-dependent change in
E2F3 is independent of Rb. Next, the effect of
E2F3 on CTSC was evaluated using sSiE2F3.
Unlike the decrease in E2F3 levels mediated by
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Figure 3. Decursin interferes with autophagic flux in GC cells. A. Decursin concentration was fixed at 50 uM, and treatment time was adjusted. Full-length blots are
presented in Supplementary Figure 6. B, C. Expression of LC3-Il and SQSTM1. D. SNU216 and NCI-N87 cells were exposed to decursin (50 uM), bafilomycin (100
nM), or a combination of both drugs for 24 h. Full-length blots are presented in Supplementary Figure 6. E. Both GC cell lines were transfected with mRFP-GFP-LC3
and treated with decursin for another 24 h, then analyzed by fluorescence microscopy (x1000). Scale bar: 2 pm.
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Figure 4. Decursin reduces cathepsin C expression and activity. A. CTSC expression was confirmed in decursin-treated cells, and lysosome marker LAMP2 was
identified to confirm effects on lysosomes. Full-length blots are presented in Supplementary Figure 6. B, C. Autophagic flux was evaluated by western blotting after
treatment with siCTSC and rhCTSC. Full-length blots are presented in Supplementary Figure 6. D. Following co-transfection of siCTSC and GFP-LC3 plasmid, puncta
were observed using immunocytochemistry (x1000). Scale bar: 2 um. E. SNU216 and NCI-N87 cells were treated with decursin and rhCTSC, then cultured for 24
h. Full-length blots are presented in Supplementary Figure 6. F. To measure inhibition of CTSC by decursin, fluorescence values generated by CTSC cleavage were
measured using Gly-Arg-AMC, a CTSC specific substrate. n.s.: not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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siCTSC, E2F3 knockdown did not affect CTSC
levels (Figure 5E). However, siE2F3 promoted
cell proliferation inhibition and cell cycle arrest
(Figure 5F, 5G). These results suggest that
E2F3 is downstream of CTSC and that decursin
affects cell growth via the CTSC-E2F3 axis.

Decursin inhibits the growth of tumor spher-
oids and PDGOs

Many drugs show limited success in humans
because in vitro experiments are based on
two-dimensional (2D) cultures, which are not
an accurate representation of the patient set-
ting [22]. Thus, 3D culture models have emer-
ged as a promising tool to test drug effective-
ness. Here, we established two 3D culture
models: tumor spheroids and PDGOs. NCI-N87
cells successfully formed spheroids and could
be passaged (Supplementary Figures 4 and
B5A). Cell stemness was enhanced in spheroid
cultures and maintained for 72 h when the
cells were dissociated into a monolayer (Sup-
plementary Figure 5B). Cells with enhanced
stemness were treated with decursin, and cell
proliferation was reduced in a manner similar
to that of decursin treatment in 2D culture
(Supplementary Figure 5C, 5D). To further sup-
port these results, gastric organoids were
established using tissues from three patients
with GC who underwent surgery (Supplemen-
tary Table 2); the findings confirmed the effects
of decursin. Histological evaluation revealed
significant differences between the biopsies
of non-tumor and tumor tissues (Figure GA).
Importantly, decursin reduced the size and
number of organoids (Figure 6B). Consistent
with previous results, decursin reduced CTSC
levels and inhibited autophagic flux in PDGOs
(Figure 6C). Hence, the effects of decursin we-
re confirmed in tumor spheroids and PDGOs,
enhancing the clinical relevance of our in vitro
findings.

Elevated CTSC and E2F3 levels are associated
with aggressive behavior in GC

We found that the expression levels of CTSC
and E2F3 were significantly upregulated in GC
(Figure 7A) and that CTSC expression levels
were correlated with those of E2F3 (Figure 7B).
Kaplan-Meier analyses indicated a significant
association between CTSC and E2F3 levels and
poor survival outcomes in GC patients (Figure
7C, 7D). Western blotting in seven pairs of
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tumor and adjacent non-malignant tissues con-
firmed the elevated CTSC and E2F3 protein lev-
els in GC tissues compared with matched non-
malignant tissues (Figure 7E). A subcutaneous
mouse model was established to confirm the
effects of decursin on tumor growth in vivo. In
contrast to control mice, decursin-treated mice
showed retarded tumor growth. Body weight
was not affected by the treatment (Figure 7F).
Tumors were smaller in decursin-treated mice
than in control mice, and histological analyses
of mouse tumors revealed that control tumors
were more compact than decursin-treated
tumors (Figure 7G). In addition, lower levels of
CTSC and E2F3 were observed in decursin-
treated tumors, consistent with our in vitro
results (Figure 7H). Overall, these findings sug-
gest that decursin downregulates CTSC and
suppresses tumor growth by disrupting autoph-
agy and inhibiting CTSC and E2F3. These
results also indicate that decursin suppresses
GC progression by simultaneously inhibiting
CTSC-mediated autophagic flux and cell cycle
progression (Figure 8).

Discussion

In this study, we demonstrated the role of
CTSC-induced autophagic flux and the cell cy-
cle in GC progression; we also found a novel
compound that inhibits CTSC. Decursin indu-
ced cell cycle arrest via CTSC-mediated inhibi-
tion of E2F3, a cell cycle regulatory transcrip-
tion factor. Decursin also inhibited autophagic
flux through inhibition of CTSC. Furthermore,
public mRNA data for patients with GC show-
ed that CTSC and E2F3 were highly expressed
in GC and significantly associated with each
other, indicating that decursin could be used
as an anti-GC agent through its actions as an
inhibitor of cancer cell proliferation and auto-
phagic flux via CTSC inhibition.

Autophagy plays a complex role in cancer,
where it functions as a tumor suppressor or
tumor promoter [5, 23]. Autophagy was initially
presumed to inhibit cancer via degradation of
cancer cells but has since been shown to
induce cancer survival and proliferation in con-
ditions of stress (e.g., lack of nutrients or oxy-
gen) [24]. This biological phenomenon is regu-
lated by multiple autophagy-related genes in
various tumor types. Thus, despite possible
confusion regarding the roles of autophagy,
many in vitro and clinical studies have focused
on its suppression.
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Figure 5. Cathepsin C regulates cell cycle through E2F3. A, B. Cell proliferation and cell cycle assay after treatment with siCTSC. Both cell lines were transfected
with siRNA targeting CTSC. After 24 h, cells were dissociated and seeded into 96-well plates. Proliferation was measured by CCK-8 assay at indicated times. Cell
cycle analysis by FACS was performed 48 h after transfection. C. E2F3 mRNA and protein levels after treatment with siCTSC were confirmed by RT-PCR and western
blotting. Full-length blots are presented in Supplementary Figure 6. D. Treatment with decursin induced reduction of E2F3 expression in a dose-dependent manner.
Full-length blots are presented in Supplementary Figure 6. E. Following transfection of siE2F3, expression levels of each protein were confirmed by western blotting.
Full-length blots are presented in Supplementary Figure 6. F. After 24 h of sSiE2F3 transfection, cells were dissociated and re-seeded in 96-well plates; CCK-8 assays
were then performed at indicated times. G. E2F3 knockdown induced GO/G1 cell cycle arrest. n.s.: not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 7. Cathepsin C and E2F3 are upregulated and correlated with aggressiveness in GC. A. CTSC and E2F3 are highly expressed in GC tumors (GEPIA: http://
gepia.cancer-pku.cn/). B. Correlation analysis of CTSC and E2F3 expression levels in GC. C, D. Survival analysis by Kaplan-Meier plot. Survival is lower in patients
with high expression of CTSC and E2F3 than in patients with low expression of CTSC and E2F3. E. CTSC and E2F3 expression levels in tissues from patients with
GC. Western blotting of protein expression levels in GC tumor and matched adjacent non-tumor tissues. Full-length blots are presented in Supplementary Figure
6. F. NCI-N87 cells were subcutaneously injected into nude mice. Tumor growth, tumor weight, and body weight were measured twice per week. Tumor volume
was calculated as follows: (length x width?)/2. G. Dissected tumor tissues from BALB/c-nude mice. Tumors derived from decursin-injected mice were smaller than
tumors derived from control mice. Representative hematoxylin and eosin staining indicated tumor histology (x200). Scale bar: 100 um. H. Representative immuno-
histochemistry staining of CTSC and E2F3. N, non-tumor tissue; T, tumor tissue (x200). Scale bar: 100 pm.
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anism by which decursin inhibits the growth of GC
cells through regulation of cell cycle and autophagy.
Schematic representation of CTSC-mediated signal-
ing and its biological effects in GC, implying that de-
cursin exhibits anti-tumor activity by downregulating
CTSC expression.

Well-known autophagy inhibitors include chlo-
roquine (CQ), hydroxychloroquine (HCQ), and
bafilomycin A. CQ and its derivative HCQ
are FDA-approved drugs currently in clinical
trials for cancer treatment via inhibition of
autophagy [25]. CQ and HCQ inhibit autophagy
by elevating lysosomal pH and suppressing
autophagosome and lysosome fusion [26].
Meanwhile, Bafilomycin A, inhibits the vacuo-
lar-type H*-ATPase (V-ATPase) enzyme in lyso-
somes, thereby inhibiting lysosomal acidi-
fication [27]. 3-methyladenine inhibits auto-
phagy by blocking autophagosome formation
by inhibiting phosphatidylinositol-3-kinases
[28].

Another inhibitory mechanism of autophagy
involves targeting proteolytic enzymes in the
lysosome. There are various types of lysosomal
proteases [29, 30]. Cathepsin is a lysosomal
protease that plays an important role in the
progression of autophagy; cathepsins can be
divided into serine, cysteine, and aspartyl pro-
teases [29]. Cathepsin levels are frequently
elevated in tumors and are significantly associ-
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ated with the prognosis of various cancers,
including lung cancer, colorectal cancer, and
breast cancer [31-33]. Cysteine cathepsin has
been shown to exhibit elevated expression or
activity in the tumor microenvironment; this
enzyme causes proliferation, invasion, and
metastasis of cancer cells [29]. Cathepsin B is
a well-known cysteine cathepsin; numerous
studies have shown that overexpression of
cathepsin B is involved in cancer invasion and
metastasis [34, 35]. CTSC, also known as
dipeptidyl peptidase |, is classified as a cyste-
ine protease; it has been associated with vari-
ous diseases such as cancer, sepsis, ar-
thritis, and inflammatory disorders [36, 37].
CTSC is upregulated in a variety of malignan-
cies, including pancreatic cancer, hepatocellu-
lar carcinoma, and breast cancer [38-40]. Low
CTSC expression in the gastric mucosa of
Helicobacter pylori-infected patients has been
reported [41], but little is known regarding the
role of CTSC in GC. In the present study, decur-
sin was found to reduce CTSC expression
regardless of pH, thus leading to autophagy
dysregulation.

Our results imply that CTSC may be an appro-
priate therapeutic target. Moreover, some stud-
ies have proposed the treatment of multiple
diseases through CTSC inhibition. Consistent
with our data, herbal medicine-derived timosa-
ponin inhibits renal cell carcinoma metastasis
by reducing CTSC expression through the AKT/
miR-129-5p axis; moreover, olfactomedin has
been shown to inhibit CTSC-mediated protease
activity [42, 43]. Because most studies have
been focused on its structure, the mechanism
of action by which CTSC contributes to cancer
progression is poorly understood. Therefore,
this mechanism should be identified.

Many cathepsins have been reported to affect
cell growth, as well as invasion or metastasis.
The cell cycle consumes a large amount of
energy; autophagic degradation can provide a
useful source of energy. Cathepsin B enhan-
ces the proliferation of colorectal cancer cells
by cleaving p27, a cell cycle inhibitor; cathe-
psin S-mediated BRCA degradation results in
enhanced growth of breast cancer cells [44,
45]. A role for CTSC in cancer cell proliferation
has not yet been reported. A notable finding in
this study was that decursin-mediated CTSC
reduction inhibited E2F3 expression and cau-
sed a reduction in the proliferation of GC cells.
E2F3 plays an important role in the prolifera-
tion of normal cells but is frequently overex-
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pressed in cancer, causing abnormal cell prolif-
eration [46-48]. Moreover, autophagy inhibi-
tors have been reported to produce synergistic
effects when combined with cell cycle inhibi-
tors or conventional chemotherapy agents [49,
50]. Therefore, it is notable that decursin treat-
ment alone can cause both autophagy and
cell cycle dysregulation by suppressing CTSC
expression.

Enhanced cancer stemness is presumed to
be the main cause of cancer treatment failure
due to drug resistance, which is a substantial
challenge in drug development [51]. Thus,
consideration of drug resistance using a 3D
culture model with enhanced stemness may
be an attractive approach. Spheroids are an
easily reproducible experimental model that
allows in vitro screening for drug resistance;
organoids, another 3D culture model, mimic
the structures and properties of the organs
from which they are derived [52, 53]. In addi-
tion, patient-derived organoids carry a specific
patient’'s genetic characteristics, which can
help determine the drug response of that
patient; this may be a useful model for person-
alized therapy [19]. Decursin induced a re-
duction in autophagic flux and cell growth in
spheroids and organoids, implying that it may
be able to overcome drug resistance.

Conclusions

In conclusion, this study revealed the impor-
tance of a new mechanism involving autophagy
and cell growth through decursin-induced CTSC
reduction. Decursin is a potential therapeutic
candidate for the treatment of GC; determining
its role and safety of the compound as a spe-
cific and selective inhibitor should be a priority.
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Supplementary Table 1. The primers used in this

study

Gene name  Primer sequence

CDK4 sense: 5’-GAGTGTGAGAGTCCCCAATG-3’
antisense: 5’-GGTCCTGGTCTACATGCTCAAA-3’

CDK6 sense: 5’-GGATAAAGTTCCAGAGCCTGG-3’
antisense: 5’-GGCCGAAGTCAGCGAGTTTT-3’

E2F1 sense: 5-CCTGGCCTACGTGACGTGTC-3’
antisense: 5-CGGCTTGGAGCTGGGTCT-3’

E2F2 sense: 5’-GAGGACAAGGCCAACAAGAGG-3’
antisense: 5’-TGTCGGGCACTTCCAGTCTC-3’

E2F3 sense: 5’-CACTTCCACCACCTCCTGTT-3’
antisense: 5’-TGACCGCTTTCTCCTAGCTC-3’

GAPDH sense: 5’-GAGTCAACGGATTTGGTCGT-3’

antisense: 5-TTGATTTTGGAGGGATCTCG-3’
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Supplementary Figure 1. Decursin acts as an autophagy inhibitor in other cancer cell lines. A-D. Each cell line was
treated with decursin for 24 h; expression levels of LC3 and SQSTM1 were assessed by western blotting. Full-length
blots are presented in Supplementary Figure 6.
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Supplementary Figure 2. Expression of LAMP2 after decursin treatment of GC cells. Immunocytochemistry revealed that LAMP2 in SNU216 and NCI-N87 cells did
not change, regardless of decursin concentration (x100). Scale bar: 50 pm.
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Supplementary Figure 3. Cell cycle-related gene expression after cathepsin C knockdown. A. mRNA expression
levels of E2F1, E2F2, and E2F3, were confirmed. E2F3 exhibited a change after transfection with siCTSC, whereas
E2F1 and E2F2 did not. B. Phosphorylation of Rb, which binds E2F3 and regulates its expression, was confirmed;
however, its phosphorylation levels did not change. Full-length blots are presented in Supplementary Figure 6.
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Tday 12day 8day after split

(x200) (x200) (x100)

Supplementary Figure 4. Gastric tumouroid formation. Generation of a spheroid from NCI-N87 cells after 7 and 12
days, as well as 8 days after split into 6-well low attachment dishes (x200). Scale bar: 50 ym.
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Supplementary Figure 5. Decursin treatment after 3D culture of NCI-N87 cells. A. Representative images are well-
formed spheroids using NCI-N87 cell lines (x100). Scale bar: 50 pm. B. Comparison of stem cell marker expression
between 2D and 3D cultured cells. Stem cell markers were maintained until 72 h after dissociation of 3D cultured
cells. Full-length blots are presented in Supplementary Figure 6. C, D. 3D cultured cells were dissociated again in 2D
and re-seeded in 96-well plates. Then, cells were treated with decursin and proliferation was measured at indicated
times (x40). Scale bar: 100 ym. *P < 0.05; **P < 0.01; ***P < 0.001.
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Supplementary Figure 6. Uncropped scans of western blots displayed in Figures 1F, 2A, 3A, 3D, 4A-4E, 5C-E, 6C,
lementary Figures 1A-D, 3B and 5B.

Supplementary Table 2. Patient information on patient-derived gastric cancer organoids

No Gender Age WHO Lauren pStage

GC #8 M 72 Poorly cohesive carcinoma Diffuse pT2N2MO
GC #21 F 44 Poorly cohesive carcinoma Diffuse pT3NOMO
GC #24 M 81 Tubular adenocarcinoma Intestinal pT2NOMO

WHO, World Health Organization classification; Lauren, Lauren classification; pStage, pathologic stage.



