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Low-dose Diosbulbin-B (DB) activates I

tumor-intrinsic PD-L1/NLRP3 signaling pathway
mediated pyroptotic cell death to increase
cisplatin-sensitivity in gastric cancer (GC)

Chunfeng Li', Jungiang Qiu? and Yingwei Xue'"

Abstract

Background: Emerging evidences suggests that Diosbulbin-B (DB) is effective to improve cisplatin (DDP)-sensitivity
in gastric cancer (GQ), but its molecular mechanisms were not fully delineated, and this study managed to investigate
this issue.

Methods: Genes expressions were determined by Real-Time gPCR and Western Blot at transcriptional and trans-
lational levels. Cell proliferation and viability were evaluated by cell counting kit-8 (CCK-8) and trypan blue staining
assay. Annexin V-FITC/PI double staining assay was used to examine cell apoptosis. The Spheroid formation assay was
used to evaluated cell stemness. The xenograft tumor-bearing mice models were established, and the tumors were
monitored and the immunohistochemistry (IHC) was employed to examine the expressions and localization of Ki67
protein in mice tumor tissues.

Results: Low-dose DB (12.5 uM) downregulated PD-L1 to activate NLRP3-mediated pyroptosis, and inhibited cancer
stem cells (CSCs) properties, to sensitize cisplatin-resistant GC (CR-GC) cells to cisplatin. Mechanistically, the CR-GC
cells were obtained, and either low-dose DB or cisplatin alone had little effects on cell viability in CR-GC cells, while
low-dose DB significantly induced apoptotic cell death in cisplatin treated CR-GC cells. In addition, low-dose DB trig-
gered cell pyroptosis in CR-GC cells co-treated with cisplatin, which were abrogated by silencing NLRP3. Next, CSCs
tended to be enriched in CR-GC cells, instead of their parental cisplatin-sensitive GC (CS-GC) cells, and low-dose DB
inhibited spheroid formation and stemness biomarkers (SOX2, OCT4 and Nanog) expressions to eliminate CSCs in
CR-GC cells, which were reversed by upregulating programmed death ligand-1 (PD-L1). Furthermore, we proved that
PD-L1 negatively regulated NLRP3 in CR-GC cells, and low-dose DB activated NLRP3-mediated pyroptotic cell death in
cisplatin treated CR-GC cells by downregulating PD-L1. Also, low-dose DB aggravated the inhibiting effects of cisplatin
on tumorigenesis of CR-GC cells in vivo.

Conclusions: Collectively, low-dose DB regulated intrinsic PD-L1/NLRP3 pathway to improve cisplatin-sensitivity in
CR-GC cells, and this study provided alternative therapy treatments for GC.
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Introduction

The therapeutic efficacy of the current chemical drugs for
gastric cancer (GC) were seriously limited as the results
of chemo-resistance [1-3], hence, the development of
new anti-tumor drugs for GC treatment became urgent
and necessary. Based on the information provided by the
previous publications [4, 5], one of the Chinese medi-
cine, Dioscorea bulbifera L., had been widely used for
cancer treatment in Asia, and researchers had extracted
the main anti-tumor compound, Diosbulbin-B (DB),
from this Chinese herb to treat cancers [5-7]. However,
high-dose DB-induced hepatotoxicity [8], and the inef-
fectiveness of low-dose DB for cancer treatment seri-
ously limited its utilization for GC treatment in clinic
[5]. To solve this issue, our preliminary work tried to use
low-dose DB combined with genes manipulation to treat
GC, and the results indicated that this strategy success-
fully hampered GC development, but had little detri-
mental effects on human normal hepatocytes (L-02) [5].
The above information enlightened us to investigate the
possibility whether low-dose DB treatment was capa-
ble of improving the chemo-sensitivity of GC cells to
the current chemical drugs. To achieve this, this study
selected cisplatin (DDP), one of the most common chem-
otherapeutic drug for GC treatment [9, 10], for further
investigations.

Cancer stem cells (CSCs) were a subgroup of cancer
cells characterized by high self-renewal abilities [11,
12], which sustained the heterogeneity of tumor cells
and contributed to metastasis and bad prognosis in GC
patients [13, 14]. In addition, recent data indicated that
CSCs were pivotal for sustaining cisplatin-resistance in
multiple cancers, such as head and neck squamous cell
carcinoma (HNSCC) [15], lung cancer [16] and GC [17,
18]. Specifically, Peng C et al. found that restriction of
CSCs features enhanced cisplatin sensitivity [18], and
Zhang L et al. validated that induction of CSCs prop-
erties increased cisplatin-resistance in GC cells [17],
which suggested that elimination of CSCs was an ideal
strategy to improve cisplatin-sensitivity in GC [19]. By
conducting the preliminary experiments, we surpris-
ingly found that low-dose DB regulated CSCs prop-
erties in GC cells, however, up until now, no existed
literatures reported the link between DB and cell
stemness. Programmed death ligand-1 (PD-L1) func-
tioned as an oncogene to facilitate GC progression [20,
21], which was also associated with immune evasion
in tumor microenvironment [22, 23]. Aside from that,
Y Zuo et al. validated that PD-L1 promoted cisplatin-
resistance in ovarian cancer [24], and Fang Wei et al.
found that upregulation of PD-L1 specifically promoted
CSCs expansion in colorectal cancer [25]. Interestingly,
a translational analysis from the ITACA-S trial (https

Page 2 of 13

://clinicaltrials.gov/, Identifier: NCT01640782) evi-
denced that PD-L1 was a potential predictor of benefit
from intensive cisplatin-chemotherapy [26]. Notably,
our preliminary experiments showed that low-dose DB
regulated PD-L1 expressions in GC cells.

Cell pyroptosis was a type of cell death featured by
NLRP3 inflammasome activation and pro-inflammatory
cytokines secretion [27, 28], and induction of pyroptotic
cell death was proved to be an effective strategy to elimi-
nate cancer cells [29, 30]. For example, myeloid phos-
phate and tension homology deleted on chromosome
ten (PTEN) promoted chemotherapy-induced NLRP3
mediated cell pyroptosis to inhibit cancer development
[29], and activation of NLRP3-mediated pyroptotic cell
death enhanced the cytotoxic effects of cisplatin in non-
small cell lung cancer (NSCLC) [30]. Of note, Bala et al.
validated that there existed an intrinsic PD-L1/NLRP3
signaling pathway in melanoma cells [31], and the cor-
relations between PD-L1 and NLRP3 had also been
observed in interferon-y (IFN-y) induced myotubes [32].
However, the detailed information for the PD-L1-NLRP3
pathway had not been deeply investigated in other types
of cells, such as GC cells. Based on this, we validated that
PD-L1 negatively regulated NLRP3 in GC cells in our
preliminary work, which rendered the possibility that
targeting PD-L1-NLRP3 pathway was novel to enhance
cisplatin-sensitivity in GC cells. In addition, DB exerted
anti-tumor effects by regulating multiple tumor-asso-
ciated genes [5, 7], and our preliminary data suggested
that low-dose DB triggered cell pyroptosis in cisplatin
treated GC cells, and potentially regulated PD-L1-NLRP3
pathway.

Taken together, this study managed to investigate the
potential utilization of low-dose DB combined with tra-
ditional chemical drugs to treat GC in vitro and in vivo,
and uncovered the potential underlying mechanisms.
This study will broaden our knowledge in this field, and
provide potential therapeutic agents for GC treatment in
clinic.

Materials and methods

Cell culture and treatment

The cisplatin-resistant GC (CR-GC) cell lines (SGC7901/
CDDP, BGC823/CDDP) and their parental cisplatin-
sensitive GC (CS-GC) cell lines (SGC7901 and BGC823)
were obtained from the Resistant Cancer Cell Line Col-
lection (http://www.kent.ac.uk/) and American Type
Culture Collections (ATCC, USA), respectively. All the
cells were cultured under standard culture conditions
with 37 “C humidified air containing 5% CO, and culti-
vated in the RPMI-1640 medium (Gibco, USA) contain-
ing 10% fetal bovine serum (FBS, Gibco, USA). After that,
the CR-GC cells were subjected to cisplatin (20 pg/ml)
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combined with low-dose DB (12.5 uM) for O h, 24 h, 48 h
and 72 h, respectively. To induce the acquired cisplatin-
resistant GC (ACR-GC) cells, the parental CS-GC cells
were exposed to continuous low-dose cisplatin (from 0.5
to 5 ug/ml, for 80 days) in a step-wise manner based on
the experimental procedures provided by the previous
publications [9, 10]. In addition, the PD-L1 recombinant
protein were bought from BioVision (#21023-10, USA).

Vectors transfection

The small interfering RNAs (siRNA) for PD-L1 and
NLRP3 were designed and synthesized by Sangon Bio-
tech (Shanghai, China), and the PD-L1 overexpression
vectors were constructed by Vazamy (Shanghai, China).
After that, the commercial Lipofectamine 2000 reagent
(Invitrogen, CA, USA) was purchased to deliver the
above vectors into CR-GC cells, the detailed information
for vectors transfection procedures were documented in
the producer’s instructions. The sequence information
for the above plasmids had been included in Additional
file 1: Table S1.

Cell counting kit-8 (CCK-8) assay

The CR-GC cells were pre-transfected with differen-
tial vectors for genes manipulation, and were adminis-
tered with cisplatin and DB stimulation, respectively.
After that, the cells were cultured in the incubators for
0 h, 24 h, 48 h and 72 h, respectively, and the commer-
cial CCK-8 assay kit (Beyotime, Shanghai, China) was
obtained to measure cell proliferation abilities based on
the manufacturer’s protocol.

Trypan blue staining assay

The CR-GC cells were exposed to differential treatments,
harvested, prepared and stained with trypan blue reac-
tion buffer (Sigma-Aldrich, USA) at the concentration of
0.4% for 20 min at room temperature. After that, the cells
were observed under a light microscope, and the dead
blue cells were counted. Finally, the cell viability was cal-
culated by using the following formula that: cell viability
(%) = (total cells — dead blue cells)/total cells x 100%.

Annexin V-FITC/Pl double staining assay

The CR-GC cells were pre-transfected with differ-
ent vectors, and administered with cisplatin (20 pg/ml)
combined with low-dose DB (12.5 uM) for 48 h, the com-
mercial Apoptosis Detection kit was purchased from BD
Bioscience (USA) to measure cell apoptosis ratio in keep-
ing with the producer’s protocol. Specifically, the CR-GC
cells were harvested, washed and stained with Annexin
V-FITC and PI staining solution for 40 min at room tem-
perature without light exposure. Finally, the apoptotic
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cell proportions were determined by using the flow
cytometer (FCM) purchased from ThermoFisher Scien-
tific (USA).

Real-time qPCR

The CR-GC cells were prepared, and a commercial TRI-
zol reagent (Invitrogen, USA) was obtained to extract the
total RNA from the cells in keeping with the producer’s
protocol. After that, the Real-Time qPCR kit (Invitrogen,
USA) was employed to to examine the mRNA levels of
PD-L1, SOX2, OCT4, Nanog and B-actin in the CR-GC
cells according to the experimental procedures pro-
vided by the previous publications [9, 10]. The primer
sequences for Real-Time qPCR were included in Addi-
tional file 1: Table S2.

Western blot analysis

We bought the RIPA lysis buffer (Beyotime, Shang-
hai, China) to extract the total protein from CR-GC
cells and mice tumor tissues based on the experimental
procedures provided by the manufacturer. After that,
the protein levels of Cyclin D1, CDK2, B-actin, PD-L1,
SOX2, OCT4, Nanog, NLRP3, ASC, IL-1, IL-18, cleaved
Caspase-3 (pl7) and Bax were determined by using the
Western Blot analysis, and the experimental procedures
had been well documented in the previous publications
[9, 10]. Besides, the detailed information for the involved
primary antibodies were documented in Additional file 1:
Table S3.

Spheroid formation assay

The ACR-GC cells, CR-GC cells and CS-GC cells were
cultured under the standard conditions with RPMI-
1640 medium (Gibco, USA), and the spheroid formation
abilities of the above cells were measured by using the
spheroid formation assay, and the detailed experimental
procedures had been well recorded in the previous pub-
lication [33-35]. Briefly, the cells were washed, centri-
fuged and grown in the serum-free RPMI-1640 medium
containing 10 mM 2-(4-(2-Hydroxyethyl)-1-piperazi-
nyl) ethanesulfonic acid (HEPES), B27 (0.02%), epider-
mal growth factor (EGF, 20 ng/mL) and basic fibroblast
growth factor (bFGF, 10 ng/mL) for 14 days cultivation.
After that, the cell spheres were observed and counted
under the light microscope to evaluate cell stemness.

Xenograft tumor-bearing mice models

The BALB/c mice (aged 4-6 weeks) were purchased
from the Research Animal Center of Harbin Medical
University, and all the animals were fed and housed with
standard conditions. Next, the cells were pre-transfected
differential vectors, including PD-L1 overexpression and
downregulation vectors, and the cells were implanted
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into the dorsal flank regions of the mice at the density of
2 x 107 cells per mice. The mice tumor was monitored,
and tumor volume was measured every 5 days. At 30 days
post-injections, the mice were sacrificed and the tumors
were obtained, photographed and weighed to reflect
tumorigenesis of CR-GC cells in vivo. All the animal
experiments were approved by the Ethics Committee for
Animal Experimentation of Harbin Medical University.

In vivo extreme limiting dilution analysis (ELDA) for cell
stemness

The CR-GC cells with or without PD-L1 overexpres-
sion vectors were injected into the dorsal flank regions
of the mice at the number of 1 x 10* cells, 1 x 10° cells
and 1x10° cells, respectively. The mice were divided
into 3 groups, including control, DB and DB + OE-PD-L1
group. The formation of the tumors were monitored and
documented regularly at day 8, 11, 14, 17, 20, 23, 26, 29,
32 and 35 post-injection to evaluate cell stemness in vivo.
All the animal experiments were approved by the Ethics
Committee for Animal Experimentation of Harbin Medi-
cal University.

Immunohistochemistry (IHC)

The mice tumor tissues were collected, fixed with formal-
dehyde, embedded by paraffin, and spliced into sections
with 5 pm thickness. After that, according to the experi-
mental procedures provided by the previous work [33],
the IHC was conducted to examine the expressions and
localization of Ki67 protein in mice tumor tissues, which
could reflect the proliferation abilities of CR-GC cells
in vivo.

Statistical analysis

The data involved in this study was presented as
Means =+ Standard Deviation (SD), and analyzed by using
the commercial SPSS 18.0 statistical software. Specifi-
cally, the means in two group was compared by using
Student’s t-test, and one-way ANOVA analysis was used
to compare the means from multiple groups (>2). One
individual experiment was repeated at least 3 times in
our work, and P<0.05 was regarded as statistical signifi-
cance and marked with “*”

Results

Low-dose DB sensitized CR-GC cells to cisplatin treatment
DB had been used for cancer treatment [36, 37], and the
previous data from our team indicated that low-dose DB
(12.5 pM) was advantageous for GC treatment to avoid
DB-induced hepatotoxicity [36], which rendered the
possibility that low-dose DB (12.5 uM) might be a novel
strategy to increase sensitivity of CR-GC cells to the tra-
ditional chemotherapeutic drugs, such as cisplatin. To
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validate this speculation, the established CR-GC cells
(SGC7901/CDDP and BGC823/CDDP) were treated
with cisplatin (20 pg/mL) combined with low-dose
DB (12.5 uM) for O h, 24 h, 48 h and 72 h, respectively,
according to our preliminary experiments (data not
shown). As shown in Fig. la—d, CR-GC cells were resist-
ant to cisplatin treatment, and low-dose DB alone did not
influence cell proliferation and viability in CR-GC cells
(P>0.05). Interestingly, DB combined cisplatin treat-
ment significantly hindered CR-GC cell growth in vitro
(P<0.05, Fig. la—d). Consistently, by examining cell
apoptosis, we found that low-dose DB triggered apop-
totic cell death in cisplatin treated CR-GC cells (P<0.05,
Fig. 1e). Furthermore, the CR-GC cells (SGC7901/CDDP
and BGC823/CDDP) were employed to establish xeno-
graft tumor-bearing mice models, and we found that DB
and cisplatin co-treatment significantly inhibited tumor
weight (P<0.05, Fig. 1f, Additional file 1: Figure S3) and
volume (P<0.05, Fig. 1g, h) to hamper tumorigenesis
of the CR-GC cells in vivo. In addition, the mice tumor
tissues were collected and prepared, and our following
results indicated that the expression levels of Cyclin D1
and CDK2 (P<0.05, Fig. 1i, j), and Ki67 (Additional file 1:
Figure S1) were decreased, while Caspase-3 and Bax were
increased (P<0.05, Fig. 1k, 1) by co-treating CR-GC cells
with DB and cisplatin. The data in Fig. 1 and Additional
file 1: Figure S1 suggested that low-dose DB triggered
apoptotic cell death to enhance the cytotoxic effects of
cisplatin on CR-GC cells. Moreover, the data in Addi-
tional file 1: Figure S5 showed that both cisplatin and
DB treatment did not induce p-MLKL expression (Addi-
tional file 1: Figure S5), those data, together with the data
in Fig. le, indicated that cisplatin-DB treatment had no
impacts on cell necroptosis in CR-GC cells.

Induction of apoptosis and pyroptosis by low-dose
DB-cisplatin co-treatment in CR-GC cells

Since cisplatin inhibited cancer progression by induc-
ing various types of cell death, including apoptosis,
pyroptosis, ferroptosis and autophagy. To investigate by
which types of cell death were induced by low-dose DB
in cisplatin treated CR-GC cells, the CR-GC cells were
pretreated with the inhibitors for pyroptosis (Necrosul-
fonamide, NSA) and apoptosis (Z-VAD-FMK), autophagy
(Chloroquine) and ferroptosis (Ferrostatin-1, Fer-1),
respectively. The results showed that merely NSA and
Z-VAD-FMLK, instead of Chloroquine and Fer-1, abro-
gated the inhibiting effects of DB-Cisplatin combined
therapy on cell proliferation (P<0.05, Fig. 2a, b) and via-
bility (P<0.05, Fig. 2c, d). Also, blockage of apoptosis and
pyroptosis decreased cell apoptosis ratio in DB-cisplatin
co-treated CR-GC cells (P<0.05, Fig. 2e), suggesting that
low-dose DB aggravated the inhibiting effects of cisplatin
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on CR-GC cells in a apoptosis- and pyroptosis-dependent
manner. Further experiments were performed to uncover
the detailed mechanisms, and we found that low-dose DB
combined with cisplatin increased the expression levels
of pyroptosis signatures (NLRP3, ASC, IL-1p and IL-18)
(P<0.05, Fig. 2f, g) and apoptosis (cleaved Caspase-3
and Bax) (P<0.05, Fig. 2h, i) in CR-GC cells. Interest-
ingly, the inhibitor for pyroptosis (NSA) decreased the
expression levels of both pyroptosis and apoptosis sig-
natures (P<0.05, Fig. 2f-i), while the apoptosis inhibi-
tor (Z-VAD-FMK) had little effects on cell pyroptosis
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in DB-cisplatin treated CR-GC cells (P<0.05, Fig. 2f-i),
indicating that low-dose DB induced cell apoptosis in cis-
platin treated GC cells through triggering pyroptotic cell
death. Next, the siRNA for NLRP3 were transfected into
CR-GC cells to knock-down NLRP3 (P<0.05, Fig. 2j, k),
the results showed that NLRP3 ablation abrogated the
promoting effects of low-dose DB-induced cell death in
cisplatin treated CR-GC cells (P<0.05, Fig. 21), implying
that low-dose DB sensitized CR-GC cells to cisplatin by
activating NLRP3 mediated pyroptosis.
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Fig. 1 Low-dose DB sensitized CR-GC cells to cisplatin stimulation. The CR-GC cell lines (SGC7901/CDDP and BGC823/CDDP) were subjected to
low-dose DB and high-dose cisplatin stimulation for O h, 24 h, 48 h and 72 h, respectively. a, b Cell proliferation and ¢, d viability were examined
by CCK-8 assay and trypan blue staining assay. e Cell apoptosis was examined by Annexin V-FITC/Pl double staining method. The xenograft tumor
bearing mice models were established, and f tumor weight and g, h volume were examined, respectively. Western Blot analysis was conducted to
determine the expression levels of i, j Cyclin D1 and CDK2, and k, I) cleaved Caspase-3 and Bax in CR-GC cells. (Note: “Con” indicated “Control’, “Cis"
suggested “Cisplatin’, "DB" represented “Low-dose DB",“Cis + DB" represented “Cisplatin plus low-dose DB stimulation”). Each experiment repeated at
least three times. *P < 0.05
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Enrichment of CSCs in CR-GC cells and continuous
low-dose cisplatin stimulated CS-GC cells

Previous data indicated that CSCs were enriched in can-
cer cells after long-term cisplatin stimulation, which
increased resistance of cancer cells to cisplatin by sus-
taining tumor heterogeneity. Expectedly, this study
validated that CR-GC cells (SGC7901CDDP and BGC-
823CDDP) were prone to form spheres compared to
their corresponding parental CS-GC cells (SGC7901
and BGC823) (P<0.05, Fig. 3a), and the stem cell mark-
ers (SOX2, OCT4 and Nanog) were also upregulated in
CR-GC cells instead of CS-GC cells (P<0.05, Fig. 3b—e),
suggesting that CSCs were enriched in CR-GC cells. Also,
to validate the above results, according to the previous
study, the parental CS-GC cells (SGC7901 and BGC823)
were exposed to continuous low-dose cisplatin treatment
to simulate the generation of acquired cisplatin resistant
GC (ACR-GC) cells in vitro. As expected, we observed
that continuous low-dose cisplatin pressure increased
the spheroid formation abilities (P<0.05, Fig. 3f), and
promoted SOX2, OCT4 and Nanog expressions (P<0.05,
Fig. 3g—j) in ACR-GC cells, compared to the CS-GC
cells. In general, analysis of the above data in Fig. 3 sug-
gested that continuous cisplatin pressure induced CSCs
properties in CR-GC and ACR-GC cells.

Low-dose DB regulated CSCs properties in CR-GC cells

by inhibiting PD-L1

Since we had proved that low-dose DB sensitized CR-GC
cells to cisplatin by triggering NLRP3 mediated pyrop-
tosis, and cisplatin pressure induced generation of CSCs
contributed to drug resistance of GC cells. Hence, we
next investigated whether low-dose DB affected stemness
of CR-GC cells. As shown in Fig. 4a, we found that low-
dose DB inhibited spheroid formation abilities in CR-GC
cells (P<0.05). Also, the expression levels of SOX2,
OCT4 and Nanog were decreased by low-dose DB in
CR-GC cells (P<0.05, Fig. 4b—e), suggesting that DB
inhibited CSCs properties in CR-GC cells. Based on the
information that PD-L1 regulated cancer cell stemness,
we validated that PD-L1 was upregulated in CR-GC cells,
compared to the corresponding CS-GC cells (P<0.05,
Fig. 4f). Interestingly, we proved that low-dose DB nega-
tively regulated PD-L1 in CR-GC cells (P<0.05, Fig. 4g),
which enlightened us that low-dose DB might regulate
cell stemness in CR-GC cells through PD-L1. To validate
the above hypothesis, the PD-L1 overexpression vectors
were successfully transfected into CR-GC cells (P<0.05,
Fig. 4h, i), and the results showed that upregulation of
PD-L1 promoted the stemness signatures (SOX2, OCT4
and Nanog) expressions to improve CSCs properties
in DB-treated CR-GC cells (P<0.05, Fig. 4j—-m). Con-
sistently, the in vivo extreme limiting dilution analysis
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(ELDA) results suggested that tumors in DB+ OE-PD-L1
group formed at an earlier time point and developed at
faster rate than the cells in DB alone group (Additional
file 1: Table S4). The above results indicated that low-
dose DB inhibited CSCs enrichment in CR-GC cells by
downregulating PD-L1 in vitro and in vivo.

Knock-down of PD-L1 triggered pyroptotic cell death

in CR-GC cells through activating NLRP3 inflammasome
Aside from stemness, PD-L1 also directly regulated
cell proliferation and death to modulate drug resist-
ance in cancer cells, and recent data suggested that
there existed a tumor-intrinsic PD-L1-NLRP3 signaling
pathway in tumor cells [38], based on this, as shown in
Fig. 5, our further experiments validated that silencing
of PD-L1 activated NLRP3 mediated pyroptosis in cis-
platin treated CR-GC cells. Mechanistically, the PD-L1
overexpression and downregulation vectors were suc-
cessfully delivered into CR-GC cells (P<0.05, Fig. 5a,
b), and we verified that PD-L1 negatively regulated
NLRP3 in CR-GC cells (P<0.05, Fig. 5a, b). In addi-
tion, knock-down of PD-L1 increased the expression
levels of NLRP3, ASC, IL-1pB, IL-18 (P<0.05, Fig. 5c,
d), cleaved caspase-1 and N-Gasdermin D (P<0.05,
Additional file 1: Figure S4A-D) to facilitate pyrop-
totic cell death in cisplatin treated CR-GC cells, which
were abrogated by silencing NLRP3 (P<0.05, Fig. 5c,
d, Additional file 1: Figure S4A-D), suggesting that
targeting intrinsic PD-L1/NLRP3 pathway triggered
cell pyroptosis in cisplatin-treated CR-GC cells. Also,
either cisplatin or PD-L1 ablation alone promoted cell
apoptosis in CR-GC cells to a very limit extent (P<0.05,
Fig. 5e), which were significantly enhanced by co-
treating cells with cisplatin and PD-L1 downregulation
(P<0.05, Fig. 5e). Additionally, the promoting effects
of cisplatin and silencing PD-L1 co-treatments on cell
apoptosis in CR-GC cells were reversed by knocking
down NLRP3 (P<0.05, Fig. 5e). Furthermore, the xeno-
graft tumor-bearing mice models were established, and
we proved that knock-down of PD-L1 inhibited Cyclin
D1 and CDK2 (P<0.05, Fig. 5f, g), and Ki67 (Additional
file 1: Figure S2), while promoted Caspase-3 and Bax
expressions (P<0.05, Fig. 5h, i) to facilitate cell growth
in CR-GC cells in vivo.

Low-dose DB enhanced the cytotoxic effects of cisplatin

on CR-GC cells through downregulating PD-L1

Finally, as shown in Fig. 6, we found that low-dose DB
sensitized CR-GC cells to cisplatin stimulation through
targeting the intrinsic PD-L1/NLRP3 signaling path-
way. Functionally, we found that cisplatin alone had lit-
tle effects on PD-L1 and NLRP3 expressions (P> 0.05,
Fig. 6a, b), while the promoting effects of cisplatin-DB
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Fig. 2 Low-dose DB increased cisplatin-sensitivity in CR-GC cells by inducing apoptotic and pyroptotic cell death. a, b cell proliferation was
determined by CCK-8 assay, and ¢, d cell viability was measured by trypan blue staining assay. e Annexin V-FITC/Pl double staining assay was
performed to examine cell apoptosis ratio in CR-GC cells. Western Blot analysis was conducted to examine the expression levels of f, g pyroptosis
associated signatures (NLRP3, ASC, IL-18 and IL-18) and h, i apoptosis associated proteins (cleaved Caspase-3 and Bax) in CR-GC cells. j, k The
silencing vectors for NLRP3 were delivered into CR-GC cells. I Cell apoptosis was examined by Annexin V-FITC/Pl double staining method. Each

co-treatment on NLRP3, ASC, IL-1p and IL-18 expres-
sions were abrogated by overexpressing PD-L1 (P<0.05,
Fig. 6a—d), implying that DB triggered NLRP3-mediated
pyroptotic cell death in cisplatin-treated CR-GC cells
by downregulating PD-L1. Furthermore, induction of
apoptotic cell death by cisplatin-DB co-treatment was
reversed by overexpressing PD-L1 (P<0.05, Fig. 6e), and
the inhibiting effects of DB stimulation on cell prolifera-
tion (P<0.05, Fig. 6f, g) and viability (P<0.05, Fig. 6h,
i) in cisplatin-treated CR-GC cells were also restored

by upregulating PD-L1. In addition, the above cellular
results were validated by the following in vivo results,
and the results showed that overexpression of PD-L1
increased Cyclin D1 and CDK2 expression levels, while
inhibited cleaved Caspase-3 and Bax expressions in the
tumor tissues collected from xenograft mice adminis-
tered with DB-Cisplatin combined treatment (P<0.05,
Fig. 6j—m). Moreover, we noticed that PD-L1 recom-
binant protein could not reverse the inhibiting effects
of cisplatin-DB co-treatment on cell proliferation
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(Additional file 1: Figure S6A, B) and viability (Additional
file 1: Figure S6C, D).

Discussion

Continuous cisplatin exposure brought gastric cancer
(GC) cells with chemo-resistance to this chemical drug
[9, 39], which seriously limited the therapeutic effi-
cacy of cisplatin for GC treatment in clinic. Recently,
researchers agreed that development of new anti-tumor
drugs might help to solve this problem [1-3]. Based
on our previous work [5], the present study proved
that low-dose Diosbulbin-B (DB) was advantageous to
improve cisplatin-sensitivity in GC cells, which also
avoided the side effects that high-dose DB induced
hepatotoxicity [8]. Mechanistically, the established cis-
platin-resistant GC (CR-GC) cells were obtained, and
our results showed that either cisplatin or low-dose DB
alone had little effects on cell proliferation and viabil-
ity in CR-GC cells. In addition, we surprisingly found
that DB-cisplatin combined strategy significantly pro-
moted cell apoptosis in CR-GC cells, implying that
low-dose DB triggered apoptotic cell death to increase

the cytotoxic effects of cisplatin on CR-GC cells, which
was partly supported by the previous data that DB
was able to induce cell apoptosis [5, 8]. Consistently,
by establishing the xenograft mice models, we proved
that cisplatin-DB combination therapy inhibited tumo-
rigenesis, induced cell cycle arrest and apoptosis, and
inhibited cell growth of CR-GC cells in vivo. The above
results suggested that low-dose DB increased cisplatin-
sensitivity in CR-GC cells.

Next, we investigated the potential underlying mecha-
nisms, and the results showed that low-dose DB trig-
gered NLRP3 mediated pyroptotic cell death in cisplatin
treated CR-GC cells. Specifically, by pre-treating CR-GC
cells with the inhibitors for pyroptosis, apoptosis,
autophagy and ferroptosis, we surprisingly found that
blockage of apoptosis and pyroptosis, instead of other
types of cell death, rescued cell proliferation and viabil-
ity, and inhibited cell apoptosis in cisplatin-DB co-treated
CR-GC cells. Also, cisplatin-DB co-treatment increased
NLRP3, ASC, IL-1B, IL-18, cleaved caspase-1 and N-Gas-
dermin D expression levels to promote cell pyroptosis in
CR-GC cells, suggesting that low-dose DB triggered both
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pyroptotic and apoptotic cell death in cisplatin treated
CR-GC cells. In addition, previous data suggested that
there existed crosstalk between cell pyroptosis and apop-
tosis [40, 41], and our data showed that the pyroptosis
inhibitor (NSA) inhibited cell apoptosis, while the apop-
tosis inhibitor (Z-VAD-FMK) had little effects on pyrop-
totic cell death in cisplatin-DB co-treated CR-GC cells,
suggesting that low-dose DB induced cell pyroptosis to
promote cell death in cisplatin stimulated CR-GC cells.
Consistently, knock-down of NLRP3 abrogated the pro-
moting effects of cisplatin-DB combined treatment on
cell apoptosis in CR-GC cells, which were in accordance
with the previous studies [40, 42, 43]. Furthermore, the
intrinsic PD-L1/NLRP3 pathway had been reported in

the previous studies [31, 32], and we validated that low-
dose DB inhibited PD-L1 expressions to activate NLRP3
mediated cell pyroptosis in cisplatin treated CR-GC
cells. Notably, the inhibiting effects of cisplatin-DB co-
treatment on cell proliferation and viability in CR-GC
cells were reversed by overexpressing PD-L1, instead of
the PD-L1 recombinant protein. The possible reason was
that, PD-L1 recombinant protein cannot be incorporated
into the CR-GC cells, which cannot approach the cyto-
plasm of the cells to regulate the NLRP3-pyroptosis path-
way. In addition, there existed no receptors for PD-L1 to
regulate the NLRP3-pyroptosis pathway. The above two
reasons made the DB-cisplatin co-treated CR-GC cells
irresponsive to PD-L1 recombinant protein treatment.
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Fig. 5 Knock-down of PD-L1 triggered apoptotic and pyroptotic cell death in cisplatin treated CR-GC cells in vitro and in vivo. The expression
levels of a, b PD-L1 and NLRP3, and ¢, d pyroptosis associated biomarkers were evaluated by Western Blot analysis. e The Annexin V-FITC/PI double
staining assay was performed to determine cell apoptosis ratio. Western Blot analysis was conducted to detect the protein levels of f, g Cyclin D1
and CDK2, and h, i cleaved Caspase-3 and Bax in mice tumor tissues. (Note: “Con” represented “Control’,"OE" indicated “PD-L1 overexpression’,"KD"
represented “PD-L1 silence’, “Cis" indicated “Cisplatin’, “C 4+ K" represented “Cisplatin plus PD-L1 ablation’,"C+ K+ K"represented “Cisplatin plus PD-L1
ablation plus silencing NLRP3"). Each experiment repeated at least three times. *P < 0.05

However, this issue still needed to be investigated in our
future work.

Cancer stem cells (CSCs) contributed to metastasis,
recurrence and drug resistance in cancers [11-14], and
previous data suggested that CSCs enrichment con-
tributed to cisplatin-resistance in GC cells [17, 18].
Therefore, elimination of CSCs will help to improve

chemo-sensitivity in GC cells [19]. As expected, the
present study found that CSCs tended to be enriched
in CR-GC cells and acquired cisplatin-resistant GC
(ACR-GC) cells, compared to their corresponding
parental CS-GC cells, which were in keeping with
the previous work [17, 18] and reflected that continu-
ous cisplatin pressure promote CSCs generation in
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GC cells. Interestingly, we found that low-dose DB
inhibited spheroid formation and the expressions of
stemness signatures to eliminate CSCs in CR-GC cells,
indicating that low-dose DB treatment was a novel
strategy to enhance cisplatin-sensitivity in CR-GC cells
by inhibiting CSCs properties. Furthermore, PD-L1
regulated CSCs features in colorectal cancer [25],
breast cancer [33] and pancreatic cancer [44], and this
study validated that low-dose DB negatively regulated
PD-L1 to inhibit cell stemness in CR-GC cells. Of note,
previous publications suggested that NLRP3 inflamma-
some pathway was closely associated with CSCs hom-
ing, engraftment and trafficking [45, 46], and we will
investigate this issue in GC in our future work.

Taken together, this study validated that low-dose DB
sensitized CR-GC cells to cisplatin through regulating
the tumor intrinsic PD-L1/NLRP3 mediated pyroptosis
and CSCs properties, and provided evidences to sup-
port that low-dose DB was a novel strategy to treat GC
by combining with traditional chemotherapeutic drugs
in clinic. However, future clinical experiments are still
needed to validate the above pre-clinical results.
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S4. Western Blot analysis was performed to examine the expression

levels of cleaved caspase-3 and N-Gasdermin D (N-GSDMD) in (A, B)
SGC7901/CDDP cells and (C, D) BGC823/CDDP cells. *P < 0.05. Figure S5.
The expression levels of p-MLKL were examined by Western Blot analysis.
Figure S6. The effects of PD-L1 recombinant protein treatment on (A-B)
cell proliferation and (C-D) viability. Individual experiment was repeated
at least 3 times, and *P < 0.05. Table S1. The sequence information for
vectors construction. Table S2. Primer sequences for Real-Time gPCR.
Table S3. The detailed information of antibodies for Western Blot analysis.
Table S4. In vivo tumor formation assay by the extreme limiting dilution
analysis (ELDA).

Acknowledgements
Not applicable.

Authors’ contributions

CL conducted most of the experiments, and was responsible for data collec-
tion and analysis, and manuscript drafting. JQ provided technical supports,
performed part of the experiments, and visualized the data. YX acquired
funding to financially support this study, and provided guidance and concep-
tion for this study. Also, YX revised the manuscript, and submitted the present
manuscript for potential publication. All authors read and approved the final
manuscript.

Funding
This work was financially supported by grants from Nn10PY2017-03 program
of Harbin Medical University Cancer Hospital.

Page 12 of 13

Availability of data and materials
The datasets supporting the conclusions of this article had been included
within the manuscript.

Ethics approval and consent to participate
All the animal experiments were approved by the Ethics Committee for Ani-
mal Experimentation of Harbin Medical University.

Consent for publication
All the co-authors agreed to publish the final version of the present
manuscript.

Competing interests
All the co-authors declared that there existed no conflicts of interest in this
study.

Author details

! Gastrointestinal Surgical Ward, Harbin Medical University Cancer Hospi-

tal, Haping Road 150, Harbin 150081, Heilongjiang, China. > Department

of Inorganic Chemistry and Analytical Chemistry, School of Pharmacy, Hainan
Medical University, Xueyuan Road No. 3, Haikou 571199, Hainan, China.

Received: 29 October 2020 Accepted: 30 January 2021
Published online: 12 February 2021

References

1. HeW, etal MSC-regulated INncRNA MACC1-AS1 promotes stemness and
chemoresistance through fatty acid oxidation in gastric cancer. Onco-
gene. 2019;38(23):4637-54.

2. ZhangF, et al. A miR-567-PIK3AP1-PI3K/AKT-c-Myc feedback loop regu-
lates tumour growth and chemoresistance in gastric cancer. EBioMedi-
cine. 2019;44:311-21.

3. Zhul, etal.Impaired autophagic degradation of INcRNA ARHGAP5-

AST promotes chemoresistance in gastric cancer. Cell Death Dis.
2019;10(6):383.

4. CuiH,LiT,Wang L, SuY, Xian CJ. Dioscorea bulbifera polysaccharide and
cyclophosphamide combination enhances anti-cervical cancer effect
and attenuates immunosuppression and oxidative stress in mice. Sci Rep.
2016;5:19185.

5. LiG Li M, Xue Y. Downregulation of CircRNA CDR1as specifically triggered
low-dose Diosbulbin-B induced gastric cancer cell death by regulating
miR-7-5p/REGy axis. Biomed Pharmacother. 2019;120:109462.

6. Wang JM, Sheng YC, Ji LL, Wang ZT. Ferulic acid prevents liver injury and
increases the anti-tumor effect of diosbulbin B in vivo. J Zhejiang Univ Sci
B.2014;15(6):540-7.

7. Yang R, Wei M, Yang F, Sheng ¥, Ji L. Diosbulbin B induced G(2)/M cell
cycle arrest in hepatocytes by miRNA-186-3p and miRNA-378a-5p-
mediated the decreased expression of CDK1. Toxicol Appl Pharmacol.
2018;357:1-9.

8. YeJ etal. Diosbulbin B-induced mitochondria-dependent apoptosis
in L-02 hepatocytes is regulated by reactive oxygen species-mediated
autophagy. Front Pharmacol. 2019;10:676.

9. Huang X, et al. Circular RNA AKT3 upregulates PIK3R1 to enhance
cisplatin resistance in gastric cancer via miR-198 suppression. Mol Cancer.
2019;18(1):71.

10. Xin L, et al. METase/IncRNA HULC/FoxM1 reduced cisplatin resistance
in gastric cancer by suppressing autophagy. J Cancer Res Clin Oncol.
2019;145(10):2507-17.

11. Lenos KJ, et al. Stem cell functionality is microenvironmentally defined
during tumour expansion and therapy response in colon cancer. Nat Cell
Biol. 2018;20(10):1193-202.

12. Lytle NK, Barber AG, Reya T. Stem cell fate in cancer growth, progression
and therapy resistance. Nat Rev Cancer. 2018;18(11):669-80.

13. Quan Q et al. Cancer stem-like cells with hybrid epithelial/mes-
enchymal phenotype leading the collective invasion. Cancer Sci.
2020;111(2):467-76.

14. Sirkisoon SR, et al. TGLI1 transcription factor mediates breast cancer
brain metastasis via activating metastasis-initiating cancer stem cells and
astrocytes in the tumor microenvironment. Oncogene. 2020;39(1):64-78.


https://doi.org/10.1186/s13578-021-00548-x
https://doi.org/10.1186/s13578-021-00548-x

Li et al. Cell Biosci (2021) 11:38

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

. Roy S, et al. Combined treatment with cisplatin and the tankyrase

inhibitor XAV-939 increases cytotoxicity, abrogates cancer-stem-like
cell phenotype and increases chemosensitivity of head-and-neck
squamous-cell carcinoma cells. Mutat Res. 2019;846:503084.

. Xu, et al. Mutated p53 promotes the symmetric self-renewal of

cisplatin-resistant lung cancer stem-like cells and inhibits the recruit-
ment of macrophages. J Immunol Res. 2019;2019:7478538.

. Zhang L, et al. Upregulated miR-132 in Lgr5(+) gastric cancer stem

cell-like cells contributes to cisplatin-resistance via SIRT1/CREB/ABCG2
signaling pathway. Mol Carcinog. 2017;56(9):2022-34.

. Peng C,Huang K, Liu G, Li Y, Yu C. MiR-876-3p regulates cisplatin resist-

ance and stem cell-like properties of gastric cancer cells by targeting
TMED3. J Gastroenterol Hepatol. 2019;34(10):1711-9.

. Yang L, et al. Targeting cancer stem cell pathways for cancer therapy.

Signal Transduct Target Ther. 2020;5:8.

Wang TT, et al. Tumour-activated neutrophils in gastric cancer foster
immune suppression and disease progression through GM-CSF-PD-L1
pathway. Gut. 2017;66(11):1900-11.

FanV, et al. Exosomal PD-L1 retains immunosuppressive activity

and is associated with gastric cancer prognosis. Ann Surg Oncol.
2019;26(11):3745-55.

Ahn HK; et al. MET Receptor tyrosine kinase regulates the expression of
co-stimulatory and co-inhibitory molecules in tumor cells and contrib-
utes to PD-L1-mediated suppression of immune cell function. Int J Mol
Sci. 2019;20(17):4287.

Lin C, et al. Tumour-associated macrophages-derived CXCL8 deter-
mines immune evasion through autonomous PD-L1 expression in
gastric cancer. Gut. 2019;68(10):1764-73.

ZuoY, et al. MiR-34a-5p/PD-L1 axis regulates cisplatin chemoresistance
of ovarian cancer cells. Neoplasma. 2020;67(1):93-101.

Wei F, et al. PD-L1 promotes colorectal cancer stem cell expansion

by activating HMGA1-dependent signaling pathways. Cancer Lett.
2019;450:1-13.

Di Bartolomeo M, et al. Prognostic and predictive value of microsat-
ellite instability, inflammatory reaction and PD-L1 in gastric cancer
patients treated with either adjuvant 5-FU/LV or sequential FOLFIRI
followed by cisplatin and docetaxel: a translational analysis from the
ITACA-S trial. Oncologist. 2019;25:e460.

Jia C, et al. Endothelial cell pyroptosis plays an important role in
Kawasaki disease via HMGB1/RAGE/cathespin B signaling pathway and
NLRP3 inflammasome activation. Cell Death Dis. 2019;10(10):778.
Tavakoli Dargani Z, Singla DK. Embryonic stem cell-derived exosomes
inhibit doxorubicin-induced TLR4-NLRP3-mediated cell death-pyropto-
sis. Am J Physiol Heart Circ Physiol. 2019;317(2):H460-71.

Huang Y, et al. Myeloid PTEN promotes chemotherapy-induced NLRP3-
inflammasome activation and antitumour immunity. Nat Cell Biol.
2020,22(6):716-27.

Ren N, et al. LncRNA ADAMTS9-AS2 inhibits gastric cancer (GC)
development and sensitizes chemoresistant GC cells to cisplatin by
regulating miR-223-3p/NLRP3 axis. Aging (Albany NY). 2020;12:11025.
Theivanthiran B, et al. A tumor-intrinsic PD-L1/NLRP3 inflammasome
signaling pathway drives resistance to anti-PD-1 immunotherapy. J
Clin Invest. 2020;130(5):2570-86.

Page 13 of 13

32. Ding M, et al. Immunological behavior analysis of muscle cells
under IFN-y stimulation in vitro and in vivo. Anat Rec (Hoboken).
2018;301(9):1551-63.

33. Gao L, et al. MiR-873/PD-L1 axis regulates the stemness of breast
cancer cells. EBioMedicine. 2019;41:395-407.

34, MaY, et al. MicroRNA-598 inhibits the growth and maintenance of
gastric cancer stem-like cells by down-regulating RRS1. Cell Cycle.
2019;18(20):2757-69.

35. WuH, Liu B, Chen Z, Li G, Zhang Z. MSC-induced IncRNA HCP5 drove
fatty acid oxidation through miR-3619-5p/AMPK/PGC1a/CEBPB axis to
promote stemness and chemo-resistance of gastric cancer. Cell Death
Dis. 2020;11(4):233.

36. LiC, Li M, Xue Y. Downregulation of CircRNA CDR1as specifically
triggered low-dose Diosbulbin-B induced gastric cancer cell death
by regulating miR-7-5p/REGy axis. Biomed Pharmacother Biomed
Pharmacother. 2019;120:109462-109462.

37. Zhang, et al. Long-term diosbulbin B treatment induced liver fibrosis
in mice. Chem Biol Interact. 2019;298:15-23.

38. Theivanthiran B, et al. A tumor-intrinsic PD-L1-NLRP3 inflammasome
signaling pathway drives resistance to anti-PD-1 immunotherapy. J Clin
Investing. 2020;130:2570-86.

39. ZhaiJ, et al. Cancer-associated fibroblasts-derived IL-8 mediates resist-
ance to cisplatin in human gastric cancer. Cancer Lett. 2019;454:37-43.

40. LiN, et al. STING-IRF3 contributes to lipopolysaccharide-induced cardiac
dysfunction, inflammation, apoptosis and pyroptosis by activating NLRP3.
Redox Biol. 2019;24:101215.

41. Ma SM, Mao Q, Yi L, Zhao MQ, Chen JD. Apoptosis, autophagy, and pyrop-
tosis: immune escape strategies for persistent infection and pathogenesis
of classical swine fever virus. Pathogens. 2019;8(4):239.

42. Shimada K, et al. Oxidized mitochondrial DNA activates the NLRP3 inflam-
masome during apoptosis. Immunity. 2012;36(3):401-14.

43. Chen KW, et al. Extrinsic and intrinsic apoptosis activate pannexin-1 to
drive NLRP3 inflammasome assembly. EMBO J. 2019;38(10):e101638.

44. Hou YC, et al. Low CD8+ T cell infiltration and high PD-L1 expression
are associated with level of CD444-/CD133+ cancer stem cells and
predict an unfavorable prognosis in pancreatic cancer. Cancers (Basel).
2019;11(4):541.

45. Adamiak M, et al. Novel evidence that an alternative complement cas-
cade pathway is involved in optimal mobilization of hematopoietic stem/
progenitor cells in NIrp3 inflammasome-dependent manner. Leukemia.
2019;33(12):2967-70.

46. Adamiak M, et al. NIrp3 Inflammasome signaling regulates the homing
and engraftment of hematopoietic stem cells (HSPCs) by enhancing
incorporation of CXCR4 receptor into membrane lipid rafts. Stem Cell Rev
Rep. 2020;16(5):954-67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Low-dose Diosbulbin-B (DB) activates tumor-intrinsic PD-L1NLRP3 signaling pathway mediated pyroptotic cell death to increase cisplatin-sensitivity in gastric cancer (GC)
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Cell culture and treatment
	Vectors transfection
	Cell counting kit-8 (CCK-8) assay
	Trypan blue staining assay
	Annexin V-FITCPI double staining assay
	Real-time qPCR
	Western blot analysis
	Spheroid formation assay
	Xenograft tumor-bearing mice models
	In vivo extreme limiting dilution analysis (ELDA) for cell stemness
	Immunohistochemistry (IHC)
	Statistical analysis

	Results
	Low-dose DB sensitized CR-GC cells to cisplatin treatment
	Induction of apoptosis and pyroptosis by low-dose DB-cisplatin co-treatment in CR-GC cells
	Enrichment of CSCs in CR-GC cells and continuous low-dose cisplatin stimulated CS-GC cells
	Low-dose DB regulated CSCs properties in CR-GC cells by inhibiting PD-L1
	Knock-down of PD-L1 triggered pyroptotic cell death in CR-GC cells through activating NLRP3 inflammasome
	Low-dose DB enhanced the cytotoxic effects of cisplatin on CR-GC cells through downregulating PD-L1

	Discussion
	Acknowledgements
	References




