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Abstract
Background: Generation of cisplatin (DDP)-resistance by gastric cancer (GC) cells seriously limits the
therapeutic efficacy of this drug in clinic, and recent data suggested that Diosbulbin-B (DB), the main antitumor compound of Dioscorea bulbifera L, was effective to improve cisplatin-sensitivity in GC cells.
However, the underlying mechanisms are still largely unknown.
Methods: Genes expressions were determined by Real-Time qPCR and Western Blot. Cell viability was
evaluated by cell counting kit-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.
Immunohistochemistry (IHC) was employed to examine the expressions and localization of Ki67 protein
in mice tumor tissues.
Results: Here we found that low-dose DB (12.5 μM) downregulated PD-L1 to activate NLRP3-medicated
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 triggered cell pyroptosis in CR-GC cells
stimulated 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 (12.5 μM)
inhibited spheroid formation and stemness biomarkers (CD44, CD133, 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 lowdose DB (12.5 μM) 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 (12.5 μM) regulated intrinsic PD-L1/NLRP3 pathway to improve
cisplatin-sensitivity in CR-GC cells, and this study provided alternative therapy treatments for GC.

Background
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 medicine, 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 ineffectiveness of lowdose DB for cancer treatment seriously 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 successfully hampered GC development, but had little detrimental
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effects on human normal hepatocytes (L-02) [5]. The above information enlightened us to investigate the
possibility whether low-dose DB treatment was capable 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
chemotherapeutic 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 cisplatinresistance 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 [17], and Zhang L et al. validated that induction of CSCs properties increased
cisplatin-resistance in GC cells [18], which suggested that elimination of CSCs was an ideal strategy to
improve cisplatin-sensitivity in GC [19]. By conducting the preliminary experiments, we surprisingly found
that low-dose DB regulated CSCs properties in GC cells, however, up until now, no existed literatures
reported the link between DB and cell stemness. Programmed death ligand-1 (PD-L1) functioned 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 cisplatinresistance 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 ITACAS trial (https://clinicaltrials.gov/, Identifier: NCT01640782) evidenced 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 proinflammatory cytokines secretion [27, 28], and induction of pyroptotic cell death was proved to be an
effective strategy to eliminate cancer cells [29, 30]. For example, myeloid phosphate and tension
homology deleted on chromosome ten (PTEN) promoted chemotherapy-induced NLRP3 mediated cell
pyroptosis to inhibit cancer development [30], and activation of NLRP3-mediated pyroptotic cell death
enhanced the cytotoxic effects of cisplatin in non-small cell lung cancer (NSCLC) [29]. Of note, Bala et al.
validated that there existed an intrinsic PD-L1/NLRP3 signaling pathway in melanoma cells [31], and the
correlations between PD-L1 and NLRP3 had also been observed in interferon-γ (IFN-γ) 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-associated 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
traditional chemical drugs to treat GC in vitro and in vivo, and uncovered the potential underlying
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mechanisms. This study will broaden our knowledge in this field, and provide potential therapeutic agents
for GC treatment in clinic.

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 Collection (http://www.kent.ac.uk/) and American Type Culture Collections (ATCC, USA),
respectively. All the cells were cultured under standard culture conditions with 37 ℃ humidified air
containing 5 % CO2 and cultivated in the RPMI-1640 medium (Gibco, USA) containing 10 % fetal bovine
serum (FBS, Gibco, USA). After that, the CR-GC cells were subjected to cisplatin (20 μg/ml) combined with
low-dose DB (12.5 μM) for 0 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
μg/ml to 5 μg/ml, for 80 days) in a step-wise manner based on the experimental procedures provided by
the previous publications [9, 10].
Vectors transfection
The small interfering RNAs (siRNA) for PD-L1 and NLRP3 were designed and synthesized by Sangon
Biotech (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 the Table 1.
Cell counting kit-8 (CCK-8) assay
The CR-GC cells were pre-transfected with differential vectors for genes manipulation, and were
administered 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 commercial 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
reaction 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 calculated by using the following formula that: cell viability (%) = (total cells – dead blue
cells)/total cells × 100 %.
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Annexin V-FITC/PI double staining assay
The CR-GC cells were pre-transfected with different vectors, and administered with cisplatin (20 μg/ml)
combined with low-dose DB (12.5 μM) for 48 h, the commercial Apoptosis Detection kit was purchased
from BD Bioscience (USA) to measure cell apoptosis ratio in keeping 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 temperature without light exposure. Finally, the apoptotic cell proportions
were determined by using the flow cytometer (FCM) purchased from ThermoFisher Scientific (USA).
Real-Time qPCR
The CR-GC cells were prepared, and a commercial TRIzol 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 βactin in the CR-GC cells according to the experimental procedures provided by the previous publications
[9, 10]. The primer sequences for Real-Time qPCR were included in the Table 2.
Western Blot analysis
We bought the RIPA lysis buffer (Beyotime, Shanghai, 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, β-actin, PD-L1, SOX2, OCT4, Nanog, NLRP3, ASC, IL-1β, IL-18,
cleaved Caspase-3 (p17) 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 the Table 3.
Spheroid formation assay
The ACR-GC cells, CR-GC cells and CS-GC cells were cultured under the standard conditions with RPMI1640 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 publication [33]. Briefly, the cells were washed, centrifuged and grown in the MannoCult
medium (Stem cell technologies, Canada) containing Proliferation Supplements (Stem cell technologies,
Canada) 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 CR-GC cells were
pre-transfected with differential vectors, and the cells were implanted into the dorsal flank regions of the
mice at the density of 2 × 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
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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.
Immunohistochemistry (IHC)
The mice tumor tissues were collected, fixed with formaldehyde, embedded by paraffin, and spliced into
sections with 5 μm thickness. After that, according to the experimental 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. Specifically, 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 significance and marked with “*”.

Results

Low-dose DB increased cytotoxic effects of cisplatin on CRGC cells
DB had been used for cancer treatment [34, 35], and the previous data from our team indicated that lowdose DB (12.5 µM) was advantageous for GC treatment to avoid DB-induced hepatotoxicity [34], which
rendered the possibility that low-dose DB (12.5 µM) might be a novel agent to increase sensitivity of CRGC cells to the traditional chemotherapeutic drugs, such as cisplatin. To achieve this, the established CRGC cells (SGC7901/CDDP and BGC823/CDDP) were treated with cisplatin (20 µg/ml) combined with lowdose DB (12.5 µM) for 0 h, 24 h, 48 h and 72 h, respectively, according to our preliminary experiments. As
shown in Fig. 1A-D, CR-GC cells were resistant to cisplatin stimulation, and low-dose DB alone did not
influence cell proliferation and viability in CR-GC cells. Interestingly, DB combined cisplatin treatment
significantly hindered CR-GC cell growth in vitro (P < 0.05, Fig. 1A-D). Consistently, by examining cell
apoptosis, we found that low-dose DB triggered apoptotic 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 xenograft tumor-bearing mice models, and we found that DB and cisplatin co-treatment
significantly inhibited tumor weight (P < 0.05, Fig. 1F) 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 CDK1 (P < 0.05, Fig. 1I, J),
and Ki67 (Figure S1) were decreased, while Caspase-3 and Bax were increased (P < 0.05, Fig. 1K, L) by co-
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treating CR-GC cells with DB and cisplatin. The data in Fig. 1 and Figure S1 suggested that low-dose DB
triggered apoptotic cell death to enhance the cytotoxic effects of cisplatin on CR-GC cells.
Induction of apoptosis and pyroptosis by low-dose DB in cisplatin-treated CR-GC cells
Since cisplatin inhibited cancer progression by inducing various types of cell death, including apoptosis,
pyroptosis, ferroptosis and autophagy. To investigate by which types of cell death were induced by lowdose DB in cisplatin treated CR-GC cells, the CR-GC cells were pretreated with the inhibitors for pyroptosis
(Necrosulfonamide, NSA) and apoptosis (Z-VAD-FMK), autophagy (Chloroquine) and ferroptosis
(Ferrostatin-1, Fer-1), respectively. The results showed that merely NSA and Z-VAD-FMK, instead of
Chloroquine and Fer-1, abrogated the inhibiting effects of DB-Cisplatin combined therapy on cell
proliferation (P < 0.05, Fig. 2A, B) and viability (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 on CR-GC cells in a apoptosisand 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-1β 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. Interestingly, the inhibitor for pyroptosis (NSA)
decreased the expression levels of both pyroptosis and apoptosis signatures (P < 0.05, Fig. 2F-I), while the
apoptosis inhibitor (Z-VAD-FMK) had little effects on cell pyroptosis in DB-cisplatin treated CR-GC cells (P
< 0.05, Fig. 2F-I), indicating that low-dose DB induced cell apoptosis in cisplatin treated GC cells through
triggering pyroptotic cell death. Next, the siRNA for NLRP3 were transfected into CR-GC cells to knockdown 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. 2L), implying that
low-dose DB sensitized CR-GC cells to cisplatin by activating NLRP3 mediated pyroptosis.
Enrichment of CSCs in CR-GC cells and continuous low-dose cisplatin stimulated CS-GC cells
Previous data indicated that CSCs were enriched in cancer cells after long-term cisplatin stimulation,
which increased resistance of cancer cells to cisplatin by sustaining tumor heterogeneity. Expectedly, this
study validated that CR-GC cells (SGC7901CDDP and BGC823CDDP) 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 markers (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 suggested 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
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Since we had proved that low-dose DB sensitized CR-GC cells to cisplatin by triggering NLRP3 mediated
pyroptosis, 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 PDL1 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 negatively
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), implying that low-dose DB
inhibited CSCs enrichment in CR-GC cells by downregulating PD-L1.
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
resistance in cancer cells, and recent data suggested that there existed a tumor-intrinsic PD-L1-NLRP3
signaling pathway in tumor cells [36], based on this, as shown in Fig. 5, our further experiments validated
that silencing PD-L1 activated NLRP3 mediated pyroptosis in cisplatin treated CR-GC cells.
Mechanistically, the PD-L1 overexpression and downregulation vectors were successfully 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 addition, knock-down of PD-L1 increased the expression levels of NLRP3, ASC, IL-1β
and IL-18 to facilitate pyroptotic cell death in cisplatin treated CR-GC cells (P < 0.05, Fig. 5C, D), which
were abrogated by silencing NLRP3 (P < 0.05, Fig. 5C, 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 CRGC cells were reversed by knocking down NLRP3 (P < 0.05, Fig. 5E). Furthermore, the xenograft tumorbearing 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 (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 pathway. Functionally, we found that cisplatin
alone had little effects on PD-L1 and NLRP3 expressions (P > 0.05, Fig. 6A, B), while the promoting effects
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of cisplatin-DB co-treatment on NLRP3, ASC, IL-1β and IL-18 expressions 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 proliferation (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 PDL1 increased Cyclin D1 and CDK2 expression levels, while inhibited cleaved Caspase-3 and Bax
expressions in the tumor tissues collected from xenograft mice administered with DB-Cisplatin combined
treatment (P < 0.05, Fig. 6J-M).

Discussion
Continuous cisplatin exposure brought gastric cancer (GC) cells with chemo-resistance to this chemical
drug [9, 37], which seriously limited the therapeutic efficacy 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 avoid the side effects that high-dose
DB induced hepatotoxicity [8]. Mechanistically, the established cisplatin-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 viability in CR-GC cells. In addition, we surprisingly found that DB-cisplatin combined
strategy significantly promoted 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
tumorigenesis, 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 of CR-GC cells.
Next, we managed to investigate the potential underlying mechanisms, and the results showed that lowdose DB triggered 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 viability, and inhibited cell apoptosis in cisplatin-DB co-treated CR-GC cells.
Also, cisplatin-DB co-treatment increased NLRP3, ASC, IL-1β and IL-18 expression levels to promote cell
pyroptosis in CR-GC cells, suggesting that low-dose DB triggered both pyroptotic and apoptotic cell death
in cisplatin treated CR-GC cells. In addition, previous data suggested that there existed crosstalk between
cell pyroptosis and apoptosis [38, 39], and our data showed that the pyroptosis inhibitor (NSA) inhibited
cell apoptosis, while the apoptosis inhibitor (Z-VAD-FMK) had little effects on pyroptotic 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 promoting
effects of cisplatin-DB combined treatment on cell apoptosis in CR-GC cells, which were in accordance
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with the previous studies [38, 40, 41]. 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.
Cancer stem cells (CSCs) contributed to metastasis, recurrence and drug resistance in cancers [11–14],
and previous data suggested that CSCs enrichment contributed 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 continuous cisplatin pressure promote CSCs generation in 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 [42], and this
study validated that low-dose DB negatively regulated PD-L1 to inhibit cell stemness in CR-GC cells.

Conclusions
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 provide
evidences to support 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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Tables
Table 1. The sequence information for vectors construction.
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Sequence information
Si-PD-L1

Forward: 5’-GGAUAAGAACAUUAUUCAAdTdT-3’
Reverse: 5’-UUGAAUAAUGUUCUUAUCCdTdT-3’

Si-NLRP3

Forward: 5’- GCAGGAACAACUUGCAGAUGAGUCTTGCUCCU-3’
Reverse: 5’-AGGAGACUCAGCGAAGAAACAAGUUCCUGC-3’

OE-PD-L1

Forward: 5’-CCGGAATTCGGCATTCCAGAAAGATGAGGAT
ATT-3’
Reverse: 5’-AAGGAAAAAAGCGGCCGCTTGTCACGCTCA
GCCCCGAT-3’

Table 2. Primer sequences for Real-Time qPCR.
Gene

Primer sequences (strand)

β-actin

Forward: 5’-CTCCATCCTGGCCTCGCTGT-3’
Reverse: 5’-GCTGCTACCTTCACCGTTCC-3’

NLRP3

Forward: 5’- GGACTATTTCCCCAAGATTG-3’
Reverse: 5’- ACTCCACCCGATGACAGTT-3’

OCT4

Forward: 5’-AGCGATCAAGCAGCGACTA-3’
Reverse: 5’-GGAAAGGGACCGAGGAGTA-3’

SOX2

Forward: 5’-CATCACCCACAGCAAATGAC-3’
Reverse: 5’-CAAAGCTCCTACCGTACCACT-3’

Nanog

Forward: 5’-GCAGGCAACTCACTTTATCC -3’
Reverse: 5’-CCCACAAATCACAGGCATAG-3’

PD-L1

Forward: 5’-TGGCATTTGCTGAACGCATTT-3’
Reverse: 5’-TGCAGCCAGGTCTAATTGTTTT -3’

Table 3. The detailed information of antibodies for Western Blot analysis.
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Antibodies

Catalog No.

Working concentrations

Company

PD-L1

#ab213524

1:1500

Abcam, UK

SOX2

#ab97959

1:2000

Abcam, UK

OCT4

#ab200834

1:1500

Abcam, UK

β-actin

#ab8226

1:1500

Abcam, UK

Nanog

#ab241542

1:2000

Abcam, UK

Figures

Figure 1
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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 0 h, 24 h, 48 h and
72 h, respectively. (A, B) The CCK-8 assay results showed that DB enhanced the inhibiting effects of
cisplatin on cell proliferation in CR-GC cells. (C, D) The trypan blue staining assay results validated that
low-dose DB inhibited cell viability in cisplatin treated CR-GC cells. (E) Low-dose DB triggered apoptotic
cell death in cisplatin-treated CR-GC cells, examined by Annexin V-FITC/PI 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, L) 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 3 times. *P < 0.05.

Figure 2
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Low-dose DB increased cisplatin-sensitivity in CR-GC cells by inducing apoptotic and pyroptotic cell
death. The CR-GC cells were pretreated with the inhibitors for pyroptosis (Necrosulfonamide, NSA) and
apoptosis (Z-VAD-FMK), autophagy (Chloroquine) and ferroptosis (Ferrostatin-1, Fer-1), respectively. (A, B)
cell proliferation was determined by CCK-8 assay, and (C, D) cell viability was measured by trypan blue
staining assay. (E) Annexin V-FITC/PI 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-1β 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. (L) Knock-down of NLRP3 restored Cisplatin-DB combined treatment induced apoptosis in
CR-GC cells. Each experiment repeated at least 3 times. *P < 0.05.

Figure 3
Cancer stem cells (CSCs) tended to be enriched in CR-GC cells, instead of CS-GC cells. The established
CR-GC cells (SGC7901/CDDP and BGC823/CDDP) and their corresponding CS-GC cells (SGC7901 and
BGC823) were obtained, (A) spheroid formation abilities of the GC cells were measured by using the
spheroid formation assay. The expression levels of CSCs associated signatures (SOX2, OCT4 and
Nanog) were determined by using the (B, C) Real-Time qPCR at mRNA levels and (D, E) Western Blot
analysis at protein levels, respectively. Also, the parental CS-GC cells were subjected to continuous lowdose cisplatin pressure to induce acquired cisplatin-resistant (ACR) GC cells, and the results showed that
(F) the spheroid formation abilities and (G-J) the expression levels of stemness signatures (SOX2, OCT4
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and Nanog) were increased by cisplatin pressure in ACR-GC cells. Each experiment repeated at least 3
times. *P < 0.05.

Figure 4
Low-dose DB downregulated PD-L1 to inhibit CSCs properties in CR-GC cells. The CR-GC cells were
administered with low-dose DB for 48 h, (A) spheroid formation abilities were evaluated by the spheroid
formation assay, (B, C) the mRNA levels and (D, E) protein levels of SOX2, OCT4 and Nanog were
determined by using the Real-Time qPCR and Western Blot analysis, respectively. (F) Upregulated PD-L1
protein levels were observed in CR-GC cells, instead of the corresponding CS-GC cells. (G) Low-dose DB
downregulated PD-L1 in CR-GC cells. (H, I) The overexpression vectors for PD-L1 were delivered into CRGC cells. Overexpression of PD-L1 abrogated the inhibiting effects of low-dose DB on SOX2, OCT4 and
Nanog expressions in CR-GC cells at both (J, K) mRNA and (L, M) protein levels. Each experiment
repeated at least 3 times. *P < 0.05.
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Figure 5
Knock-down of PD-L1 triggered apoptotic and pyroptotic cell death in cisplatin treated CR-GC cells in vitro
and in vivo. (A, B) The overexpression and downregulation vectors for PD-L1 were delivered into CR-GC
cells, and the results showed that PD-L1 negatively regulated NLRP3 expressions in CR-GC cells. (C, D)
Silencing PD-L1 triggered NLRP3-mediated pyroptotic cell death in cisplatin treated Cr-GC cells. (E) The
Annexin V-FITC/PI double staining experiment results suggested that downregulation of PD-L1 increased
apoptosis ratio in cisplatin stimulated CR-GC cells by upregulating NLRP3. (F-I) The CR-GC cells were
utilized to establish xenograft mice models, and the Western Blot analysis was used to examine the
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expression levels of Cyclin D1, CDK2, 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+K” represented “Cisplatin plus PD-L1 ablation”, “C+K+K” represented “Cisplatin
plus PD-L1 ablation plus silencing NLRP3”). Each experiment repeated at least 3 times. *P < 0.05.

Figure 6
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Low-dose DB downregulated PD-L1 to trigger apoptotic and pyroptotic cell death in cisplatin treated CRGC cells. (A, B) PD-L1 upregulation abrogated the promoting effects of cisplatin-DB treatment on NLRP3
expressions. (C, D) Low-dose DB upregulated NLRP3, ASC, IL-1β and IL-18 to promote cell pyroptosis in
cisplatin treated CR-GC cells by downregulating PD-L1. (E) Overexpression of PD-L1 reversed cisplatin
plus DB induced cell apoptosis in CR-GC cells, examined by using the Annexin V-FITC/PI double staining
method. (F, G) CCK-8 assay was used to measure cell proliferation, and trypan blue staining assay was
employed to determine cell viability. The xenograft tumor bearing mice models were established by using
the CR-GC cells, and Western Blot analysis was employed to determine the expression levels of (J, K)
proliferation associated proteins (Cyclin D1 and CDK2) and (L, M) apoptosis associated proteins (cleaved
Caspase-3 and Bax) in mice tumor tissues. (Note: “Con” indicated “Control”, “Cis” suggested “Cisplatin”,
“C+D” indicated “Cisplatin plus DB”, “C+D+P” indicated “Cisplatin plus DB plus PD-L1 overexpression”).
Each experiment repeated at least 3 times. *P < 0.05.
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