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Abstract
Background  Lung cancer is a common malignant neoplasm, one of the leading causes of death worldwide. Cancer 
stem cells (CSCs) drive tumor recurrence, progression, and therapeutic resistance. Thus, targeting CSCs may contribute 
to lung cancer treatment and improve clinical outcomes.

Methods  We induced stem cell formation in serum-free suspension culture. Cell viability was assessed using the 
cell counting-kit 8 assay, and cell membrane integrity was evaluated using the lactate dehydrogenase release assay. 
Caspase-1 activity assays, western blotting, enzyme-linked immunosorbent assay, and flow cytometry were used 
to analyze pyroptosis in cells. Confocal microscopy was used to detect protein co-localization. Quantification of 
fluorescence intensity and co-localization was carried out using ImageJ software. Co-immunoprecipitation was 
performed to assess the interaction between GOLPH3 and MYO18A. An animal study was conducted to evaluate the 
effects of golgicide A (GCA) on tumor growth in vivo.

Results  GCA induced cell death via pyroptosis in both H1650- and A549-derived CSCs. GCA enhanced the binding of 
GOLPH3 and MYO18A, resulting in trans-Golgi network (TGN) dispersion. In turn, the dispersed TGN (dTGN) recruited 
NLRP3. Our xenograft animal model study confirmed that GCA can inhibit tumor growth.

Conclusions  GCA induced pyroptosis by promoting the interaction between GOLPH3 and MYO18A, resulting in 
dTGN formation in lung CSCs. Our findings provide a novel molecular insight into the anti-cancer activities of GCA in 
lung CSCs.
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Background
Lung cancer accounts for approximately one-fifth of all 
cancer-related deaths worldwide. In 2020, it was the sec-
ond most common cancer, with 2.21  million new cases 
and 1.8  million deaths [1]. Non-small-cell lung cancer 
(NSCLC) accounts for approximately 85% of all primary 
lung cancers, with lung adenocarcinoma (LUAD) being 
among the most common histological subtypes [2]. In 
LUAD patients, the major causes of death include treat-
ment failure and metastasis, with the cancer stem cell 
(CSC) population considered a key driver of both [3]. 
CSCs comprise a small population of cells that exhibit 
stem cell characteristics [4, 5]. Substantial evidence indi-
cates that CSCs can self-renew and differentiate into a 
variety of cell lineages, promoting tumor growth, metas-
tasis, recurrence, and therapeutic resistance [6]. There-
fore, interventions targeting lung CSCs (LCSCs) may 
represent an effective lung cancer treatment strategy.

Pyroptosis, a form of programmed cell death, is acti-
vated by caspases-1/4/5/11 and mediated by the inflam-
masome. It is distinguished by enlarging cells and blebs 
emerging from the plasma membrane [7–9]. It has been 
suggested that the pyroptosis observed in a number of 
diseases requires activation of the NOD-like receptor 
family pyrin domain-containing 3 (NLRP3) inflamma-
some [10–12]. When NLRP3 is activated, it oligomerizes, 
attaches to the adaptor protein ASC, and then recruits 
caspase-1 to create the NLRP3 inflammasome [13]. 
Subsequently, caspase-1 is activated and cleaved, which 
further leads to the cleavage of gasdermin D (GSDMD). 
This process releases the cleaved GSDMD N-terminal 
fragment (GSDMD-N), which induces the formation 
of membrane holes and encourages pyroptosis [14–16]. 
Moreover, activated caspase-1 promotes the production 
and release of pro-inflammatory cytokines, including 
IL-1β and IL-18 [17, 18]. In recent years, an increas-
ing number of studies have shown a close relationship 
between pyroptosis and tumors [19]. More specifically, 
triggering pyroptosis is considered a novel approach to 
cancer treatment.

Through comprehensive screening analysis, we iden-
tified golgicide A (GCA) from a pyroptosis compound 
library (including 441 potential candidates) as a com-
pound that could have significant anti-cancer activ-
ity against LCSCs. Previous studies have shown that 
GCA can effectively inhibit the replication of a wide 
range of viruses [20, 21]. In recent years, GCA has also 
been detected to restrain the growth of tumor cells [22, 
23]. GCA prevents the Golgi apparatus from function-
ing, which may cause the Golgi and trans-Golgi network 
(TGN) to disintegrate [24]. To assemble the downstream 
adaptor complex ASC, which polymerizes in the peri-
nuclear area before enlisting caspase-1 to initiate down-
stream signaling, the disintegrated TGN recruits NLRP3 

[25]. Here, we investigated how GCA disintegrates the 
TGN to provide a fulcrum for the recruitment of NLRP3. 
We demonstrated that GCA exhibits potent anti-tumor 
effects by targeting LCSCs both in vitro and in vivo.

Methods
Cell lines and cell culture
Jenniobio Biotechnology Co., Ltd. (Guangzhou, China) 
provided the human lung adenocarcinoma A549 cells, 
and Procell Life Science & Technology Co., Ltd. (Wuhan, 
China) provided the H1650 cells and human normal lung 
epithelial BEAS-2B cells. The cell lines were cultured in 
DMEM supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin in an incubator set at 
37 °C with 5% CO2. The cell lines were verified by short 
tandem repeat (STR) DNA profile analysis.

Sphere formation assay
To conduct sphere formation experiments, A549 and 
H1650 cells were cultured in serum-free DMEM-F12 
supplemented with 5U/l insulin, 1:1 B27, 20 ng/ml epi-
dermal growth factor, and 20 ng/ml basic fibroblast 
growth factor, as previously mentioned [26]. Cells were 
treated for sphere culture for subsequent experiments 
after being incubated for six days at 37 °C with 5% CO2 to 
produce first-generation spheres.

Reagents and antibodies
Anti-IL-18 and anti-GAPDH were obtained from Pro-
teintech (Wuhan, China); anti-caspase-1, anti-GSDMD-
N, anti-NLRP3, and anti-Golgi phosphoprotein-3 
(GOLPH3) were obtained from Abcam (Cambridge, 
United Kingdom); and anti-TGN38, anti-ASC, and anti-
myosin 18 A (MYO18A) were obtained from Santa Cruz 
Biotechnology (Dallas, United States). Beyotime Biotech-
nology (Shanghai, China) supplied the following second-
ary antibodies: FITC-labeled goat anti-mouse (A0568), 
Cy3-labeled goat anti-rabbit (A0516), and Cy3-labeled 
goat anti-mouse (A0521). GCA (S7266) and the pyropto-
sis compound library (L7400) were acquired from Selleck 
Chemicals (Houston, TX, United States).

Cell counting Kit-8 (CCK-8) assay
After seeding in 96-well plates, cells underwent the spec-
ified treatments. Cells treated with 10 µl of CCK-8 solu-
tion (Beyotime, Shanghai, China) were moved into 100 µl 
of new media and incubated for 1 h at 37 °C with 5% CO2. 
A microplate reader was used to determine absorbance at 
450 nm.

Colony-formation assays
Cells were seeded into 6-well plates (1,000 cells/well) and 
incubated for the entire night to create colonies. The cells 
were then treated with GCA, allowed to grow into cell 
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colonies for seven days, fixed for 10 min with 4% parafor-
maldehyde, and stained for 5 min with 0.5% crystal violet. 
ImageJ software and a light microscope were utilized to 
take pictures and tally the colonies.

Total RNA extraction and real-time quantitative 
polymerase chain reaction (RT-qPCR)
The Total RNA Extraction Kit (Solarbio, Beijing, 
China) was utilized to extract total RNA, and an iScript 
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) was 
employed for reverse transcription. RT-PCR was car-
ried out utilizing SYBR Green (Bio-Rad) on a CFX96 
Real-time System. Every step of the process was carried 
out as directed by the manufacturer. Ultimately, target 
gene mRNA expression levels were quantified relative to 
β-actin levels. The sequences of the primers used in this 
study were as follows: CD133-F, ​A​G​G​C​A​C​T​T​A​C​G​G​C​
A​C​T​C​T​T​C; CD133-R, ​G​C​T​G​T​C​A​T​A​A​T​T​C​A​T​T​C​T​G​
T​C​T​A​T​T​C​C; CD44-F, ​T​G​C​C​G​C​T​T​T​G​C​A​G​G​T​G​T​A​T; 
CD44-R, ​G​G​C​C​T​C​C​G​T​C​C​G​A​G​A​G​A; nanog-F, ​A​A​T​A​C​
C​T​C​A​G​C​C​T​C​C​A​G​C​A​G​A​T​G; nanog-R, ​T​G​C​G​T​C​A​C​A​
C​C​A​T​T​G​C​T​A​T​T​C​T​T​C; sox2-F, ​G​G​A​C​T​G​A​G​A​G​A​A​A​G​
A​A​G​A​G​G​A​G​A​G​A​G; sox2-R, ​T​G​C​C​G​C​C​G​C​C​G​A​T​G​A​T​
T​G; oct4-F, ​G​A​G​A​A​C​C​G​A​G​T​G​A​G​A​G​G​C​A​A​C​C; oct4-
R, ​C​A​T​A​G​T​C​G​C​T​G​C​T​T​G​A​T​C​G​C​T​T​G; β-actin-F, ​C​C​
T​G​G​C​A​C​C​C​A​G​C​A​C​A​A​T; β-actin-R, ​G​G​G​C​C​G​G​A​C​T​
C​G​T​C​A​T​A​C.

Western blotting assay
Bicinchoninic acid (BCA) test kits (Beyotime, Shanghai, 
China) were used to measure the protein concentration 
after the total protein was extracted using precooled 
radio immunoprecipitation assay (RIPA) buffer contain-
ing protease inhibitors. Using 8–12% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 
the total protein was isolated and then transferred onto 
PVDF membranes. The primary antibodies were then 
incubated with the membranes for an entire night at 
4  °C after the membrane had been blocked for an hour 
at room temperature by immersing in 5% skim milk. The 
secondary antibody was added and incubated at 1:8000 
room temperature for 1  h, following three washes with 
Tris-buffered saline Tween. Binding was observed by 
enhanced chemiluminescence. Protein signals were 
assessed using Image Lab software and a ChemiDoc XRS 
device.

Enzyme-linked immunosorbent assay (ELISA)
Following GCA treatment, the amounts of IL-18 and 
IL-1β released into cell culture supernatants were mea-
sured using commercial ELISA Kits (Mlbio, Shanghai, 
China). The ELISA was carried out in compliance with 
the manufacturer’s guidelines. Absorbance was measured 

at 450 nm. The standards included in the kit were used to 
generate standard curves.

Lactate dehydrogenase (LDH) release assay
At a density of 1 × 104 cells per well, logarithmic growth 
phase cells were seeded into 96-well plates and incubated 
for the entire night at 37  °C and 5% CO2 in a cell incu-
bator. Following the recommended course of treatment, 
LDH release assays were carried out in accordance with 
the manufacturer’s instructions using the LDH Cytotox-
icity Assay Kit (Beyotime, Shanghai, China).

Flow cytometry
Following the manufacturer’s instructions, an Annexin 
V-PE/7-AAD Detection Kit (KeyGEN, Jiangsu, China) 
was used to measure pyroptosis via flow cytometry. After 
seeding the cells on 6-well plates, they were trypsinized 
in 0.25% trypsin without EDTA and then washed three 
times in phosphate-buffered saline (PBS). After that, the 
cells were stained for 15 min with 7-AAD. Following the 
reaction, 450 µl of binding buffer was added, and 1 µl of 
Annexin V-PE was added and incubated for 15  min at 
37 °C in the dark. Lastly, a flow cytometer (FACSCalibur; 
Becton-Dickinson, Franklin Lakes, NJ, United States) was 
used to evaluate the samples.

Confocal microscopy
The cells underwent three PBS washes after being fixed 
for 10  min in 4% formaldehyde that had been pre-
cooled. The cells were then permeabilized using 0.02% 
TritonX-100, blocked for 40  min with 5% goat serum 
albumin, and then incubated with primary antibodies 
overnight at 4 °C before being incubated with the corre-
sponding secondary antibodies. 4,6-diamidino-2-phenyl-
indole (DAPI) was used as the mounting medium to stain 
the nuclei. Pictures were taken with a confocal laser-
scanning microscope (Nikon, Japan).

Co-immunoprecipitation (Co-IP)
After being lysed in RIPA buffer, cells were treated with a 
primary antibody and gently agitated at 4 °C for the entire 
night. For immunoprecipitation, Protein A + G agarose 
(Beyotime, Shanghai, China) was utilized in accordance 
with the manufacturer’s recommendations, and 12% 
SDS-PAGE was used to resolve the samples for western 
blotting examination.

Xenograft nude mouse model
The xenograft experiment was carried out in compli-
ance with Chengdu Medical College’s Laboratory Animal 
Ethics Committee requirements. We obtained female 
BALB/c nude mice (aged 5–6 weeks) from GemPharmat-
ech Co. Ltd. in Chengdu, China. The animals were kept 
in specific pathogen-free environments at a regulated 
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temperature. Water for drinking, bedding, and cages 
were routinely replaced and autoclaved. A total of 1 × 107 
cells were injected subcutaneously into the right of the 
dorsal midline for the xenograft tumor development 
assay. The nude mice were randomly assigned to three 
treatment groups (n = 5) on day 7 following tumor inocu-
lation: a low-dose GCA group (20 mg/kg/week, dissolved 
in solvent), a high-dose GCA group (50 mg/kg/week, dis-
solved in solvent); and a control group. The treatments 
were administered for a duration of 4 weeks. Every four 
days, the weight and tumor volume of the mice were 
measured. The formula used to compute the tumor vol-
ume (mm3) was volume = (length × width2) / 2 [27]. At 
the end of the study, anesthesia was administered by a 
single intraperitoneal injection of 50 mg/kg body weight 
of sodium pentobarbital for at least 10 min to ensure that 
the mice were in a state of deep anesthesia, and then cer-
vical dislocations were performed for humane euthanasia 
to minimize pain. Vicky Biotechnology (Chengdu, China) 
supplied the anesthetic sodium pentobarbital (WKQ-
0028128). The tumor tissues were carefully removed for 
further investigation.

Immunohistochemical staining
The tissue slices underwent PBS washing, dehydration, 
and wax removal. Following antigen retrieval, the sam-
ples were boiled in citrate buffer (pH 6.0) and blocked for 
an hour at 37  °C using 5% normal goat serum. After an 
overnight incubation with the primary antibodies at 4 °C, 
the sections were treated with the secondary antibodies. 
Ultimately, the immunocomplexes were observed using 
diaminobenzidine (DAB) as the chromogen, and then 
hematoxylin counterstaining was applied.

Statistical analysis
Each in vitro test was performed at least three times 
independently. All animals were randomly assigned 
to the experimental groups. One-way analysis of vari-
ance (ANOVA) or paired t-tests were used to assess the 
statistical significance between the groups. GraphPad 
Prism 8.0 was used for all statistical analyses (GraphPad 
Software, USA). Statistical significance was defined as 
P < 0.05.

Results
GCA effectively suppresses the growth of LCSCs
We confirmed that LCSCs were successfully cultured 
by detecting the stemness gene-related markers nanog, 
oct4, sox2, CD44, and CD133 in spheroids prepared 
from A549 and H1650 cells (Supplementary Fig.  1 of 
Additional file 1). Utilizing single-dose primary cyto-
toxicity tests, we employed A549-driven CSCs to screen 
441 compounds acquired from Selleck (Fig.  1A). Drugs 
inducing more than 60% inhibition are shown in Fig. 1B. 

Next, LDH release assay and ELISA were used for subse-
quent screening (Fig. 1C-E). Based on the results of the 
above assays, we focused on GCA (structure shown in 
Fig. 1F) for the subsequent experiments. Figure 1G shows 
the dose-dependent anti-cancer effect of GCA on A549- 
and H1650-derived CSCs. These results were validated 
via colony-formation experiments using two types of 
LCSCs (Fig. 1H). Meanwhile, we observed that GCA had 
a significant suppressive effect on the viability of normal 
lung cancer cells, whereas it had no significant impact 
on normal lung epithelial cells (Supplementary Fig. 2 of 
Additional file 1). The results suggested that GCA has 
anti-cancer activity against LCSCs.

GCA induces pyroptosis of LCSCs
After 24  h of treatment with GCA, single cells dissoci-
ated from the spheroids and became inflated, resembling 
pyroptosis, with typical big bubbles emerging from the 
plasma membrane (Fig. 2A). Annexin V and PE/7-AAD 
double labeling was used for flow cytometry analysis 
because these substances can highlight pyroptotic cells 
as a result of membrane rupture [28]. Following GCA 
treatment, there was a considerable increase in the per-
centage of annexin V and PE/7-AAD double-positive 
cells (Fig.  2B). Caspase-1 activity increased significantly 
after treatment compared with that in the control group 
(Fig.  2C). Assessment of serum IL-18 and IL-1β levels 
yielded similar results (Fig.  2D, E). LDH release rates 
further confirmed the induction of pyroptosis (Fig.  2F), 
indicating cell membrane rupture and leakage. Western 
blotting was used to evaluate the levels of caspase-1 p20, 
IL-18, and GSDMD-N in the GCA-treated group rela-
tive to those in the control group (Fig. 2G). The cytosolic 
pattern-recognition receptor NLRP3 detects endogenous 
danger signals as well as microorganisms. When NLRP3 
is activated, it combines with the adaptor protein ASC 
to form an inflammasome, which activates caspase-1, 
releases pro-inflammatory cytokines, and causes cell 
death [29]. NLRP3 and ASC were shown to be co-local-
ized by confocal microscopy (Fig. 2H, I), indicating that 
GCA causes LCSC pyroptosis.

GCA induces disassembly of TGN and NLRP3 recruitment
Previous studies have shown that GCA markedly dis-
rupts Golgi morphology [24]. The Golgi apparatus in ver-
tebrate cells is made up of several stacks that have fused 
together to form a tight ribbon structure [30]. Transmis-
sion electron microscopy showed that Golgi bodies were 
dispersed in the cytoplasm following GCA treatment 
(Fig.  3A, B), with the non-treated group retaining flat 
appearance. Immunofluorescence experiments demon-
strated the dramatic effects of GCA on the TGN, which 
caused the latter to disassemble into small vesicles that 
subsequently disseminated throughout the cell (Fig.  3C, 
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Fig. 1  Identification of GCA as a novel anti-cancer agent targeting lung cancer stem cells (LCSCs). (A) A549 CSCs were treated with 441 drugs for 24 h. (B) 
The top sixteen inhibitors. (C) Secondary screening and identification of compounds. (D, E) IL-18 and IL-1β concentration in the supernatant. (F) Structure 
of GCA. (G) A549 and H1650 CSCs were treated with GCA for 24 h, and cell viability was assessed. (H) Colony-formation assays were used to determine cell 
proliferation after treatment with GCA. All results were obtained from at least 3 independent experiments. Error bars represent SEM. Statistics were mea-
sured by one-way analysis of variance with Tukey’s multiple comparison post hoc test with NS (non-significant) for p > 0.05, * for p < 0.05,** for p < 0.01,*** 
& ### for p < 0.001, **** for p < 0.0001
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Fig. 2 (See legend on next page.)
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D). The Golgi apparatus remains a tightly organized peri-
nuclear ribbon in untreated cells. Recent studies have 
shown that NLRP3 activation causes TGN disassembly, 
resulting in a dispersed TGN (dTGN). The dTGN pro-
vides a platform for NLRP3 oligomerization [25]. We 
observed that NLRP3 was recruited to the dTGN after 
GCA treatment (Fig. 3C-F). All these findings confirmed 
that GCA encourages the creation of dTGNs and the 
subsequent recruitment of NLRP3.

GCA enhanced the interaction of GOLPH3 with MYO18A to 
induce TGN dispersion
The Golgi apparatus is reportedly essential for the devel-
opment of tumors and cancer [31, 32]. GOLPH3 is a com-
ponent of the TGN and has a variety of functions [31, 33]. 
GOLPH3 binds to MYO18A and connects trans-Golgi 
membranes to F-actin, thus providing a tensile force 
required for efficient tubule and vesicle formation [34]. 
Next, we examined the interaction between GOLPH3 
and MYO18A following GCA treatment. Our experi-
ments confirmed that GOLPH3 localization to the Golgi 
apparatus was unchanged following GCA treatment 
(Fig.  4A, B). To explore the binding mode of GOLPH3 
to MYO18A, a docking simulation study was performed 
by computationally predicting the possible binding sites 
on the surface of the protein molecule (Fig. 4C). Accord-
ing to the data, there were hydrogen-bonding interac-
tions between GCA and GOLPH3 residues M199 and 
T200, as well as π-CH interactions involving M199, sug-
gesting that GCA has a direct effect on the structural 
conformation of GOLPH3. Additionally, the docking 
score between GCA and the MYO18A/GOLPH3 com-
plex was − 6.11 Kcal/mol. GCA treatment enhanced the 
interaction between GOLPH3 and MYO18A (Fig.  4D-
F). Our experiments confirmed that the effects of GCA 
on cell morphology did not result from actin cytoskel-
eton disruption (Fig. 4G). Further, we showed that GCA 
enhances the binding of GOLPH3 to MYO18A, resulting 
in TGN dispersion.

GCA inhibits tumor growth in xenograft animal models
To determine whether GCA suppressed tumor growth in 
vivo, A549-derived CSCs were subcutaneously injected 
into the right side of the dorsal midline in mice. Three 
treatment groups of xenograft mice were formed start-
ing on the seventh day post-tumor implantation, as illus-
trated in Fig.  5A, B. The excised tumors are shown in 

Fig. 5C. In comparison to that in the PBS-negative con-
trol group, the tumor growth rate was significantly sup-
pressed in the treatment groups (Fig.  5D). Consistently, 
tumor weight in mice of the GCA treatment group was 
significantly lower than that of mice in the PBS treat-
ment group (Fig. 5E). Our data clearly indicate that GCA 
inhibited the growth of LCSCs in vivo.

GCA suppressed tumor growth in xenograft mice through 
pyroptosis induction
We subjected tumor tissues to hematoxylin and eosin 
staining to evaluate pathological changes (Fig.  6A). 
Immunohistochemistry was used to further assess the 
effect of GCA on tumor tissues. The results showed that 
the GCA-treated group had higher expression of IL-18 
and IL-1β than the control (PBS) group (Fig. 6B), which 
is in line with the in vitro experiment results. Western 
blotting confirmed that GCA inhibited tumor growth 
through the induction of pyroptosis in vivo (Fig. 6C).

Discussion
Over the last few decades, various new therapeutic strat-
egies have been developed to combat cancer, such as 
nanomedicines [35], targeted therapy [36], and immu-
notherapy [37]. However, cancer remains a major cause 
of mortality in developed and developing countries 
worldwide. Resistance to chemotherapeutic agents rep-
resents a major challenge in the battle against cancer, 
with CSCs being the main driver of such resistance [4]. 
CSCs are less sensitive to classical anti-cancer agents 
inducing apoptosis [38]. In recent years, the significance 
of pyroptosis in cancer has received considerable atten-
tion. However, research on pyroptosis and related drugs 
targeting LCSCs remains limited. In this study, GCA, an 
FDA-approved small-molecule drug, exhibited cytotoxic-
ity against LCSCs.

We screened 441 small-molecule compounds in A549-
derived CSCs. Drugs with inhibition rates greater than 
60% were subjected to subsequent screening, which 
showed that GCA had the greatest pyroptosis-inducing 
effect. Thus, we explored its effect on cell viability and 
Golgi morphology in H1650- and A549-derived CSCs. 
ELISA, western blotting, and flow cytometry confirmed 
that GCA could induce inflammatory reactions and the 
production of pro-inflammatory cytokines, including 
IL-1 β and IL-18. Moreover, a xenograft mouse model 
demonstrated the anti-tumor properties of GCA. These 

(See figure on previous page.)
Fig. 2  GCA induces pyroptosis in lung cancer stem cells (LCSCs). (A) Representative images of LCSCs treated with GCA. Red arrowheads indicate the 
large bubbles (termed pyroptotic bodies) emerging from the plasma membrane. (B) The type of cell death after GCA treatment was confirmed via flow 
cytometry analyses using annexin V and PE/7-AAD staining. (C) Caspase-1 activity in LCSCs under GCA treatment. (D, E) IL-18 and IL-1β concentrations in 
the supernatant were determined via ELISA. (F) Cell death determined based on LDH release into the supernatant. (G) Analysis of pyroptosis markers via 
western blotting. (H) The binding between NLRP3 and ASC was detected by fluorescence co-localization. (I) The quantification of (H). All results were ob-
tained from at least 3 independent experiments. Error bars represent SEM. Statistics were measured by one-way analysis of variance with Tukey’s multiple 
comparison post hoc test with ** for p < 0.01,*** & ### for p < 0.001. Scale bars represent 10 μm (H) and 2 μm (H)
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Fig. 3  NLRP3 aggregates on dTGN. (A, B) The features of pyroptosis in H1650- and A549-derived CSCs were observed via transmission electron micros-
copy. (C, D) LCSCs were stained for TGN38 (green), NLRP3 (red), and analyzed via confocal microscopy. (E, F) Fluorescence quantitative analysis of two 
kinds of LCSCs. All results were obtained from at least 3 independent experiments. Scale bars represent 200 μm (A and B), 10 μm (C and D), and 2 μm (A, 
B, C and D)
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Fig. 4  GCA enhanced the interaction between GOLPH3 and MYO18A. (A) A549-derived CSCs were stained for TGN38 (green) and GOLPH3 (red) and 
analyzed via confocal microscopy. (B) The quantification of (A). (C) The 3D binding model of GCA and GOLPH3/MYO18A complex. GOLPH3 is colored 
green, the residues in GOLPH3 are shown as green sticks, MYO18A is colored cyan, the residues in MYO18A are shown as cyan sticks, and GCA is shown as 
a magenta stick. The red dashes represent hydrogen bond interactions. The orange dashes represent π-CH interaction. (D) The interaction of GOLPH3 with 
MYO18A after GCA treatment was detected via confocal microscopy. (E) The quantification of (D). (F) Co-IP analysis of the interaction between MYO18A 
and GOLPH3 in A549-derived CSCs after treatment with GCA. (F) GCA had no effects on actin microfilaments. All results were obtained from at least 3 
independent experiments. Scale bars represent 10 μm (A, D and E) and 2 μm (A and D)
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results were in line with earlier research demonstrating 
the anti-tumor effect of GCA in lung and breast cancer 
cells [22, 23].

On the cytoplasmic side of the Golgi membrane, 
peripheral Golgi proteins interact with actin networks 
and microtubules to control Golgi morphology. Changes 
in Golgi morphology are related to the regulation of vari-
ous processes, including directed migration [32], stress 
[39], DNA repair [40], mitosis [41], pro-inflammatory 
responses [25], and autophagy [42]. The Golgi archi-
tecture is centered on a compact ribbon structure. The 
absence of the Golgi ribbon is linked to a number of ill-
nesses and conditions. Its fragmentation is implicated 

in neurodegenerative diseases [43] and cancer [44]. The 
small molecule drug GCA inhibits protein trafficking and 
causes disintegration of the Golgi apparatus. Our study 
found that dTGN provided a platform for the oligomer-
ization of NLRP3 and subsequent assembly of the down-
stream adaptor complex ASC.

An increasing body of evidence highlights the impor-
tance of organelle-dependent cell death. In this study, we 
demonstrated that GOLPH3, a highly conserved protein, 
is concentrated in the TGN. GOLPH3 is upregulated in 
various human solid tumors and is involved in tumor 
progression [45]. GOLPH3 promotes cell proliferation 
by enhancing growth factor-induced mammalian target 

Fig. 5  Anti-tumor effect of GCA in xenograft models injected with lung cancer stem cells (LCSCs). (A) The experimental design for GCA treatment in vivo. 
(B) Images of nude mice with subcutaneous xenografts in the indicated groups. (C) Representative images of tumors taken at the end of the study. (D) 
Tumor growth curves of established LCSC xenografts in nude mice during therapy under different treatments. (E) Tumor weight in the three treatment 
groups. All results were obtained from at least 3 independent experiments. Error bars represent SEM. Statistics were measured by one-way analysis of 
variance with Tukey’s multiple comparison post hoc test with ** for p < 0.01,*** for p < 0.001
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of rapamycin (mTOR) signaling and alters the response 
of cancer cells to rapamycin, an mTOR inhibitor, in vivo 
[46]. Additionally, GOLPH3 binds to MYO18A and 
connects trans-Golgi membranes. Through co-IP and 
immunofluorescence experiments, we proved that the 
binding between GOLPH3 and MYO18A was enhanced 
after GCA treatment, which was essential for dTGN 
formation.

Conclusions
In summary, the findings of this investigation high-
lighted GCA as a promising anti-cancer agent targeting 
LCSCs. GCA exerted its anti-tumor effects through the 
induction of pyroptosis. The main mechanism of action 
involves dTGN formation through the enhanced bind-
ing between GOLPH3 and MYO18A. After NLRP3 is 
recruited, the activated inflammasome cleaves GSDMD, 
releases inflammatory factors, and promotes the inflam-
matory cascade. Taken together, these results point to 
GCA as a possible medication for LCSC targeting.
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