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Abstract
Purpose  PARP inhibitors have revolutionized the treatment landscape for advanced prostate cancer (PCa) patients who 
harboring mutations in homologous recombination repair (HRR) genes. However, the molecular mechanisms underlying 
PARP inhibitors function beyond DNA damage repair pathways remain elusive, and identifying novel predictive targets that 
favorably respond to PARP inhibitors in PCa is an active area of research.
Methods  The expression of GSDME in PCa cell lines and human PCa samples was determined by western blotting. Tar-
geted bisulfite sequencing, gene enrichment analysis (GSEA), clone formation, construction of the stably transfected cell 
lines, lactate dehydrogenase (LDH) assay, western blotting as well as a mouse model of subcutaneous xenografts were used 
to investigate the role of GSDME in PCa. The combinational therapeutic effect of olaparib and decitabine was determined 
using both in vitro and in vivo experiments.
Results  We have found low expression of GSDME in PCa. Interestingly, we demonstrated that GSDME activity is robustly 
induced in olaparib-treated cells undergoing pyroptosis, and that high methylation of the GSDME promoter dampens its 
activity in PCa cells. Intriguingly, genetically overexpressing GSDME does not inhibit tumor cell proliferation but instead 
confers sensitivity to olaparib. Furthermore, pharmacological treatment with the combination of olaparib and decitabine syn-
ergistically induces GSDME expression and cleavage through caspase-3 activation, thus promoting pyroptosis and enhanc-
ing anti-tumor response, ultimately resulting in tumor remission.
Conclusion  Our findings highlight a novel therapeutic strategy for enhancing the long-term response to olaparib beyond 
HRR-deficient tumors in PCa, underscoring the critical role of GSDME in regulating tumorigenesis.
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1  Introduction

Androgen deprivation therapy (ADT) remains a crucial 
therapeutic modality for PCa, which is one of the most 
prevalent malignancy and cancer-related cause of mortality 
among men [1, 2]. Although many patients initially respond 
positively to ADT and second-generation antiandrogen 
drugs like enzalutamide, abiraterone, and apalutamide, 
they often develop resistance to these treatments, leading 
to recurrent malignant tumors and refractory metastatic cas-
tration-resistant prostate cancer (mCRPC) [3, 4]. Hopefully, 
approximately 30% of patients harbor deleterious mutations 
in DNA damage repair (DDR) genes, conferring the pos-
sibility of targeting poly-ADP-ribose polymerase (PARP), 
a crucial enzyme involved in DNA repair [5, 6]. Olaparib, 
an FDA-approved PARP1 inhibitor, has shown significant 
improvements in overall survival and prognosis for mCRPC 
patients possessing at least one of the 15 prespecified genes 
that play a direct or indirect role in homologous recombi-
nation repair (HRR) [7, 8]. Regrettably, PARP inhibitors’ 
response typically only lasts for a short duration, and even-
tual acquired resistance can result in fatal patient outcomes 
[9]. Reinforcing the long-term efficacy of PARP inhibitors 
remains a significant challenge, requiring the exploration of 
alternative strategies to enhance the prolonged antitumor 
effects of PARP inhibitors such as olaparib.

GSDME, also known as DFNA5, is located on human 
chromosome 7pl5 and its mutation results in hearing 
impairment [10]. Evidence in recent years has shown that it 
is a member of the gasdermins family that mediates pyrop-
tosis, a form of regulated cell death (RCD) distinct from 
apoptosis [11]. Caspase-3 was previously thought to be 
the main effector of apoptosis, but increasing evidence has 
also shown that caspase-3-mediated GSDME cleavage, an 
essential step to produce pyroptosis, which can also repress 
tumor growth by activating anti-tumor immune responses 
or other mechanisms [12, 13]. Altogether, the induction of 
pyroptosis is likely to be a potent intervention for target-
ing tumors. However, GSDME is frequently silenced by 
epigenetic mechanisms in various cancers, which is associ-
ated with poor prognosis. The CpG islands in the promoter 
region of the gene are highly methylated, which may con-
tribute to its silencing [14–16]. GSDME was previously 
reported to be expressed in PCa [17, 18]. Whether GSDME 
acts as a crucial factor in the progression of PCa by being 
epigenetically silenced remains to be elucidated.

Preclinical evidence suggests that increasing the expres-
sion level of GSDME can induce pyroptosis and have 
anti-carcinogenic effects. For example, overexpression of 
GSDME suppressed proliferation by inducing cell cycle 
arrest in hepatocellular carcinoma cells [19]. Although 
GSDME is expressed as a tumor suppressor in various 

cancers, it is often maintained at low levels due to DNA 
methylation. There are reliable evidences that the promoter 
DNA methylation can be inhibited by 5-aza-2’-deoxycyt-
idine (decitabine), an FDA-approved inhibitor of DNA 
methyltransferases that has demonstrated efficacy in hema-
tological neoplasms and breast cancer [20, 21]. According 
to this characterization, decitabine induces demethylation 
and restores GSDME expression. In this context, restora-
tion of GSDME sensitivity via decitabine also enhances 
the response of tumor cells to standard chemotherapeutic 
agents, such as doxorubicin, actinomycin-D, and etoposide, 
by predisposing them to pyroptosis [13, 22]. Thus, targeting 
GSDME and its downstream pathways through decitabine-
induced demethylation may represent a promising strategy 
for enhancing the effects of standard chemotherapy and pro-
moting pyroptosis in cancer cells.

In this study, we report that the expression of GSDME is 
significantly reduced in PCa cell lines and tissues. Leverag-
ing a quantitative DNA methylation assay and next-gener-
ation sequencing (NGS) technology, we were able to detect 
aberrant methylation of the GSDME promoter in 22Rv1 and 
PC3 cells. Our results demonstrate that GSDME displays 
frequent epigenetic activation in both cell lines and data-
bases, which is significantly correlated with poor prognosis. 
Notably, olaparib activates caspase-3 to cleave GSDME, 
which initiates pyroptosis in PCa cell lines. Additionally, our 
data show that the combination of olaparib and decitabine 
induces a more potent antitumor effect both in vitro and in 
vivo. Taken together, our study highlights the potential for 
a combined treatment strategy involving pyroptosis induc-
tion as a promising approach for the clinical management 
of PCa.

2  Materials and methods

2.1  Cell lines and cell culture

The human PCa lines 22Rv1, C42B, DU145 and H660 were 
purchased from the Cell Resource of Shanghai Institute of 
Biological Sciences, Chinese Academy of Sciences (Shang-
hai, China). PC3 and benign prostatic hyperplasia cell line 
(BPH-1) were obtained from Dr. Wei-Qiang Gao (Clinical 
Stem Cell Center, Ren Ji Hospital, School of Medicine, 
Shanghai Jiao Tong University). LNCaP (CL-0143) and 
WPMY-1 (CL-0467) were kindly provided by Procell Life 
Science &Technology Co., Ltd. The BPH-1, PC-3, 22Rv1 
and LNCaP were cultured in RPMI-1640 medium (RPMI, 
Hyclone). The C42B, DU145, H660 and WPMY-1 were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
Hyclone). All cell culture s were supplemented with 10% 
heat inactivated fetal bovine serum (FBS, Gemini). All cells 
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were cultured at 37  °C in a humidified environment with 
5% CO2.

2.2  Gene expression and methylation profiles

Relative mRNA levels of GSDME of Wallace Prostate, 
Welsh Prostate and Yu Prostate cohorts were downloaded 
from the Oncomine database. The RNA-seq data and the 
methylation levels of GSDME of the TCGA-PRAD were 
downloaded from the TCGA database (https://portal.gdc.
cancer.gov/) and the human disease methylation database 
(http://bio-bigdata.hrbmu.edu.cn/diseasemeth/). RNA-seq 
data were analyzed by gene sets enrichment using GSEA 
software [23, 24]. The microarray datasets of GSE74013, 
GSE6919, GSE8511 and GSE38241 were downloaded 
from the GEO database (https://www.ncbi.nlm.nih.gov/
geo/). Linear regression correlations between the mRNA 
levels of GSDME and the methylation mean beta value of 
promoter of GSDME were conducted from DNA Methyla-
tion Interactive Visualization Database (DNMIVD) [25]. 
Prognostic values of the methylation levels of GSDME 
were analyzed to obtain the Kaplan-Meier survival curves 
for PRAD patients, using DNMIVD and EWAS Data Hub 
database [26].

2.3  Clinical sample

Fresh biopsy samples including benign prostatic hyper-
plasia (n = 7) and PCa (n = 7) were obtained from Ren Ji 
Hospital, School of Medicine, Shanghai Jiao Tong Univer-
sity. Ethics committee approval from School of Biomedical 
Engineering, Shanghai Jiao Tong University was obtained 
prior to the research (BME-2,017,032) and informed written 
consent of all participants were obtained.

2.4  Immunohistochemistry

The tissue microarray (TMA) (#PR8011a) containing 8 
normal prostate tissues, 26 prostate hyperplasia tissues, and 
32 PCa tissues was purchased from US Biomax (Derwood, 
MD). GSDME staining intensity of TMA was scored into 
extremely positive (+++), strongly positive (++), posi-
tive (+) and weakly positive (-) categories. Briefly, tissue 
microarrays were placed at 62 °C for 1 h. Tissue microar-
rays were dewaxed and rehydrated in xylene and stepwise 
dilution of ethanol. Endogenous peroxidase activity was 
blocked by adding 100 µl of hydrogen peroxide blocking 
solution dropwise for 10 min at room temperature, followed 
by antigen repair using Tris-EDTA (pH = 9.0). After incuba-
tion with 5% BSA at room temperature for 20 min, samples 
were incubated with GSDME primary antibody (Protein-
tech, 13075-1-AP) at 4  °C overnight. The next day, the 

samples were washed 3 times with PBS and incubated with 
the labeled secondary antibody for 30 min at 37 °C. Then, 
DAB solution was dropped and the samples were re-stained 
with hematoxylin for 30 s. The final coverslip was covered 
with neutral resin on the sample and observed under the 
microscope.

2.5  Evaluation of methylation levels in cell lines

The promoter sequence of the GSDME gene was acquired 
from NCBI, and the core promoter (7:24796400–
24,797,601), and the flanking region (7:24795602–
24,798,199) were reported to be considered as putative 
promoters of DFNA5 [27]. In our study, the core promoter 
region (7:24796400–24,797,601) of GSDME was exam-
ined for methylation with targeted next-generation bisulfite 
sequencing analysis. The procedures included four steps: 
sample preparation, sulfite treatment, PCR amplification 
and NGS sequencing. In a nutshell, cells (> 1 × 106 cells) 
were separately purified for genomic DNA using the Ezup 
Column Animal Tissue Genomic DNA Extraction Kit 
(Sangon Biotech, B51821), and the concentration of the 
mentioned genomic DNA was measured using a UV-Vis 
spectrophotometer (Merinton, Sma4000). Bisulfite convert 
up to 500 ng (or maximum of 20 µL) nucleic acid samples. 
All samples were treated using EZ DNA Methylation-Gold 
kit (Zymo Research, D5005), according to the manufac-
turer’s instructions. PCR reactions were used to amplify 
all Bisulfite modified DNA samples. The PCR reactions 
consisted of 5 µL of Taq Plus DNA polymerase (Sangon 
Biotech, B600090), 4 µL of primers and 1 µL of Bisulfite-
treated DNA samples in a 50 µL system. The PCR setting 
procedure consists of pre-denaturation at 95 °C for 3–5 min, 
followed by 95 °C for 30 s, the specific annealing tempera-
ture of each primer at 55 °C for 30 s, extension at 72 °C for 
30 s, 68 °C for 30 s for 35 cycles, and final repair extension 
at 72 °C for 5 min. After the reaction, 5 µL of PCR products 
were taken on a 1% agarose gel (Sangon Biotech, A500016) 
for electrophoresis and agarose gel containing the target 
bands was collected. Finally high-throughput sequencing 
was performed using an instrument (Illumina, Miseq) and 
FastQ data were obtained. The data were analyzed accord-
ing to methods that have been published in the literature. 
Methylation levels were calculated by dividing the number 
of sites where methylation occurred by the total number of 
methylated sites [28, 29]. PCR primers for the GSDME pro-
moter (MN957-1-forward GYGGTTTTGGAAAGGGTTA, 
MN957-1-reverse ATCCCCTTCCCATCCTCTC; MN957-
2-forward AGGATGGGAAGGGGATGTT, MN957-2-re-
verse AACCCTCTCTCCRCCCTC; MN957-3-forward 
GGGAGGGYGGAGAGAGG, MN957-3-reverse AATC-
CACACTCCACTATAAATAACRA; MN957-4-forward 
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2.8  Cell viability assay

Proliferating cells were trypsin digested, centrifuged, resus-
pended, and counted. For proliferating or dosed cells, 5000 
cells per well were planted in 96-well plates, cells were cul-
tured at 37 °C with 5% CO2 for 24 h. After cells were treated 
with fresh complete medium containing different indicated 
doses of olaparib and decitabine for 96 h, and finally cell 
viability in each panel was determined using the CCK − 8 
assay kit.

2.9  LDH assay

The following solutions were prepared: the 50× lysis buf-
fer consisted of 49 mL ddH2O, 1 mL Triton X-100, 0.25 g 
BSA and 1.19 g HEPES. The LDH buffer contains 500 ml 
ddH2O, 17 g KH2PO4 and 21.8 g K2HPO4. LDH reaction 
buffer was prepared from 20 mL LDH buffer, 0.5 mL 100 
nM pyruvate and 5 mg NADH. The pH value of the men-
tioned solution is adjusted to 7.5. The cell culture medium 
was collected for the detection of extracellular LDH. 300 µL 
of Lysing buffer was added to the cells in a 24-well plate, 
and the plate was shaken vigorously on a shaker for 20 min. 
Add 50 µL of the cell culture supernatant (extracellular 
LDH)/lysed cytosol (intracellular LDH) to each well in a 
96-well plate. The LDH reaction buffer was added rapidly at 
once, 200 µL per well, and the absorbance value at 340 nm 
was read immediately with an enzyme marker at 5 s inter-
vals for 30  s. The maximum reaction rate was calculated 
from the absorbance value, and the reaction rate character-
ized the activity of LDH.

2.10  Lentiviral infection and construction of stable 
transfected cell lines

The GSDME overexpression lentivirus was constructed by 
GENECHEM Biotechnology Co. Ltd. (Shanghai, China). 
Cells were stably transfected with lentivirus through 2 µg/
mL puromycin selection.

2.11  Colony formation assay

For pharmaceutical treatments, the proliferating cells were 
trypsin digested, centrifuged, resuspended, and counted, 
1 × 105 cells were planted in 6-well plates and cultured for 
24 H. After treatment with the indicated concentrations of 
fresh medium containing the drugs for 96 h, cells were fixed 
in 4% paraformaldehyde and stained with 0.1% crystal vio-
let, and clones of cells per well were quantified and ana-
lyzed using ImageJ software. For the stably transfected cell 
lines, cells were transfected with GSDME-OE lentivirus or 
control lentivirus, and the equivalent number of cells were 

TYGTTATTTATAGTGGAGTGTGGAT, MN957-4-reverse 
ACACCCAATATATAAA.

AACRCCTA) were designed by Sangon Biotech.

2.6  Protein lysate preparation and western blotting 
(WB)

The protein immunoblots were presented to detect the 
expression levels of different proteins in different samples 
as described previously [30]. Total proteins of cells or tis-
sues were extracted by RIPA lysis buffer containing pro-
tease inhibitor, phosphatase inhibitor and phenylmethyl 
sulfonyl fluoride. The protein concentration of each sample 
was determined using the BCA kit (Thermo, 23227), with 
the indicated standards as the references. The equal amounts 
of denatured proteins were loaded in 10% or 12.5% SDS-
PAGE for 80  min at a constant 120  V and transferred to 
nitrocellulose membranes after electrophoresis at a constant 
300 mA for 90 min. Membranes were blocked with skim 
milk buffer for 1 h at room temperature and washed 3 times. 
Membranes were incubated overnight at 4 °C with the fol-
lowing primary antibodies, GSDME (Abcam, ab215191), 
GSDMB (Abcam, ab215729), GSDMD (CST, 39754  S), 
PARP (CST, 9532  S), caspase-3 (CST, 9662  S), cleaved 
caspase-3 (CST, 9664 S), Survivin (CST, 2808 S), BCL-2 
(Abcam, ab182858), GAPDH (Proteintech, 60004-1-Ig), 
β-Tubulin (Proteintech, 66240-1-Ig). Membranes were 
washed 3 times with TBST buffer containing 1% Tween, 
and were incubated with appropriate horseradish peroxi-
dase-conjugated anti-mouse or anti-rabbit secondary anti-
bodies for 1 h at room temperature. In the end, immunoblots 
were visualized using a chemiluminescent imaging system 
(Tanon, 5200). The intensity values of the protein blots were 
quantified and analyzed using ImageJ software.

2.7  Apoptosis analysis by flow cytometry

Annexin V+ cells were analyzed by flow cytometry as pre-
viously described [31]. Briefly, the cells were treated at the 
indicated concentrations and time points, the medium for 
each group was collected, the cells were trypsin digested, 
and washed once with PBS. After cells were centrifuged, 
apoptosis levels were measured using the PE Annexin V 
Apoptosis Detection Kit I (BD Pharmingen). Cells were 
resuspended with 1×Binding Buffer, transferred to flow 
tubes. 5 µL of PE Annexin V and 5 µL of 7-AAD were 
added per tube, cells were gently vortexed and incubated 
at room temperature protected from light for 15  min, the 
reaction was terminated using 400 µL of 1×Binding Buffer, 
and samples were analyzed using a flow cytometer (FACS 
Aria II, BD Biosciences). All groups of data were analyzed 
by FlowJo software.
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PCa cohorts, and analyzed the expression levels of GSDME 
in these samples. Using the Oncomine database, we com-
pared the variation of GSDME expression in normal and 
cancerous prostate tissue cohorts, and found that the expres-
sion levels of GSDME were significantly reduced in mul-
tiple PCa cohorts when compared to normal prostate tissue 
(Fig.  1a). These findings are consistent with our other 
results analyzing a PRAD cohort from the TCGA database 
(Fig.  1b), which strengthens the conclusion that GSDME 
may play an important role in PCa progression. Further-
more, we investigated the expression levels of GSDME in 
metastatic tissues using additional datasets from the GEO 
database (Supplementary Fig. S1a). We observed that 
GSDME expression was also lower in metastatic tissues, 
suggesting that the downregulation of GSDME might be 
associated with the malignant phenotype of PCa. Overall, 
our findings indicate that GSDME may serve as a promising 
biomarker for the diagnosis and prognosis of PCa.

A growing body of evidences demonstrate that methyla-
tion of the GSDME gene is frequently detected in breast 
and colorectal cancer, suggesting that GSDME promoter 
methylation may serve as a novel biomarker for diverse can-
cers [33, 34]. In view of this, we hypothesized that the low 
expression of GSDME in PCa might be attributed to DNA 
epigenetic silencing. To determine whether the downregu-
lation of GSDME is correlated with enhanced methylation 
of its promoter in PCa, and we analyzed two cohorts from 
TCGA and GEO databases and found upregulated levels 
of methylation of GSDME in PCa (Fig. 1c, Supplementary 
Fig. S1b). These findings suggest that abnormalities in the 
methylation process of specific genes may contribute to the 
lower expression of GSDME in PCa tissues. Our analysis 
further revealed that the expression level of GSDME was 
significantly and negatively correlated with the degree of 
promoter methylation in TCGA-PRAD cohorts (Fig.  1d, 
Supplementary Fig. S1c). Moreover, survival curves from 
the Kaplan-Meier plotter showed that higher methylation 
of GSDME was associated with shorter disease-free inter-
vals (DFI) and overall survival (OS) (Fig. 1e, Supplemen-
tary Fig. S1d). To validate our above results, we examined 
the GSDME protein levels in a panel of PCa and prostate 
cell lines, including androgen-dependent (LNCaP), andro-
gen-sensitive (22Rv1), androgen-independent (C42B, 
PC3, DU145), neuroendocrine-type (H660), human 
benign prostatic hyperplasia (BPH-1) and prostate stromal 
(WPMY-1) cell lines, and found that GSDME protein lev-
els were decreased in PCa cell lines compared to BPH-1 
and WPMY-1 cell lines (Fig. 1f). We evaluated IHC stain-
ing for GSDME in a prostate-associated tissue microarray 
containing 8 normal prostate, 26 prostate hyperplasia and 
32 PCa tissues, and showed that GSDME was significantly 
low expressed in PCa tissues (Fig. 1g). Consistently, lower 

planted in 6-well plates and cultured for 96 h. The following 
steps were performed as described above.

2.12  Subcutaneous tumorigenesis model and in 
vivo treatment

Cell-derived xenograft model was generated as previously 
described [32]. In brief, proliferating 22Rv1 cells were tryp-
sin digested, centrifuged, resuspended, and counted, and 
5 × 10 6 cells were resuspended in 100 µL PBS buffer with 
1% Matrigel (Corning, 354,248) were injected into the right 
flank region of 6-week-old immunodeficient nude male 
mice, and tumor volume and mouse weight were observed 
once every 3 days. On day 14 post injection when the 
tumor grew to 50–100 mm3, mice were randomly assigned 
to groups, and on day 15 treatment was administered once 
daily and given an equal volume of saline (i.p.), olaparib 
(50  mg/kg, i.p.) and/or decitabine (50  µg/g, i.p.). Tumor 
volume was measured daily using vernier calipers and cal-
culated using tumor volume = ½ length × width2. After 15 
days of treatment, the mice were sacrificed to be prepared as 
ex vivo samples for subsequent experimental analysis. The 
animal model experiments were approved by the Research 
Ethics Committee of the School of Biomedical Engineering, 
Shanghai Jiao Tong University.

2.13  Statistical analysis

All the graphical significance is indicated by * p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p < 0.0001, and when p > 0.05 
was defined as no significant (ns) difference between the 
two groups. Comparisons between the two groups are sta-
tistically determined by two-tailed unpaired or paired t-tests 
and One-way ANOVA is used to compare three or more 
experimental groups using GraphPad prism 7.0 software. 
The number of animal samples and patient cohorts (n) is 
shown in each plot. The data are displayed as box plots, 
where the middle line shows the mean of the samples, the 
upper and lower bounds represent the upper quartile and 
lower quartile, respectively, and the error values extend to 
the maximum and minimum values, and points outside the 
box plots are considered outliers that are outside the bound-
ing range. Error bars are expressed as means ± SEM.

3  Results

3.1  Epigenetic silencing of GSDME is a predictor for 
poor prognosis in PCa

To further investigate the role of GSDME in PCa, we 
obtained RNA-seq data from multiple published datasets of 
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Fig. 1  GSDME is low expressed in human PCa cell lines and tumor 
samples, and higher methylation of promoter is correlated with poor 
prognosis. (a) Expression of GSDME and copy number analyses of 
GSDME in Wallcae Prostate, Welsh Prostate and Yu prostate cohorts 
from Oncomine database. (b) The transcription level of GSDME in 
a PRAD (n = 502) cohort and a normal cohort (n = 52) from TCGA 
Research Network (https://cancergenome.nih.gov/ ). (c) The methyla-
tion level of GSDME in normal prostate tissue and PRAD from TCGA 
and GEO (GSE74013) database. (d) Pearson’s correlation between 
the transcription level and methylation level of GSDME in PRAD 
cohorts from TCGA and was analyzed at DNA Methylation Interac-
tive Visualization Database (DNMIVD). (e) Kaplan–Meier plot of the 
PCa patients for disease-free interval (DFI) was represented in which 

patients were stratified by the methylation level of GSDME from 
TCGA database at DNMIVD. (f) Representative western blots on the 
protein expression of GSDME in WPMY-1, BPH-1 and human PCa 
cell lines (LNCaP, 22Rv1, C42B, PC3, DU145 and H660). (g) Repre-
sentative IHC of GSDME expression in a PCa tissue array. (Prostate, 
n = 8; BPH, n = 26; Prostate cancer, n = 32). (h) The protein expression 
of GSDME in prostate biopsy samples (left) and quantification (right). 
n = 7 for BPH tissues and n = 7 for PCa tissues. (i) The locations of 
representative 38 CpG sites analyzed in the GSDME promoter and the 
percentage of methylation on each CpG site as determined by bisul-
fite sequencing of 22Rv1 and PC3 cells. The p value was determined 
two-sided paired t-test. Error bars are expressed as means ± SEM, 
*p < 0.05, **p < 0.01, ****p < 0.0001
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3.2  Therapy-induced pyroptosis restrains the 
proliferation of PCa cells

To gain further insights into the role of GSDME in PCa, we 
conducted an in-depth transcriptomic analysis of a PRAD 
cohort from the TCGA database. Our analysis revealed that 
multiple gene signatures associated with PCa were signifi-
cantly enriched in samples with low expression of GSDME, 
which indicated that GSDME downregulation may contrib-
ute to prostate carcinogenesis (Fig. 2a, Supplementary Fig. 
S2a). Remarkably, our results also uncovered a significant 
enrichment of the pyroptosis signaling pathway gene signa-
ture in the high-expression GSDME cohort, which implied 

levels of GSDME protein expression were detected in pros-
tate biopsy samples, including benign prostatic hyperplasia 
(BPH) (n = 7) and PCa (n = 7) by western blot (Fig. 1h).

To examine whether GSDME expression is regulated 
by DNA methylation in different cell lines, we conducted 
targeted next-generation bisulfite sequencing analysis on 
the GSDME promoter. We found that nearly all CpG sites 
in these representative regions showed the higher levels of 
DNA methylation in 22Rv1 cells when compared to PC3 
cells in culture (Fig. 1i). Taken together, these findings sug-
gest that the protein expression level of GSDME may be 
determined by epigenetic factors and correlates with the 
prognosis of patients with PCa.

Fig. 2  Therapy-induced pyropto-
sis blocks the growth of 22Rv1 
cells in vitro. (a) RNA sequenc-
ing was performed on PRAD 
cohorts with GSDME low versus 
high expression for multiple 
independent signaling pathway 
gene sets by GSEA from TCGA 
database. Low (n = 251), High 
(n = 251). (b) Dose-response 
curves after treatment with 
olaparib as indicated for 7 days in 
22Rv1 cells. (c) The colony for-
mation assay was performed over 
96 h after treatment with 10 µM 
olaparib on 22Rv1 cells (left) and 
quantification (right). (d) Proteins 
were extracted from 22Rv1 cells, 
treated with 5 µM olaparib for 0, 
24, 48, 72 and 96 h and then ana-
lyzed by western blotting respec-
tively. (e) Proteins were extracted 
from 22Rv1 cells, treated with 0, 
1, 2 and 5 µM doses of olaparib 
for 96 h and then analyzed by 
western blotting respectively. 
Error bars are expressed as 
mean ± SEM, two-sided unpaired 
t-test, ****p < 0.0001
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GSDME-OE cells were more sensitive to the anti-neoplastic 
response of olaparib, as evidenced by our experiments of 
varying olaparib doses to compare the sensitivity of con-
trol and GSDME-OE cell lines (Fig.  3e). Consistent with 
our hypothesis, substantial cells were induced towards the 
pyroptosis process in the overexpression of GSDME cells 
during response to olaparib. Moreover, considerably higher 
protein cleavage level of GSDME and the total release 
level of LDH had been occurred, along with the protein 
expression of survivin was significantly inhibited, in the 
overexpressed GSDME cells than control cells after olapa-
rib treatment (Fig. 3f-g). Taken together, these results sug-
gest that overexpression of GSDME confers a vulnerability 
profile that can be efficiently responded to olaparib, and 
the improvement in susceptibility is mediated by cleaving 
GSDME-induced pyroptosis in vitro. These findings shed 
light on the potential therapeutic implications of targeting 
GSDME as a mechanism to enhance the efficacy of PARP 
inhibitors such as olaparib in treating PCa.

3.4  Decitabine synergizes with olaparib to inhibit 
tumor growth via demethylation of GSDME in PCa 
cells

As previously reported, decitabine is a cytosine analogue 
and demethylating agent that irreversibly binds to the mem-
bers of DNA methyltransferase family, which lead to the 
elevated expression of GSDME and the inhibition of tumor 
development [13, 36]. To investigate whether decitabine 
can enhance GSDME expression in 22Rv1 cells with low 
expression level of GSDME and inhibit hypermethylation 
in the promoter region, we evaluated the effect of different 
concentrations of decitabine on GSDME protein expres-
sion. After treatment with various concentrations (0, 0.1, 
and 0.5 µM) of decitabine, we showed that decitabine 
increased the expression of GSDME via a dose-dependent 
manner (Fig. 4a). We further explored single-agent as well 
as combination treatment strategies and found that the 
combination treatment significantly enhanced the level of 
pyroptosis in 22Rv1 cells (Fig. 4b). As expected, the combi-
nation treatment significantly decreased tumor proliferation 
compared to drug treatment alone by clone formation and 
CCK-8 assay (Fig. 4c, d). Then we quantified extracellular 
and intracellular LDH concentrations after single drug and 
combination treatments. Consistent with the above results, 
the combination treatment significantly increased extracel-
lular LDH content (Fig. 4e). Additionally, we observed that 
the levels of cell apoptosis were not significantly increased 
in cells treated with olaparib and decitabine alone (Fig. 4f), 
which suggests that a subpopulation of cells may predispose 
to other forms of death, such as pyroptosis.

that the GSDME-mediated pyroptotic program might be 
unexpectedly suppressed and promote PCa development in 
patients with reduced levels of GSDME (Fig. 2a, Supple-
mentary Fig. S2b).

Given that approximately 30% of PCa patients harbor 
mutations in at least one HRR gene within a cohort of 1013 
patients [35], which confers susceptibilities to targeted 
therapies, such as olaparib (a PARP inhibitor) blocks tumor 
progression through synthetic lethality [6–8]. However, 
it has yet to be determined whether olaparib can mediate 
anti-tumor responses via alternative mechanisms in PCa. 
To investigate this, we analyzed the sensitivity of olaparib 
towards the AR-sensitive 22Rv1 cell line. We demonstrated 
that olaparib impeded the proliferation of 22Rv1 cells at 
micromolar concentrations based on a dose-response assay 
(Fig.  2b). Moreover, the inhibition of PARP enzymatic 
activity significantly impacted the growth of 22Rv1 cells, as 
evidenced by a colony formation assay (Fig. 2c). In order to 
identify potential alternative signaling pathways, we made 
an unexpected discovery that olaparib augmented the cleav-
age levels of GSDME protein in 22Rv1 cells, which became 
more pronounced with prolonged treatment (Fig. 2d). Given 
that activated caspase-3 governs the cleavage of the gas-
dermin-associated protein DFNA5, shifting of apoptosis 
to pyroptosis [22]. We observed that caspase-3 activation 
correlated with bulk cleavage of GSDME, rather than other 
gasdermins, and the consequent downregulation of survivin 
during treatment with olaparib (Fig. 2d, Supplementary Fig. 
S3a and 3b). Furthermore, we found that the activation of 
caspase-3 significantly increased in cleaving GSDME with 
dose escalation (Fig. 2e). Thus, our observations suggest that 
the anti-tumor effect of olaparib was mediated by pyroptosis 
in PCa cells, at least within this experimental context.

3.3  GSDME overexpression confers susceptibility to 
olaparib anti-tumor response in vitro

The interplay between GSDME and olaparib in PCa is an 
important emerging field of research. Lactate dehydro-
genase (LDH) release is a key feature of the switch from 
apoptosis to pyroptosis [13]. Here, we reported that Olapa-
rib led to a significant increase in GSDME cleavage and the 
release level of LDH in PC3 and DU145 cell lines, which 
are known to have relatively higher levels of GSDME 
expression than 22Rv1 cells (Figs.  1f and 3a). To further 
identify the role of GSDME in PCa, we constructed stably 
overexpressed GSDME in 22Rv1 cell lines (Fig.  3b) and 
tested the effect of GSDME overexpression on tumor cell 
proliferation. Our results showed that the proliferation rate 
of cells with GSDME overexpression didn’t significant dif-
ferences on control cell lines by clone formation and CCK-8 
assay (Fig. 3c-d). Additionally, we also demonstrated that 
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in drug-treated cells (Fig.  4g). These observations pro-
vide compelling evidence for the ability of decitabine to 
induce demethylation in PCa cells. We next assessed the 
significance of our findings in patients affected by PCa. 
We roughly identified that 84 prostate cancer patients who 
harbor HRR gene-mutated and low GSDME expression 
might benefit from this new treatment strategy in the 489 

In order to validate the demethylation properties of 
decitabine in PCa cells, we conducted targeted next-gen-
eration bisulfite sequencing analysis on the GSDME pro-
moter region in cultured 22Rv1 cells following treatment 
with olaparib and decitabine. Compared to untreated cells, 
our analysis revealed that the significant reduction in meth-
ylation levels at representative CpG sites within this region 

Fig. 3  The overexpression of GSDME increases olaparib response in 
vitro. (a) Proteins were extracted from PC3 and DU145 cells, treated 
with 5 µM olaparib for indicated time. The expression of GSDME 
was analyzed by western blotting and the total release levels of LDH 
was assessed. (b) Protein levels of GSDME were analyzed in control 
(GSDME-Ctrl) and GSDME overexpressed (GSDM-OE) 22Rv1 cells 
respectively. (c) The colony formation assay was performed over 96 h 
in GSDEM-Ctrl and GSDME-OE 22Rv1 cells (left) and quantifica-
tion (right). Two-sided unpaired t-test. (d) Cell viability based on the 

CCK-8 assay in the GSDME-Ctrl and GSDME-OE 22Rv1 cells. (e) 
Different tests of GSDME-Ctrl and GSDME-OE 22Rv1 cells treated 
with indicated DMSO or olaparib for 96 h. Two-sided unpaired t-test. 
(f) The same number of GSDME-Ctrl and GSDME-OE 22Rv1 cells 
were evaluated for total LDH release levels after 96 h treatment with 
DMSO and 5 µM olaparib, respectively. (g) Western blot of GSDME-
Ctrl and GSDME-OE 22Rv1 cells after treatment with 10 µM for 0, 
72 and 96 h respectively. ## represents longer exposure. Error bars are 
expressed as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001
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Fig. 4  Decitabine demethyl-
ation of GSDME potentiates the 
therapeutic efficacy of olaparib. 
(a) 22Rv1 cells were treated 
with DMSO or the 0.1 and 5 µM 
doses of decitabine for 96 h. The 
expression level of GSDME was 
analyzed by western blotting. 
(b) 22Rv1 cells were treated 
with DMSO, 1 µM olaparib and/
or 100 nM decitabine for 96 h. 
The expression levels of differ-
ent proteins were analyzed by 
western blotting. (c) The colony 
formation using DMSO, 10 µM 
olaparib, 0.1 µM decitabine 
or indicated olaparib and/or 
decitabine on 22Rv1 cells for 
96 h (upper) and quantification 
(lower). two-sided unpaired 
t-test. (d) Cell viability based 
on the CCK-8 assay in 22Rv1 
cells were treated for 96 h. (e) 
The total release levels of LDH 
were represented by the ratio of 
extracellular to intracellular in 
22Rv1 cells after the indicated 
treatment tests. (f) Annexin V+ 
cells were analyzed after 22Rv1 
cells were treated with DMSO, 
5 µM olaparib and/or 5 µM 
decitabine (upper) and quantifica-
tion (lower). (g) The locations of 
representative 38 CpG sites ana-
lyzed in the GSDME promoter 
and the percentage of methylation 
on each CpG site as determined 
by bisulfite sequencing of 22Rv1 
cells after 10µM olaparib and 
0.1µM decitabine treatment 
tests for 96 h. The p value was 
determined two-sided paired 
t-test. Error bars are expressed 
as mean ± SEM, *p < 0.05, 
**p < 0.01, ***p < 0.001, 
****p < 0.0001
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restrain GSDME expression, which made GSDME to sever 
as a promising candidate biomarker for diagnosis, prog-
nosis and therapeutic purposes in various cancers, includ-
ing gastric [16], hepatocellular [19], colorectal [37] and 
breast [27] tumors. However, the regulation of GSDME 
is not always determined solely by epigenetic suppression 
or loss-of-function mutations. In one illuminating case, 
GSDME was found to act as a tumor-promoting factor in 
pancreatic ductal adenocarcinoma (PDAC) by traffick-
ing transcription factor YBX1 into the nucleus to promote 
membrane-associated mucin expression and protect cancer 
cells against cytolysis by digestive enzymes [38]. Soon 
after, interestingly, additional reports have confirmed that 
USP48, a deubiquitinating enzyme, reduces the degradation 
of GSDME through deubiquitylation and ultimately induces 
pyroptosis in PDAC [39]. Noteworthy, these evidences have 
extended the understanding of diverse functions of GSDME 
in cancer. Despite the growing body of research on GSDME 
and pyroptosis in various cancers, little is known about the 
mechanism of GSDME-mediated pyroptosis in PCa.

Complementarily, we have demonstrated that GSDME 
is expressed at low levels in PCa due to promoter hyper-
methylation, which is strongly correlated with poor progno-
sis. Our study utilized next-generation bisulfite sequencing 
analysis on all CpG sites within the GSDME promoter to 
confirm our findings across multiple PCa cohorts in vitro. 
These results provide robust evidence for the pervasive 
epigenetic silencing of GSDME in PCa through promoter 
hypermethylation. Our observations are consistent with pre-
vious studies on colorectal cancer tissues, where GSDME 
levels remain low due to pervasive promoter hypermethyl-
ation, while this pattern is reversed in normal tissues with 
hypomethylated CpG sites in the gene ontology [14]. These 
observations suggest that aberrant regulation of GSDME 
expression may play a crucial role in tumorigenesis and sub-
sequently lead to loss of tumor suppression activity. Thus, 
future studies should focus on identifying the regulatory 
pathways that manipulating GSDME expression and inves-
tigating the role of GSDME in PCa progression.

Olaparib, a third-generation PARP inhibitor, has been 
approved by the FDA for clinical treatment of CRPC 
patients [40]. Mechanistically, olaparib involves trapping 
PARP enzymes to induce DNA single-strand damage, 
which in turn leads to DNA double-strand damage and syn-
thetic lethality in cancer cells harboring HRR-associated 
gene mutations (e.g., breast, ovarian, and prostate cancer) 
[41]. Recent studies have shed new light on the anti-tumor 
mechanisms of olaparib and revealed its ability to inhibit 
tumor initiation through DNA damage triggered by innate 
immunity [42] and senescence [43]. Additionally, talazopa-
rib, another third-generation PARP inhibitor, induce pyrop-
tosis in BRCA1 mutant, but not wild-type, ovarian cancer 

cases of PanCancer Atlas cohort (Supplementary Fig. S4). 
The combination of olaparib and decitabine exhibited a 
potent synergistic therapeutic effect on PCa by promoting 
the occurrence of pyroptosis in vitro, which supports that 
the induction of pyroptosis via the combined treatment of 
olaparib and decitabine represents a promising therapeutic 
strategy for the treatment of PCa.

3.5  Decitabine increases the efficacy of olaparib 
therapy in vivo

To assess the functional impact of combination therapy 
on tumor progression in vivo, we established a xenograft 
mouse model via subcutaneous injection of 22Rv1 cells 
into the right flank of nude mice. The animals were then 
subjected to therapeutic intervention according to the exper-
imental protocol outlined in Fig. 5a. Notably, the combina-
torial treatment did not result in significant changes in body 
weight of the tumor-bearing mice, which indicated that 
the doses of the interventions were well-tolerated by nude 
mice (Fig. 5b).We further validated our findings in 22Rv1 
xenografts, and showed that the combined treatment with 
activated caspase-3 to cleave GSDME resulted in reduced 
tumor volume compared to single-agent treatment. More-
over, co-treatment with olaparib and decitabine led to a sig-
nificant reduction in tumor cell proliferation as evidenced 
by decreased expression levels of the anti-apoptotic pro-
teins survivin and BCL-2 (Fig.  5c-f). Taken together, our 
data demonstrate that decitabine potentiates the antitumor 
efficacy of olaparib and induces pyroptosis-dependent cell 
death in PCa. These findings support the development of 
combinatorial therapies to target the epigenetic regulation 
pathway and induce pyroptosis for the treatment of PCa.

4  Discussion

In this study, we showed that GSDME expression lev-
els were decreased in PCa, and found that its expression 
is negatively correlated with methylation levels in PCa. 
We demonstrated that the clinical agent olaparib induced 
pyroptosis through caspase-3 cleavage of GSDME, which 
could be further potentiated by overexpression of GSDME. 
Furthermore, we discovered that the DNA methyltransfer-
ase inhibitor decitabine rescued the epigenetic silencing of 
GSDME and enhanced synergistically the anti-tumor effect 
of olaparib. Our investigation emphasizes a pivotal role for 
GSDME in PCa (Fig. 6).

In recent years, the increasing evidence has highlighted 
the role of pyroptosis and GSDME in generating vulner-
ability to cancer therapy. Several studies have found that 
the level of promoter hypermethylation can ubiquitously 
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Fig. 5   A novel regimen benefits of combining olaparib and decitabine 
in vivo. (a) Experimental scheme. Briefly, immunodeficient nude male 
mice were challenged subcutaneously with 22Rv1 cells. The forma-
tion of tumor was conspicuous after 15 days and treatments started 
on day 16. (b) Body weight changes of the nude mice in treatment 
regimen: control (Ctrl), decitabine (Dec), olaparib (Ola) and olapa-
rib plus decitabine (Ola + Dec). (n = 4 mice per group). (c) Tumor of 

22Rv1 allografts were photographed and weighed (d) under the indi-
cated treatments. (e) Tumor growth of 22Rv1 PCa cells in the flank 
immunodeficient nude mice (n = 4 mice per group). (f) Immunoblot 
analysis of the indicated proteins in tumors after treatment with PBS, 
olaparib and/or decitabine (n = 3 per group). Error bars are expressed 
as mean ± SEM, *p < 0.05, **p < 0.01, **p < 0.01
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methylation, an epigenetic pattern that manipulates gene in 
silence without altering the DNA coding sequence, is fre-
quently reported, especially in the promoter region of tumor 
suppressor gene sequences (e.g., GSDME) [46]. A broad 
array of preclinical and clinical analyses shed light on the 
role of the regulatory paradigm in primary, metastatic, and 
neuroendocrine prostate cancer [47, 48]. The combination 
of drugs targeting DNA methylation with enzalutamide, 
which are applied in either ongoing (NCT05037500) or 
completed (NCT00384839) clinical trials to treat patients 
who suffer from the different stages of PCa. Recently, the 
synergistic treatment strategy of decitabine in combination 
with olaparib has been widely noted in a variety of dis-
eases, including cancer [49–51]. One possible mechanism 
is that decitabine in combination with the olaparib blocks 
base excision repair (BER) induced by 5-azadC and leads 
to a synergistic induction of cell death as shown in a panel 
of Acute Myeloid Leukemia (AML) cells [50]. Our study 
opens a novel regimen of the combination olaparib with 
decitabine for the therapeutic targeting of PCa. Our results 
also support the notion that, in PRAD, both activation of 
pyroptosis and demethylation of the promoter of GSDME 
CpG sites should be desired to improve the efficacy of clini-
cal therapy. Nonetheless, a comprehensive understanding 
of the molecular mechanisms involves in the new therapy 
against tumors is crucial and deserves further investigation.

cells with intact PARP1 protein binding capacity to DNA by 
activating caspase-3 cleavage of GSDME at the D270 site 
[44]. Similarly, we found that olaparib was not limited to 
the induction of apoptosis, but instead in inducing GSDME 
cleavage and pyroptosis that was mediated by activation 
of caspase-3 in a time- and dose-dependent manner in a 
diverse panel of PCa cell lines. Notably, we also observed 
that overexpression of GSDME improves the response to 
olaparib, which may provide a novel therapeutic strategy for 
PCa patients with limited options. However, further investi-
gations are required to fully elucidate the precise molecular 
mechanisms underlying the GSDME-mediated sensitivity 
to PARP inhibitors. Undeniably, our findings, along with 
those of other researchers, highlight that the potential clini-
cal significance of exploiting PARP inhibitors as a new 
treatment option for inducing pyroptosis in cancer cells via 
an alternative cell death pathway.

Notwithstanding that PARP inhibitors have benefited the 
majority of PCa patients as a breakthrough therapy, but the 
hurdle of drug resistance in patients who have been pro-
longed survival has resulted in poor responses to PARP 
inhibitors [9]. The combination therapy is a currently gen-
eral tactic to tackle resistance to PARP inhibitors (e.g., 
immune checkpoint inhibitors) [45]. However, the vali-
dated combination strategies remain limited, therefore the 
exploitation of therapeutic regimens that olaparib exerts a 
long-term effective response will be an important step. DNA 

Fig. 6   A model diagram for 
our study. PCa pathogenesis is 
characterized by low expression 
of GSDME that plays a pivotal 
role in pyroptosis. This pheno-
type is dependent on epigenetic 
regulation via DNA methylation, 
which inhibits the GSDME-
mediated cell pyroptosis program 
and promotes tumor progression. 
Through targeting aberrant DNA 
methylation with decitabine, 
which can restore GSDME 
expression and promote its cleav-
age by the clinical therapeutic 
agent olaparib. This process is 
mediated through the activa-
tion of caspase-3, a key effector 
molecule in pyroptotic cell 
death and the cleaved GSDME 
subsequently causes the release 
of lactate dehydrogenase (LDH), 
ultimately rendering tumor 
regression
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In summary, our results indicate that CpG sites hyper-
methylation at the GSDME gene promoter might be renders 
these cells highly amenable to the innovative therapeu-
tic targeting strategies. Importantly, our study reveals that 
olaparib activates the pyroptosis pathway via a novel cas-
pase-3 cleavage GSDME-dependent mechanism, and ulti-
mately impedes tumor development. Critically, decitabine 
potentiates the above effect, which further demonstrated the 
efficacy of combinatorial therapeutic approaches in preclin-
ical mouse models. Overall, our findings underscore that the 
potential utility of GSDME serve as a detectable and prog-
nostic biomarker, and highlight that the promise of novel 
therapeutic strategies to target GSDME-mediated pathways 
for the treatment of PCa.
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