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INTRODUCTION  
 

Prostate cancer (PCa) is the most common solid organ 

malignancy and the second leading cause of cancer-

related death in men worldwide [1]. The majority of new 

presentations involve locally advanced disease, 

representing a significant healthcare issue and economic 

burden. Androgen deprivation therapy is widely 

recognized as the most effective palliative treatment for 

non-advanced patients [2, 3]. However, most patients  

 

receiving androgen deprivation therapy will progress to 

castration-resistant PCa within 14-20 months; thus, 

chemotherapy combined with radiotherapy has become a 

major clinical strategy for advanced PCa [4]. 

 

Programmed cell death (PCD) pathways including 

apoptosis, necrosis, necroptosis, pyroptosis and others 

are physiologically crucial for the growth, survival and 

innate immunity of all multicellular organisms [5ï7]. 

Apoptosis is the traditional mode of PCD, and can occur 
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ABSTRACT 
 

Although androgen deprivation therapy may initially be effective in prostate cancer, the disease can gradually 
progress to castration-resistant prostate cancer, at which point chemotherapy becomes the major clinical 
strategy. In this study, we demonstrated the anti-cancer potential of a novel оΩΣрΩ-diprenylated chalcone (C10), 
which selectively inhibited the proliferation of PC3 cells in vitro and in vivo. C10 treatment elevated the 
proportion of PC3 cells in sub-G1 phase and induced programmed cell death. Interestingly, C10 elicited 
concurrent Caspase-dependent apoptotic and gasdermin E-dependent pyroptotic events. RNA-Seq and 
bioinformatics analyses revealed a strong correlation between protein kinase C delta όtY/ʵύ and mitogen-
activated protein kinase pathway activation in prostate cancer. tY/ʵ silencing in PC3 cells suppressed the 
activation of the JNK pathway and the expression of its downstream genes, including Bax, interleukin-6 and 
interleukin-мʲΣ which are involved in apoptotic and pyroptotic processes. Moreover, in PC3 cell xenograft 
tumor tissues, C10 treatment inhibited tumor growth and upregulated tY/ʵΦ These findings suggest that C10 
treatment induces the tY/ʵκWbY pathway, thereby activating Caspase-3 and inducing the cleavage of PARP and 
gasdermin E to execute apoptosis and cell-lytic pyroptosis in prostate cancer cells. 
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by two distinct signaling cascades: the extrinsic and 

intrinsic pathways [7]. Both pathways depend on the 

activation of cysteine proteases, termed Caspases, which 

ultimately trigger cell death characterized by cellular 

shrinkage, chromatin condensation and membrane 

blebbing [8ï10]. The extrinsic pathway requires the 

recruitment of the adaptor protein Fas-associated death 

domain to activate Caspase-8 [11]. In contrast, the 

intrinsic pathway is activated by mitochondrial damage, 

which is followed by the release of cytochrome C, 

apoptosis-inducing factor and pro-Caspase-9 into the 

cytosol and the formation of a complex termed the 

apoptosome [12, 13]. Notably, apoptotic bodies develop 

in homeostatic environments and are rapidly 

phagocytosed by scavenger cells without an 

inflammatory response [14]. 

 

However, chemotherapy drugs induce both apoptotic 

and pyroptotic death, and the major distinction between 

these two kinds of PCD is their immunologic outcomes. 

Programmed pyroptosis, an inflammatory form of PCD, 

is characterized by cellular swelling, cell lysis and 

inflammatory cytokine release [15, 16]. Pyroptosis is 

driven by two significant signaling pathways ï the 

canonical inflammatory Caspase-1/4/5 pathway 

(orthologous to Caspase-11 in mice) and the non-

canonical Caspase-3 pathway ï and is followed by the 

release of inflammatory factors such as interleukin (IL)-

1ɓ and IL-18 into the extracellular environment [17ï20]. 

If the inflammasome is sufficiently stimulated, activated 

Caspase-1/4/5/11 will cleave the hinge region of 

gasdermin D (GSDMD) to generate C-terminal and N-

terminal fragments after Asp275. GSDMD-N will then 

translocate to and perforate the membrane. Gasdermin E 

(GSDME), a GSDMD-related family member, is a 

physiological substrate for activated Caspase-3, which 

generates a necrotic N-terminal GSDME fragment 

capable of inducing pyroptosis [20, 21]. Notably, among 

human Caspases, only Caspase-3 is able to efficiently 

cleave GSDME after Asp270 [5]. 

 

The mammalian protein kinase C (PKC) family consists 

of phospholipid-dependent serine/threonine kinases that 

have been definitively classified into three subfamilies 

according to their dependence on the second messengers 

diacylglycerol and calcium: ñconventional/classicalò 

cPKCs (Ŭ, ɓI, ɓII and ɔ), ñnovelò nPKCs (ŭ, Ů, ɖ and ɗ) 

and ñatypicalò PKCs [22]. PKCs principally participate 

in transmembrane signal transduction pathways and 

biological processes contributing to cell proliferation, 

apoptosis, inflammation and drug resistance [23ï25]. 

The delta isoform (PKCŭ) is a critical upstream 

regulatory factor that is involved in several diseases, 

including cancer and neurodegenerative diseases [26, 

27]. Previous studies from our lab and others have 

demonstrated that PKCŭ phosphorylation and mitogen-

activated protein kinase (MAPK) pathway activation can 

induce erythroleukemic cell differentiation [28]. 

 

The paradigm of oncology research is shifting toward 

targeted approaches that alter important molecular 

pathways for cancer prevention and therapy. Chalcones, 

due to their structural diversity, have various biological 

activities, including anti-inflammatory, anti-cancer and 

anti-mutagenic functions [29]. We previously designed 

and synthesized a series of novel 3ô,5ô-diprenylated 

chalcones and screened them for anti-cancer activity 

[30]. In the present study, we found that one of these 

chalcones (C10; structure shown in Figure 1B) triggered 

concurrent apoptosis and GSDME-dependent pyroptosis 

in PCa cells by activating PKCŭ/JNK signaling. 

 

RESULTS 
 

Effects of C10 on the viability and proliferation of 

RWPE-1, DU145 and PC3 cells in vitro 
 

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-

tetrazolium bromide (MTT) assay was used to assess 

the effects of C10 on the viability of normal prostate 

(RWPE-1) and prostate cancer (DU145 and PC3) cells 

(Figure 1). In all cell types, treatment with increasing 

concentrations of C10 (0-12 ɛM) for 24, 48 or 72 h (vs. 

0.1% DMSO as a vehicle control) dose-dependently and 

time-dependently reduced cell viability (Figure 1A). At 

each treatment time, PC3 cells (IC50: 4.56±0.493, 

4.67Ñ0.513 and 3.55Ñ0.384 ɛM, respectively) were 

more sensitive to C10 treatment than DU145 and 

RWPE-1 cells (Figure 1C). 

 

Next, a clonogenic assay was used to further assess the 

effects of C10 on PC3 and DU145 cell proliferation. 

Increasing concentrations of C10 (0-12 ɛM) 

significantly reduced the proliferation and colony 

formation abilities of the cells simultaneously. After 6 

ɛM C10 treatment, the colony formation efficiencies of 

the two cell types differed significantly, demonstrating 

that C10 may exert better inhibitory effects on PC3 cells 

than on DU145 cells (Figure 1D and 1E). 

 

Effects of C10 on overall transcriptomic changes and 

signaling pathways in RNA-Seq analysis 
 

To investigate the molecular mechanisms involved in 

the proliferation and PCD of PCa cells, we performed 

mRNA sequencing on vehicle- and C10-treated PC3 

cells. Differentially expressed genes were identified as 

those exhibiting transcriptional |fold change| values > 2 

and P-values < 0.05. After C10 treatment, the cells 

displayed an anti-PCa transcriptional signature defined 

by 237 differentially expressed genes, including 136 

upregulated and 101 downregulated genes. The 
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dysregulated genes were redacted using the R package 

ggplots2 software and depicted as a volcano plot 

(Figure 2A). Genes that were consistently significantly 

changed in the two samples were compiled and 

visualized as a heatmap (Figure 2B and 2D). 

 

Subsequent Kyoto Encyclopedia of Genes and Genomes 

(KEGG) enrichment analyses revealed that the 

differentially expressed genes were enriched in 

pathways associated with the cell cycle, apoptosis, 

MAPK and nucleotide-binding oligomerization domain 

(NOD)-like receptor signaling (Figure 2C, 

Supplementary Table 1). Interestingly, the mRNA 

levels of PKCŭ, Bax and IL-6 were all upregulated in 

C10-treated cells, while there were no obvious changes 

in Caspase-3 or Caspase-8 levels, and Caspase-1 was 

not detected. Previous studies have demonstrated that 

PKCŭ promotes apoptosis by stimulating the MAPK 

pathway and inflammatory infiltration [26, 28]. Thus, 

C10 may arrest the cell cycle, promote apoptosis and 

induce secondary pyroptosis in PC3 cells. 

Effects of C10 on cell cycle progression and cell cycle 

regulatory gene expression in PC3 cells 

 

Since C10 inhibited PCa cell proliferation, we further 

examined its effects on cell cycle progression. 

Treatment of PC3 cells with various concentrations of 

C10 (0, 4, 6 and 8 ɛM) for 24 h dose-dependently 

arrested the cell cycle at sub-G1 phase; thus, at the 8 

ɛM dose, 53.50% of the C10-treated cells exhibited 

sub-G1 phase arrest, versus 33.18% of the control 

cells. However, at higher doses of C10 (10 and 12 

ɛM), the proportion of PC3 cells in sub-G1 phase 

decreased significantly, indicating that DNA 

fragmentation and necrosis had occurred (Figure 3A 

and 3B). 

 

To understand the underlying molecular events, we 

examined numerous cell cycle regulators. Both 

quantitative real-time PCR (qRT-PCR) and Western 

blot analyses revealed that CDK2, CDK6, Cyclin D1, 

Cyclin D2 and c-Myc levels were consistently reduced 

 

 
 

Figure 1. Effects of compound 10 on PCa cell viability and proliferation. (A) PC3, DU145 and RWPE-1 cells were treated with various 
concentrations of C10 for 24, 48 or 72 h, and cell viability was analyzed with an MTT assay. (B) Chemical structure of flavagline-like compound 
10. (C) The IC50 values (˃ M) of the indicated cell lines were measured at three time points (24, 48 and 72 h) and summarized in a table. (D, E) 
C10 significantly inhibited the proliferation of PC3 and DU145 cells. A clonogenic assay was performed, and the number of colonies formed 
was analyzed. Per condition, three independent experiments were performed. Data are shown as the mean ± SD, *P < 0.05, **P < 0.01 vs. the 
control group. 
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in C10-treated cells, whereas P21cip1 and P27kip1 levels 

were substantially elevated (Figure 3Cï3F, 

Supplementary Figure 1). In addition, proliferating cell 

nuclear antigen (PCNA), a downstream marker of 

proliferation, was remarkably downregulated in C10-

treated cells. Thus, C10 arrested growth in sub-G1 

phase by upregulating P21cip1 and P27kip1 and 

downregulating CDKs and Cyclins. 

 

Effects of C10 on cell death via Caspase-dependent 

apoptotic events 
 

To quantify the ability of C10 to induce apoptosis in 

PC3 cells, we used annexin-V fluorescein isothio-

cyanate (FITC) and propidium iodide (PI) double 

staining to analyze the apoptotic rate. Treatment of PC3 

cells with increasing concentrations of C10 for 24 h 

dose-dependently induced apoptosis (Figure 4A and 

4B). Importantly, C10 promoted more obvious late 

apoptosis in the high-dose groups (treated with > 6 ɛM). 

We also performed 4',6-diamidino-2-phenylindole 

(DAPI) staining to visualize the effects of C10 on cell 

death. Consistently, we observed both nuclear shrinkage 

and chromatin condensation in C10-treated PC3 cells 

(Supplementary Figure 2). 

 

Western blot analysis revealed that C10 downregulated 

the expression of the initiator Caspases (Caspase-8 and 

Caspase-9) and Caspase-3, but increased the cleavage 

(activation) of these three Caspases, which thus induced 

the cleavage of poly ADP ribose polymerase (PARP) 

(Figure 4C and 4D). The ratio of Bax/Bcl-2 protein also 

increased remarkably in C10-treated cells. We also 

investigated the effects of C10 on MAPK pathway 

members (P38/MAPK and ERK 1/2), which are crucial 

regulators of apoptosis. The phosphorylation of 

P38/MAPK and ERK1/2 decreased in a time-dependent 

manner in C10-treated cells (Figure 4E and 4F). 

 

 
 

Figure 2. RNA-Seq analysis of overall transcriptomic changes in C10-treated PC3 cells. (A) The differentially expressed genes were 
redacted and visualized as a volcano plot. The red dots represent significantly differentially expressed genes, while the blue dots indicate 
non-significantly differentially expressed genes. (B) Heatmap of genes upregulated or downregulated by C10 treatment in PC3 cells. (C) KEGG 
enrichment analysis of signaling pathways altered by C10 treatment. The color and size of the dots indicate the significance of the false 
discovery rate and the number of differentially expressed genes in the pathway, respectively. The top 20 significantly enriched signaling 
pathways were profiled. (D) The dysregulated genes involved in the cell cycle, apoptosis and pyroptosis were screened from all the raw data, 
compiled into a new list and shown as a heatmap. 
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Bioinform atics analysis of the correlation between 

PKCŭ and key genes in the secondary pyroptotic 

pathway 
 

Our RNA-seq data revealed that C10 treatment altered 

the expression of a cluster of transcription factors for 

PCD genes. To further confirm the underlying 

molecular mechanism of C10-induced PCD in PC3 

cells, we performed the bioinformatic analysis. Analysis 

of 150 PCa cases from the Taylor database revealed that 

PKCŭ mRNA expression correlated positively with 

Bax, Caspase-3 and Caspase-8 expression, but 

correlated inversely with Survivin expression (Figure 

5A). Then, a protein-protein interaction (PPI) network 

analysis was performed, and the results were exported 

and visualized via Cytoscape 3.7.1 (Figure 5B and 5C). 

PKCŭ expression correlated significantly with JNK 

expression, while JNK expression correlated highly 

with IL-6 and Bax expression (combined scores of 

0.885 and 0.951, respectively). 

 

Next, we analyzed the effects of C10 on the protein levels 

of different PKC subtypes in PC3 cells (Figure 5D and 

5E). Of note, PKCŭ was significantly upregulated in C10-

treated PC3 cells, whereas there were no obvious changes 

in other typical isoforms (PKCŬ, ɖ and ɕ), and PKCɓ was 

not detected. Furthermore, the mRNA levels of Bax, 

Caspase-3, Caspase-8, Survivin and PKCŭ were analyzed 

by qRT-PCR in C10-treated PC3 cells, and the results 

were consistent with the statistical correlations from the 

Taylor database (Figure 5F). GSDME is specifically 

cleaved by Caspase-3 in the linker (Figure 5G), 

 

 
 

Figure 3. C10 induced sub-G1 phase arrest of PC3 cells in culture. (A, B) PC3 cells were treated with C10 (0, 4, 6, 8, 10 or 12 ˃M) for 
24 h and stained with PI so that the DNA content could be analyzed by flow cytometry. C10 increased the proportion of PC3 cells in sub-G1 
phase of the cell cycle. (CïF) Western blots of PC3 cells treated for 24 h with C10. The blots were probed with antibodies against CDK2, CDK6, 
c-Myc, Cyclin D1, Cyclin D2, PCNA, P21cip1 and P27kip1. All data shown are representative of three independent experiments. Data are shown 
as the mean ± SD. *P < 0.05, **P < 0.01 vs. the control group. 
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generating a GSDME-N fragment that perforates 

membrane and induces inflammatory factors release for 

pyroptosis [5, 20]. Taken together, the C10-treated 

increases in the mRNA levels of PKCŭ, 

proinflammatory cytokines (e.g., IL-6 and IL-1ɓ) and 

pro-apoptotic proteins led us to hypothesize that C10 

promoted apoptotic events by upregulating PKCŭ and 

then activating Caspase-3 to cleave GSDME, thus 

generating a necrotic N-terminal fragment capable of 

inducing pyroptosis. 

 

 
 

Figure 4. C10 induced apoptosis in PC3 cells. (A, B) PC3 cells were treated with C10 (0, 4, 6, 8, 10 or 12 ˃M) for 24 h, stained with 
annexin-V-FITC and PI, and then analyzed by flow cytometry. C10 dose-dependently increased the percentage of annexin-V-FITC-positive 
apoptotic cells. (C, D) Western blot showing the expression of PARP, cleaved PARP, Caspase-3, cleaved Caspase-3, Caspase-8, cleaved 
Caspase-8, Caspase-9, cleaved Caspase-9, Bcl-2, Bax, cytochrome C and Survivin in PC3 cells treated with C10 for 24 h. (E, F) The 
phosphorylation levels of core factors in the MAPK signaling pathway (P38/MAPK and ERK1/2) were detected at different time points. ɓ-actin 
was used as a loading control. Relative expression was determined based on the band intensity compared with that of the loading control. All 
data shown are representative of three independent experiments. Data are shown as the mean ± SD. *P < 0.05, **P < 0.01 vs. the control 
group. 
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C10 induced apoptotic and GSDME-dependent 

pyroptotic tumor cell death through the PKCŭ/JNK 

signaling pathway 
 

The release of inflammatory cytokines is an essential 

characteristic of pyroptosis. Among the many known 

inflammasome complexes, the NLR pyrin domain 

containing 3 (NLRP3) and pro-Caspase-1 complexes are 

the best characterized [17, 19]. To estimate the effects of 

C10 on inflammasome pathways, we measured the 

protein levels of core inflammatory cytokines such as 

NLRP3, IL-6, phosphorylated nuclear factor kappa B (p-

NF-əB), p-JNK and Caspase-1 (Figure 6A and 6B, 

Supplementary Figure 3B). Notably, the proteins NLRP3, 

p-NF-əB and Caspase-1 were not detected in C10-treated 

PC3 cells, and even their mRNA levels were extremely 

low (qRT-PCR data not shown), consistent with the 

RNA-Seq results. On the contrary, IL-6 expression and 

JNK phosphorylation were upregulated in a time-

dependent manner following C10 treatment. 

 

 
 

Figure 5. Combined analyses of the Taylor and STRING databases to predict the correlation between the levels of PKCŭ and 
other core genes in pyroptotic events. (A) Plots of significant Pearsonôs correlations between PKCŭ levels and Bax, Survivin, Caspase-3 
and Caspase-8 levels in the PCa dataset are shown. R is Pearsonôs correlation coefficient, and the x and y axes denote the respective genes 
being analyzed. Data were obtained from the Gene Expression Omnibus. (B, C) Bioinformatics analysis of PPI and co-expression data in Homo 
sapiens from the STRING database, visualized using Cytoscape 3.7.1. (D, E) Western blot showing the expression of different PKC subtypes in 
PC3 cells treated with C10 for 24 h. (F) The mRNA levels of PKCŭ, Bax, Survivin, Caspase-3 and Caspase-8 were measured by qRT-PCR in PC3 
cells treated with C10 for 12 h. All data shown are representative of three independent experiments. Data are shown as the mean ± SD. *P < 
0.05, **P < 0.01 vs. the control group. (G) Diagrams of the human GSDMD and GSDME proteins. Red arrows indicate the cleavage sites of 
Caspases. 
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Figure 6. PKCɻ induced PCD by activating JNK signaling in C10-treated PC3 cells. (A, B) Western blot of PC3 cells treated for the 
indicated times (0, 2, 4, 8, 16 or 24 h) with C10. IL-6, p-SAPK/JNK and SAPK/JNK antibodies were used. (C) Cultured PC3 cells were treated 
with C10 in the presence of different inhibitors (siPKCŭ and the JNK-specific inhibitor Tanzisertib [CC-930]) for 24 h. The cells were then 
stained with Hoechst 33258 and photographed using a fluorescence microscope (magnification ×200, scale bar: 100 ɛm). (D, E) Cultured PC3 
cells were stained with annexin-V-FITC and PI for flow cytometry analysis. (F) The mRNA levels of PKCŭ, Caspase-9, IL-6, IL-8, IL-1ɓ and Bax 
were measured by qRT-PCR. All data shown are representative of three independent experiments. Data are shown as the mean ± SD. *P < 
0.05, **P < 0.01 vs. the control group. 
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Given the PPI network analysis results and the diverse 

functions of PKCŭ, we wanted to confirm the 

involvement of PKCŭ in apoptotic and GSDME-

dependent pyroptotic tumor cell death. Thus, we treated 

PC3 cells with small interfering RNA (siRNA) against 

PKCŭ (siPKCŭ, Supplementary Figure 3A) or with the 

JNK-specific inhibitor Tanzisertib (CC-930). Flow 

cytometry and Hoechst 33258 staining assays revealed 

that siPKCŭ and Tanzisertib (CC-930) treatment each 

significantly diminished C10-induced apoptosis  

(Figure 6Cï6E). We also examined the mRNA levels of 

PKCŭ and various core genes after treating PC3 cells 

with C10 and siPKCŭ or Tanzisertib (CC-930). The 

mRNA levels of IL-6, IL-8, IL-1ɓ and Bax decreased 

when the cells were co-incubated with C10 and siPKCŭ 

or Tanzisertib (CC-930), while the mRNA expression of 

Caspase-9 did not evidently change (Figure 6F). 

 

We then performed Western blotting on the PC3 cells, 

and found that both siPKCŭ and Tanzisertib (CC-930) 

significantly attenuated C10-induced secondary 

necrosis/pyroptosis by upregulating Survivin, 

downregulating Bax and IL-6, and inhibiting the 

activation of Caspase-3 and GSDME (Figure 7). 

Interestingly, the phosphorylation of JNK decreased in 

PC3 cells co-treated with C10 and siPKCŭ, indicating 

 

 
 

Figure 7. Inhibition of PKCɻ suppressed C10-induced concurrent apoptosis and GSDME-dependent pyroptosis in PC3 cells. (A, 
B) Cultured PC3 cells were incubated with C10 in the presence of siPKCŭ or the JNK-specific inhibitor Tanzisertib (CC-930) for 24 h to 
determine the link between the apoptotic and pyroptotic pathways. The protein levels of PKCŭ, p-SAPK/JNK, SAPK/JNK, Survivin, Bax, PARP, 
cleaved PARP, Caspase-3, cleaved Caspase-3, IL-6, GSDME and GSDME-N were examined by Western blotting. (C) LDH enzyme activity was 
measured in the culture supernatants of PC3 cells after various treatments. (D, E) The phosphorylation levels of core factors in the MAPK 
signaling pathway (P38/MAPK and ERK1/2) were detected after various treatments in PC3 cells. ɓ-actin was used as a loading control. All data 
shown are representative of three independent experiments. Data are shown as the mean ± SD. *P < 0.05, **P < 0.01 vs. the control group. 




