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Sinularin is a natural product extracted from soft coral and is shown to exhibit antitumor effects 
against multiple human cancers. We previously showed that Sinularin induces apoptotic cell death via 
stabilizing the FOXO3 protein in prostate cancer cells. In this study, we demonstrated that Sinularin 
triggers autophagy via two different mechanisms in prostate cancer cells. First, Sinularin reduced the 
S757 phosphorylation of ULK1 protein, which was mediated by mTOR, leading to ULK1 activation and 
autophagy initiation. Second, Sinularin enhanced the expression of autophagic protein ATG4A, which 
is the key regulator in the formation of autophagosome, through a FOXO3-dependent transcriptional 
mechanism. Next, we identified that ATG4A is a new target gene of the transcription factor FOXO3. 
Additionally, we also found that Sinularin-induced autophagy promoted survivin degradation and 
led to cell apoptosis. Taken together, these findings suggest that Sinularin induces prostate cancer 
cell autophagy by promoting autophagy initiation through activation of ULK1 and formation of 
autophagosome through the FOXO3-ATG4A pathway.
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Marine natural products are potential and promising sources for drug development1,2. Before 1970, two 
therapeutical compounds of marine origin, cytarabine (arabinosyl cytosine, ara-C) and protamine sulfate, were 
approved for clinical usage, followed by vidarabine (arabinosyl adenine, ara-A) in 19763–5. To date, approximately 
20 drugs from marine sources are approved for clinical usage, and most of them are approved for anti-cancer 
therapy6.

Sinularin, also referred to as flexibilide, was shown to be effective in anti-multiple human cancers, including 
melanoma7, gastric8, oral9–11, hepatocellular12,13, breast14,15, lung16, and kidney cancers17. Our previous study 
showed that Sinularin induces intrinsic cell apoptosis by stabilizing the FOXO3 protein in prostate cancer cells18. 
In this study, we further elucidated the mechanisms involved in Sinularin-induced prostate cancer cell death. 
Our results indicated that Sinularin promotes autophagy initiation by activation of ULK1, which was regulated 
by the mTOR pathway, and Sinularin also enhances the formation of autophagosomes through the FOXO3 
pathway. We identified ATG4A as a new FOXO3 target gene. Moreover, we revealed survivin degradation 
via Sinularin-induced autophagy, which also leads to cell apoptosis. Taken together, these findings revealed 
complicated mechanisms involved in Sinularin-induced prostate cancer cell death and demonstrated that 
Sinularin is a potential marine nature product for further drug development in the treatment of prostate cancer.
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Materials and methods
Cell culture and transfection
The cell lines used in the study 293T, LNCaP and PC-3 were purchased from the Stem Cell Bank, Chinese 
Academy of Sciences (Shanghai, China). The cells were cultured in the indicated media (DMEM for 293T cells, 
RPMI 1640 for LNCaP cells, F-12 K for PC-3 cells) (Procell, Wuhan, China) supplemented with 10% FBS (PAN, 
Germany). All human cell lines have been authenticated using STR (or SNP) profiling within the last three years. 
All experiments were performed with mycoplasma-free cells. RNAi-Mate reagent (GenePharma, Shanghai, 
China) was used for cell transfection following the manufacturer’s instructions. The siRNA sequences are listed 
in Table 1.

Cell viability assay
Cell Titer 96® Aqueous One Solution Reagent (MTS, Promega, USA) was used to determine cell viability 
according to previous methods19.

Propidium iodide (PI) staining
Cultured cells were digested, harvested and washed with precooled PBS. Then, the cells were stained with PI and 
detected via flow cytometry.

Cell apoptosis assay
An Annexin V-FITC/PI cell apoptosis kit (MultiSciences, Hangzhou, China) was used to detect apoptosis 
according to previous methods17.

Transmission electron microscopy (TEM)
Cultured cells were digested and harvested, fixed with 2.5% glutaraldehyde at room temperature in the dark 
for 30  min, and then transferred to 4  °C for storage. A transmission electron microscopy (TEM) assay was 
performed using Servicebio® (Wuhan, China).

Antibodies and Western blot
The western blot analysis was performed as previously described20. Antibodies against β-Actin (#4970), LC3A/B 
(#4108), SQSTM1/p62 (#5114), mTOR (#2972), p-mTOR Ser2448 (#2971), ULK1 (#8054), p-ULK1 S757 
(#14202), ATG4A (#7613), Caspase-3 (#14220), PARP (#9532), FOXO3 (#2497), Survivin (#2803), Anti-rabbit 
IgG HRP-linked Antibody (#7074) and Anti-mouse IgG HRP-linked Antibody (#7076) were purchased from 
Cell Signaling Technology (USA).

RNA extraction and quantitative real-time PCR (qRT-PCR)
RNA extraction and qRT-PCR were performed according to previous methods21. The primer sequences are 
listed in Table 2.

Immunofluorescence staining
Immunofluorescence staining was used to detect LC3 according to previous methods22. Anti-LC3A/B antibody 
(#4108; Cell Signaling Technology, USA) and goat anti-rabbit IgG H&L (Alexa Fluor® 488) (ab150077; Abcam, 
USA) were used.

Genes Primer sequences (5’-3’)

β-Actin
Forward ​T​C​T​C​C​C​A​A​G​T​C​C​A​C​A​C​A​G​G

Reverse ​G​G​C​A​C​G​A​A​G​G​C​T​C​A​T​C​A

ATG4A
Forward ​G​G​A​A​T​T​G​G​C​C​C​A​G​G​A​T​G​A​C​A

Reverse ​T​G​C​T​G​C​T​T​C​C​C​T​A​A​G​A​T​C​C​A

Table 2.  Primers for quantitative real-time PCR.

 

siRNA name siRNA sequence (5’-3’)

siNC ​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​A​C​G​U

siFOXO3 #2 ​G​C​U​C​A​C​U​U​C​G​G​A​C​U​C​A​C​U​U

siFOXO3 #3 ​C​C​U​C​A​U​C​U​C​C​A​C​A​C​A​G​A​A​U

SiATG4A #1 ​G​C​C​U​C​C​C​G​A​U​U​C​U​U​U​A​A​C​U

siATG4A #2 ​G​C​C​U​G​G​G​C​A​U​A​A​A​C​C​A​A​A​U

siATG4A #3 ​G​C​C​U​U​G​U​U​C​A​G​A​A​G​G​A​A​A​U

Table 1.  The sequence of SiRNAs.

 

Scientific Reports |        2025 15:15875 2| https://doi.org/10.1038/s41598-025-00909-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Luciferase reporter assay
We constructed a sensor vector containing the ATG4A promoter. The full-length ATG4A promoter, shorting 
ATG4A promoter, and mutant ATG4A promoter were cloned and inserted into a firefly luciferase reporter vector. 
The ATG4A promoter firefly luciferase reporter vector or control reporter vector, FOXO3 overexpression vector 
or control vector, and Renilla luciferase reporter vector were co-transfected into 293T cells. Luciferase activity 
was measured with a Dual-Luciferase Reporter Assay System (Promega, USA) according to the manufacturer’s 
protocols.

Statistical analysis
Differences among the control and tested groups were analyzed using one-way ANOVA followed by the Dunnett 
post hoc test. Differences between the two groups were assessed using Student’s t-test. P < 0.05 indicated statistical 
significance, and all the data are presented as the mean ± standard deviation (SD).

Results
Inhibition of autophagy and apoptosis blocks Sinularin induced prostate cancer cell death
In the previous study, we demonstrated that Sinularin induced PUMA-dependent intrinsic cell apoptosis by 
stabilizing the FOXO3 protein18. However, we found that inhibition of apoptosis by pan-caspase inhibitor 
Z-VAD-FMK only partially reduced Sinularin induced cell death in our current study (Fig. 1A-D). These findings 
encouraged us to further explore the mechanisms involved in Sinularin-induced cell death. We first asked if the 
ferroptosis pathway is involved in Sinularin induced cell death since triggering ferroptosis is a new approach for 
cell death23, however, both ferroptosis inhibitors, ferrostatin-1 (Fer-1), and deferoxamine mesylate (DFOM), 
had no significant effect on Sinularin induced cell death (Supplementary Fig.  1). Then we used autophagy 
inhibitor chloroquine (CHQ) to see if autophagy is involved in Sinularin-induced cell death, and after treatment 
with CHQ, Sinularin-induced cell death was dramatically reduced (Fig. 1E-H). We then treated prostate cancer 
cells with both Z-VAD-FMK and CHQ to inhibit both apoptosis and autophagy, and the result showed that the 
number of cells was restored to the normal level observed in cells without treatment of Sinularin (Fig. 1I-L). 
Taken together, these results indicated Sinularin induces both autophagy and apoptosis in prostate cancer cells.

Sinularin induces autophagy by activating ULK1
We then used transmission electron microscopy (TEM) to detect autophagic vacuoles in PC-3 cells treated with 
Sinularin for 24 h. As shown in Fig. 2A, Sinularin dramatically increased the number of autophagic vacuoles. 
Moreover, Sinularin treatment enhanced LC3-II processing and p62 protein degradation, two hallmarks of cell 
autophagy (Fig. 2B). Furthermore, we quantified the LC3-containing immunofluorescent puncta to assess the 
impact of Sinularin on autophagic flux in PC-3 cells. As shown in Fig. 2C, Sinularin significantly increased the 
number of autophagic puncta.

Next, we asked whether Sinularin induced autophagy through the pathway of mTOR, as mTOR is the key 
molecule involved in triggering autophagy24. Indeed, Sinularin largely reduced mTOR phosphorylation and 
eliminated mTOR-dependent ULK1 phosphorylation at the S757 site, which is a key character for ULK1 
activation25 (Fig. 2D). ULK1 selective inhibitor MRT68921 largely rescued Sinularin-induced viability inhibition 
(Fig. 2E) and reduced autophagy in Sinularin-treated cells (Fig. 2F-G). These results indicated that Sinularin 
induces autophagy through inhibition of the mTOR pathway in prostate cancer cells.

Original blots are presented in Supplementary Fig. 2. The data are expressed as the mean ± SD from three 
independent experiments. ***P < 0.001.

FOXO3 protein is involved in Sinularin induced autophagy
FOXO3 is a crucial tumor suppressor involved in a variety of cellular processes, including cell apoptosis, cell cycle 
progression, oxidative stress, and autophagy26. Our previous study revealed that Sinularin stabilized FOXO3 
protein in prostate cancer cells18. In this study, we further investigated whether FOXO3 protein is involved 
in Sinularin induced autophagy. As shown in Fig. 3A, the knockdown of FOXO3 expression inhibited LC3-
II processing and blunted p62 degradation in Sinularin-treated LNCaP and PC-3 cells. Meanwhile, Sinularin-
induced LC3-containing autophagic puncta were significantly decreased in FOXO3 knockdown PC-3 cells 
(Fig. 3B). These results indicated that the FOXO3 protein is involved in Sinularin induced autophagy.

Original blots are presented in Supplementary Fig. 3. The data are expressed as the mean ± SD from three 
independent experiments. ***P < 0.001.

FOXO3 binds to the ATG4A promoter and regulates ATG4A expression
As FOXO3 is a key transcriptional factor, we searched for the target genes of FOXO3 protein. Our in-silicon 
search by JASPAR27 predicted that the ATG4A gene is a downstream target of the FOXO3 since there are 
several potential binding sites in the ATG4A promoter region (Fig. 4A). Transient overexpression of FOXO3 
up-regulated ATG4A expression at both the protein and mRNA levels (Fig. 4B). Promoter analysis using a dual-
luciferase reporter system indicated that FOXO3 interacted with the ATG4A promoter at the  -760 ~ -400 (-680 
~ -673) region (Fig.  4C-D). Mutating this region (-680 ~ -673) abolished FOXO3-induced reporter activity 
(Fig. 4E). These results indicated that the ATG4A gene is a FOXO3 downstream target.

Original blots are presented in Supplementary Fig. 4. The data are expressed as the mean ± SD from three 
independent experiments. ***P < 0.001.

The FOXO3-ATG4A axis is up-regulated after Sinularin treatment
The cysteine protease ATG4A has been shown as an essential component in the formation and regulation of 
autophagosome membranes28. In this study, we further investigated whether Sinularin treatment enhanced 
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Fig. 1.  Inhibition of autophagy and apoptosis blocks prostate cancer cell death caused by Sinularin. (A,B) 
Sinularin reduced the viability of LNCaP and PC-3 cells through apoptosis. (C,D) Sinularin induced cell death 
was decreased markedly when apoptosis was inhibited. (E,F) Sinularin reduced the viability of tumor cells 
through autophagy. (G,H) Sinularin induced autophagy-dependent cell death in prostate cancer cells. (I,J) 
Sinularin reduced the viability of prostate cancer cells through apoptosis and autophagy. (K,L) Inhibition of 
apoptosis and autophagy reversed Sinularin-induced cell death in prostate cancer cells. The data are expressed 
as the mean ± SD from three independent experiments. *** P < 0.001.
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ATG4A expression in PCa cells. As shown in Fig. 5A-B, our results showed that Sinularin up-regulated both 
ATG4A protein and mRNA expression in a dose-dependent manner. In addition, as expected, FOXO3 gene 
knockdown significantly reduced ATG4A expression in Sinularin-treated prostate cancer cells (Fig.  5C-D). 
These results indicated that up-regulation of the FOXO3-ATG4A axis is involved in Sinularin-treated prostate 
cancer cells.

Original blots are presented in Supplementary Fig. 5. The data are expressed as the mean ± SD from three 
independent experiments. ***P < 0.001.

ATG4A protein is involved in Sinularin induced autophagy
We then determined whether ATG4A was involved in Sinularin-induced autophagy in prostate cancer cells. 
ATG4A gene was silenced through RNAi to decrease the expression of ATG4A protein (Fig. 6A). In ATG4A-
knockdown cells, the number of autophagic puncta was significantly decreased (Fig. 6B). In addition, Sinularin-
induced LC3 processing and p62 degradation were also attenuated when ATG4A gene expression was knocked 
down (Fig. 6C). These results indicated that ATG4A protein is involved in Sinularin induced autophagy.

Original blots are presented in Supplementary Fig. 6. The data are expressed as the mean ± SD from three 
independent experiments. ***P < 0.001.

Sinularin-induced prostate cancer cell apoptosis depends on autophagy-mediated survivin 
degradation partially
We previously reported that Sinularin induced apoptotic cell death in prostate cancer cells18. Herein, we revealed 
that Sinularin also induced autophagy in prostate cancer cells. It has been reported that autophagy is cross-talking 
with the apoptosis pathway29,30, we then asked if inhibition of apoptosis alters Sinularin-induced autophagy. Our 
results showed that the pan-caspase inhibitor Z-VAD-FMK had no significant effect on LC-3 processing and p62 
protein degradation (Fig. 7A). We then asked if inhibition of autophagy altered Sinularin-induced apoptosis. 
As shown in Fig.  7B, CHQ pre-treatment largely reduced Sinularin-induced caspase-3 and PARP cleavage, 
two hallmarks of cell apoptosis. In addition, inhibition of autophagy dramatically reduced apoptotic cell death 
induced by Sinularin (Fig. 7C).

The anti-apoptotic protein survivin is an endogenous caspase inhibitor, preventing the processing of initiator 
caspase-9 and other effector caspases31,32. It has been postulated that survivin was regulated by autophagy 
pathways33. Therefore, we analyzed survivin expression in prostate cancer cells after Sinularin treatment. 
Our results showed that Sinularin drastically reduced survivin levels in a concentration-dependent manner 
(Fig. 7D). As expected, CHQ rescued survivin level completely (Fig. 7E). These results indicated that Sinularin 
stimulates survivin degradation via autophagy. We then determined whether Sinularin induced apoptosis 
through autophagic degradation of survivin protein in prostate cancer cells. As shown in Fig. 7F and G, survivin 
overexpression attenuated cell apoptosis induced by Sinularin. This data and our previous report suggested that 
Sinularin induced prostate cancer cell apoptosis partially through autophagy-mediated survivin degradation.

Original blots are presented in Supplementary Fig. 7. The data are expressed as the mean ± SD from three 
independent experiments. ***P < 0.001.

Discussion
Sinularin was reported to have anti-cancer effects in multiple cancers7–17. We also demonstrated that Sinularin 
induced intrinsic apoptosis by stabilizing the FOXO3 protein in prostate cancer cells18. In this study, we further 
reported that Sinularin also promotes cell death of prostate cancer cells by autophagy.

Autophagy, an evolutionarily conserved catabolic process in which cells package bulk cytoplasmic contents, 
abnormal protein aggregates, and excess or damaged organelles through intracellular membrane structures 
to lysosomes for degradation, is critical for maintaining intracellular homeostasis34. Generally, autophagy is 
a cellular strategy and mechanism for survival under stress. However, upon dysregulation of autophagy under 
certain circumstances, autophagy results in cell death, also known as type II programmed cell death35. Autophagy 
is associated with multiple physiological and pathological processes such as development, differentiation, 
neurodegenerative diseases, stress, infection, and cancer36. To date, the dual roles of autophagy in cancer 
progression and suppression remain controversial37.

Autophagy is a multi-step process and is executed by numerous autophagy-related genes (ATG) and their 
core complexes35. Unc-51-like kinase 1 (ULK1), a serine/threonine kinase, forms a large complex with ATG13 
and FIP200 to initiate autophagy38. In the study, we revealed that Sinularin activated ULK1 via reducing the 
phosphorylation at S757 site, and inhibition of ULK1 by MRT68921 largely reduced autophagy in Sinularin 
treated cells. The serine/threonine protein kinase mTOR (mammalian target of rapamycin) is a critical regulator 
of autophagy. Activation of mTOR suppressed autophagy by phosphorylation of ULK1 at Ser757 and prevention 
of ULK1 activation39. A series of conditions can activate mTOR through PI3K/AKT and ERK/MAPK signaling 
or suppress mTOR via the AMPK pathway40. Our previous study revealed that Sinularin significantly inhibited 
AKT and ERK1/2 phosphorylation18, as expected, as a downstream molecule of both of them, phosphorylation 
of mTOR is inhibited by Sinularin treatment (Fig. 2D). Thus, Sinularin promotes ULK1 activation and autophagy 
initiation by inhibition of the mTOR pathway in prostate cancer cells.

FOXO3 plays an essential role in mediating a variety of cellular processes, including apoptosis and 
autophagy26. In our previous study, we demonstrated that Sinularin stabilized FOXO3 protein and promoted 
intrinsic apoptosis18. In the study, we demonstrated that Sinularin also induced autophagy through a dependent 
mechanism. In addition, we identified the ATG4A gene as a new target gene of FOXO3, its binding sites in the 
ATG4A promoter region at -680 ~ -673. ATG4A is a cysteine protease, which is essential for the formation 
and regulation of autophagosomes28. ATG4A cleaves LC3 at its C-terminus to generate cytosolic LC3-I, which 
is subsequently conjugated to phosphatidylethanolamine and attached to the autophagosome membrane35,41. 
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In the study, we demonstrated that Sinularin upregulated ATG4A expression through a FOXO3-dependent 
mechanism and ATG4A protein involved in Sinularin induced autophagy. These results revealed the key role of 
the FOXO3-ATG4A axis in Sinularin induced autophagy.

Previous studies showed an overlap mechanism between apoptosis and autophagy29,30. Several pro-apoptotic 
signals, such as TNF, TRAIL, and FADD, also induce autophagy. Bcl-2, a critical anti-apoptotic factor, inhibits 
Beclin-1-dependent autophagy, thereby functioning as an anti-autophagic agent42. In this study, we demonstrated 
that inhibition of autophagy reduced Sinularin-induced apoptosis, indicating a pro-apoptotic role of Sinularin 
induced autophagy. Further analysis revealed that survivin, an anti-apoptotic protein, was significantly decreased 
after Sinularin treatment, and its level was rescued after inhibition of autophagy. These results suggested that 
Sinularin promoted survivin degradation through autophagy.
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In the study, we demonstrated that inhibiting ferroptosis pathway by both ferroptosis inhibitors ferrostatin-1 
(Fer-1) and deferoxamine mesylate (DFOM), had no significant effect on Sinularin induced cell death. However, 
a recent study by Wu et al. suggested that Sinularin induced ferroptosis in prostate cancer cells43. The differences 
may cause by longer treated time and lower Sinularin concentration. In addition, the different results showed 
the complicated and interesting mechanisms under Sinularin induced cell death, which prompted the further 
study of us.

In conclusion, Sinularin induced autophagy in prostate cancer cells by activation of ULK1 to trigger 
autophagy initiation through the mTOR pathway and enhance of FOXO3-ATG4A axis to promote vesicle 
elongation and autophagosome completion. Furthermore, Sinularin induced autophagy-dependent survivin 
degradation, which in turn promoted cell apoptosis (Fig. 8). Therefore, our findings provided a novel insight 
into the mechanism underlying Sinularin-induced cell death.

Sinularin induced prostate cancer cell autophagy through activating ULK1 via mTOR inhibition to trigger 
autophagy induction, and promoting the autophagic protein ATG4A expression through a FOXO3-dependent 
transcriptional mechanism. Furthermore, Sinularin induced autophagy resulted in survivin degradation, leading 
to cell apoptosis. We previously also reported that FOXO3 upregulates PUMA and promotes intrinsic apoptosis 
in prostate cancer cells. Taken together, these findings revealed complicated mechanisms involved in Sinularin-
induced prostate cancer cell death.

Fig. 2.  Sinularin induced autophagy through activating ULK1 in prostate cancer cells. (A) Transmission 
electron micrographs (TEM) showing autophagic vacuoles in PC-3 cells cultured with Sinularin for 24 h. 
Arrows indicate autophagosome structures. (B) Western blot analysis of the LC3 I/II and p62 levels in LNCaP 
and PC-3 cells treated with Sinularin for 24 h. (C) Representative immunofluorescence images and mean 
fluorescence intensity (MFI) quantification of LC3 taken from PC-3 cells treated with Sinularin for 24 h. 
Autophagosomes were visualized and examined via immunofluorescence microscopy through photographs 
of LC3 puncta. (D) Western blot analysis was used to determine the phosphorylation levels of mTOR (Ser 
2448) and ULK1 (Ser 757) in LNCaP and PC-3 cells treated with Sinularin for 24 h. (E) The cell viability 
was measured by MTS assay in LNCaP and PC-3 cells treated with Sinularin alone or in combination with 
ULK1 inhibitor MRT68921. (F) Representative immunofluorescence images and mean fluorescence intensity 
(MFI) quantification of LC3 taken from PC-3 cells treated with Sinularin alone or in combination with ULK1 
inhibitor MRT68921. Autophagosomes were visualized and examined via immunofluorescence microscopy 
through photographs of LC3 puncta. (G) Western blot analysis of LC3 I/II and p62 levels in LNCaP and PC-3 
cells treated with Sinularin alone or in combination with the ULK1 inhibitor MRT68921.
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Fig. 3.  Sinularin induced autophagy via FOXO3. (A) Western blot analysis to determine the LC3 I/II and 
p62 levels in Sinularin-treated LNCaP and PC-3 cells following FOXO3 knockdown. (B) Representative 
immunofluorescence images and mean fluorescence intensity (MFI) quantification of LC3 taken from 
PC-3 cells treated with Sinularin or subjected to FOXO3 knockdown. Autophagosomes were visualized and 
examined via immunofluorescence microscopy through photographs of LC3 puncta.
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Fig. 4.  FOXO3 binds to the ATG4A promoter and regulates ATG4A expression. (A) Bioinformatic algorithms 
predicted that ATG4A is a target gene of the transcription factor FOXO3 and that there are several possible 
binding sites in the ATG4A promoter region. (B) After overexpressing FOXO3 in LNCaP and PC-3 cells, the 
protein and mRNA expression of ATG4A was measured by western blot and qRT-PCR, respectively. (C) 293T 
cells were co-transfected with the luciferase reporter vector containing the ATG4A promoter and the FOXO3 
overexpression vector. Then, the luciferase density was measured. (D) 293T cells were co-transfected with the 
luciferase reporter vector containing the truncated ATG4A promoter and the FOXO3 overexpression vector. 
Then, the luciferase density was measured. (E) Luciferase reporter vector containing the ATG4A promoter 
sequence, the wild type (WT) or the corresponding mutant (MUT), was co-transfected with the FOXO3 
overexpression vector in 293T cells. Then, the luciferase density was measured.
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Fig. 5.  The FOXO3-ATG4A axis is regulated by Sinularin in prostate cancer cells. (A,B) Western blot and qRT-
PCR analyses were performed to determine the protein and mRNA expression levels of ATG4A in LNCaP and 
PC-3 cells treated with Sinularin for 24 h. (C,D) After FOXO3 was knocked down in Sinularin-treated LNCaP 
and PC-3 cells, the protein and mRNA expression of ATG4A was measured by western blot and qRT-PCR, 
respectively.
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Fig. 6.  Sinularin induces prostate cancer cell autophagy through ATG4A. (A) Western blot analysis was used 
to determine ATG4A protein expression after ATG4A was knocked down by siRNAs. (B) Representative 
immunofluorescence images and mean fluorescence intensity (MFI) quantification of LC3 taken from 
PC-3 cells treated with Sinularin or subjected to ATG4A knockdown. Autophagosomes were visualized 
and examined via immunofluorescence microscopy through photographs of LC3 puncta. (C) Western blot 
analysis to determine the LC3 I/II and p62 levels in Sinularin-treated LNCaP and PC-3 cells following ATG4A 
knockdown.
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Fig. 7.  Sinularin induced prostate cancer cell apoptosis through autophagic degradation of survivin protein. 
(A) After apoptosis was inhibited by Z-VAD-FMK, the LC3 I/II, and p62 protein levels were determined via 
western blot analysis in Sinularin-treated LNCaP and PC-3 cells. (B) Western blot analysis of cleaved PARP 
and cleaved caspase 3 in Sinularin-treated LNCaP and PC-3 cells following the inhibition of autophagy by 
chloroquine (CHQ). (C) After autophagy was inhibited by chloroquine (CHQ), cell apoptosis was measured 
via flow cytometry (FCM) analysis in Sinularin-treated LNCaP and PC-3 cells. (D) Western blot analysis 
of survivin protein levels in Sinularin-treated LNCaP and PC-3 cells. (E) After autophagy was inhibited by 
chloroquine (CHQ), survivin protein level in Sinularin-treated LNCaP and PC-3 cells was determined by 
western blot analysis. (F) Cell apoptosis was measured by flow cytometry (FCM) analysis in Sinularin-treated 
LNCaP and PC-3 cells following the upregulation of survivin. (G) Western blot analysis of cleaved PARP and 
cleaved caspase 3 in Sinularin-treated LNCaP and PC-3 cells following the upregulation of survivin.
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