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A B S T R A C T   

XIAP, or the X-linked Inhibitor of Apoptosis Protein, is the most extensively studied member 
within the IAP gene family. It possesses the capability to impede apoptosis through direct inhi
bition of caspase activity. Various kinds of cancers overexpress XIAP to enable cancer cells to 
avoid apoptosis. Consequently, the inhibition of XIAP holds significant clinical implications for 
the development of anti-tumor medications and the treatment of cancer. In this study, ster
igmatocystin, a natural compound obtained from the genus asperigillus, was demonstrated to be 
able to induce apoptotic and autophagic cell death in liver cancer cells. Mechanistically, ster
igmatocystin induces apoptosis by downregulation of XIAP expression. Additionally, ster
igmatocystin treatment induces cell cycle arrest, blocks cell proliferation, and slows down colony 
formation in liver cancer cells. Importantly, sterigmatocystin exhibits a remarkable therapeutic 
effect in a nude mice model. Our findings revealed a novel mechanism through which ster
igmatocystin induces apoptotic and autophagic cell death of liver cancer cells by suppressing 
XIAP expression, this offers a promising therapeutic approach for treating liver cancer patients.   

1. Introduction 

Liver cancer is one of the most common prevalent malignant tumors with poor prognosis. It is notorious due to the difficulty of early 
detection and lack of effective treatment [1,2]. Currently, the primary treatment for liver cancer is surgical intervention, with 
chemotherapy as adjuvant therapeutic method. However, chemical therapy can lead to serious side effects, such as nausea, vomiting, 
gastrointestinal symptoms, liver and kidney failure, and toxic damage [3], thus reducing the life quality of the patients. Hence, it is 
crucial to elucidate the fundamental mechanism of liver cancer pathogenesis and discover efficacious pharmaceutical interventions for 
its management. 

Apoptosis is a crucial process in the regulation of cell growth and tissue homeostasis. There are two main pathways through which 
apoptosis can be initiated: extrinsic and intrinsic, both of which converge at the mitochondria [4,5]. These pathways are regulated by 
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specific caspases, with initiator caspases (caspase-2, -8, -9, and -10) and effector caspases (caspase-3, -7, and -6) [6–8] playing key roles 
in the signaling cascade, which can be cleaved from their inactive zymogens [6,9,10]. Caspases, important enzymes in apoptosis, are 
regulated in living cells by inhibitors of apoptosis (IAP) proteins [11,12]. In human IAPs family, XIAP stands out as the sole member 
capable of directly blocking caspases and suppressing apoptosis [13], featured with three BIR domains that can bind directly to and 
inhibit caspase-9 along with a linker region responsible for inhibiting caspase-3 and -7 [14–16]. In addition, XIAP possesses a 
ubiquitin-associated (UBA) domain, which can bind to poly-ubiquitin chains, as well as a RING domain with E3 ubiquitin ligase ac
tivity [17–20]. Although the original study showed that XIAP deficient mice do not display any apparent phenotype, subsequent 
research reported that lymphoblastic leukemia and lymphomas can be developed in XIAP/ΔRING mutant mice [18,21]. Moreover, 
inactivation of XIAP can enhance the susceptibility of specific stem cells to apoptosis [22,23] and its deletion or the absence of its RING 
domain can lead to excessive cell death [24]. XIAP is overexpressed in various kinds of cancers including thyroid carcinomas, colon, 
bladder, melanoma, ovarian, lung, prostate, renal, breast, and leukemia [25–27]. These cancers can overexpress XIAP, thus enabling 
tumor cells to escape apoptosis [28]. Therefore, targeting XIAP has become increasingly attractive for the treatment of cancers 
[28–31]. Except for its important role in the inhibition of apoptosis, XIAP has exhibited regulatory functions for autophagy in cells. It 
has been shown to inhibit autophagy and facilitate tumor progression by controlling the Mdm2-p53 pathway [32]. Clinical studies 
from Wu et al. showed that a negative association between XIAP levels and the autophagy biomarker LC3 in liver cancer samples [33]. 
These studies suggested that XIAP is involved in autophagy regulation. 

Sterigmatocystin is a kind of metabolite extracted from fungi, which is an inhibitor of DNA synthesis and plays an inhibitory role in 
cell growth [34,35]. Previous studies have shown that sterigmatocystin can induce the release of cytochrome c and promote apoptosis 
of osteosarcoma cell lines U2OS and MG63 [36]. It can induce the activation of p21, inhibit the activity of CyclinD1/CDK4/6 complex, 
and block the proliferation of nasopharyngeal carcinoma cells [37]. In addition, although studies demonstrated its potential for the 
treatment of cancers, they are limited to osteosarcoma and nasopharyngeal carcinoma [36,37]. Up to date, there is no evidence of 
whether sterigmatocystin plays a role in the proliferation/apoptosis of hepatoma cells. 

Our study revealed that sterigmatocystin can induce apoptosis in liver cancer cells. Utilizing RNA-seq, we conducted a tran
scriptome analysis of HepG2 cells treated with sterigmatocystin and identified differentially expressed genes through bioinformatics 
analysis. Our findings indicated a down-regulation of the XIAP gene whereas an up-regulation of apoptotic genes and autophagy- 
related genes in HepG2 cells treated with sterigmatocystin. Ultimately, these findings provide new insights into the underlying mo
lecular mechanism of sterigmatocystin and its potential as a treatment for liver cancer. 

2. Materials and methods 

2.1. Cell culture and reagents 

Human normal hepatocyte cell line (L-O2) and Human liver cancer cell lines (HepG2, Hep3B) were purchased from the Procell Life 
Technology Company (Wuhan, China); Human lung cancer cell line (A549) and human breast cancer cell line (MCF7) were obtained 
from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). They were cultured in DMEM supplemented with 10 % fetal 
bovine serum (FBS) and 100 U/ml mixture of penicillin and sterigmatocystin, and were incubated at 37 ◦C and 5 % CO2. Ster
igmatocystin was dissolved in methanol to prepare a 100 mM stock solution. Primary antibodies for western blotting against caspase3, 
cleaved-caspase3, PARP, cleaved-PARP, XIAP, and MIIP (diluted to 1:1000) were purchased from Zen Bioscience (Chengdu, China); 
Bcl2 and BAX antibodies (diluted to 1:1000) were purchased from Sangon company (Shanghai, China). β-actin and cyclinB1 antibodies 
(diluted to 1:1000) were purchased from Sigma company. BCAS3 antibody (diluted to 1:1000) was purchased from Bioworld (Beijing, 
China). Cell counting kit 8 was purchased from MCE. The Annexin V-FITC/PI Apoptosis Detection kit was obtained from CWBIO 
(Beijing, China). 

2.1.1. Cell viability and colony formation assay 
Cell viability was evaluated using the cell counting kit 8 (CCK8) method. Briefly, cells were plated in 96-well plates at a density of 5 

× 103 each well and left to incubate overnight, subsequently, they were treated with various concentrations of sterigmatocystin and 
cultured for different time intervals of 0, 24, 48, 72, and 96 h, respectively. Following this, CCK8 reagent was added and incubated at 
37 ◦C for 2 h, after which the absorbance was recorded at a wavelength of 450 nm. To conduct the clonogenic assay, 1 × 103 cells were 
plated in 60 mm cell culture dishes, and cells were pretreated with different concentrations of sterigmatocystin for 6 h, then, replaced 
sterigmatocystin contained medium with fresh medium to form colonies in 2–3 weeks. After the colonies had formed, they were treated 
with glutaraldehyde (6.0 % v/v) for fixation and stained with crystal violet (0.5 % w/v). 

Fig. 1. Sterigmatocystin induces the apoptosis of liver cancer cells. (A) The chemical structure of sterigmatocystin. (B) Various kinds of cell lines 
were treated with sterigmatocystin or Wilforlide A at a concentration of 60 μg/ml for 24 h. (C) Apoptosis analysis of Hep3B cells treated with 
sterigmatocystin at concentrations of 0 μg/ml, 30 μg/ml, and 60 μg/ml for 24 h, using flow cytometry after Annexin V-FITC and PI staining. (D) The 
percentage of apoptotic Hep3B cells treated with sterigmatocystin as indicated was shown. (E) The apoptosis of HepG2 cells was analyzed as in (C). 
(F) The percentage of apoptotic HepG2 cells was shown as in (D). 
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2.2. Flow cytometric analysis 

Hep3B and HepG2 cells were plated in 6-well plate and attached overnight. The cells were then treated with sterigmatocystin for 
24 h. Subsequently, cells were collected and stained using Annexin V-FITC/PI apoptosis detection kit following the manufacturer’s 
protocol. To analyze the cell cycle, the cells were incubated with indicated concentration of sterigmatocystin for 24 h, washed with 
pre-cooled PBS and fixed in 75 % alcohol overnight at 4 ◦C. The cells were then digested with 1 % RNase A and stained with 1 mg/ml PI 
for 30 min. All procedures were conducted according to the manufacturer’s instructions, and the experimental data were analyzed 
using Flow Jo and Modifit software. 

2.2.1. Quantitative real-time PCR 
HepG2 cells were used for total RNA extraction using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Removal of genomic DNA 

contamination was carried out by treating 10 μg of total RNA with DNase I (TaKaRa Bio Inc., Kusatsu, Japan). Following this, the 
resulting 1 μg total RNA was used in reverse transcription with M-MLV reverse transcriptase (TaKaRa). The quantitative real-time PCR 
analysis was performed on the ABI7500 instrument with gene-specific primers using SYBR premix ExTaq (TaKaRa). The following 
qRT-PCR primers were used: Bcl2, forward: CTCGTCGCTACCGTCGTGACTTCG, reverse: CAGATGCCGGTTCAGGTACTCAGTC, BAX, 
forward: AAGCTGAGCGAGTGTCTCCGGCG, reverse: GCCACAAAGATGGTCACTGTCTGCC, Caspase3, forward: AGAGAA
CAATGGCGGATA, reverse: CCAGTTGAGGGATGAAAG, XIAP, forward: ACCGTGCGGTGCTTTAGTT, reverse: TGCGTGGCAC
TATTTTCAAGATA, GAPDH, forward: TGACTTCAACAGCGACACCCA, reverse: CACCCTGTTGCTGTAGCCAAA. Relative levels of 
interesting genes were normalized to β-actin by using the 2-ΔΔCT method. 

2.3. Western blotting analysis 

Cells were washed in pre-cooled PBS and total proteins were extracted using RIPA lysis buffer supplemented with protease in
hibitors. The extracted proteins were then separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
transferred onto PVDF membranes, and immunoblotted with the corresponding primary antibodies overnight at 4 ◦C. Subsequently, 
the PVDF membranes were washed and incubated with secondary antibodies (1:5000) for 1 h at room temperature, and the immu
noreactions were then visualized with chemiluminescent ECL reagent. 

2.4. Wound healing assay 

Cells were plated in a 60 mm cell culture dish and attached overnight. The next day, we use the tips to make a straightedge scratch. 
Cells were washed 3 times with PBS solution to remove free cells, and the cell culture medium was replaced with serum-free medium 
containing various concentrations of sterigmatocystin. Cells were put into a 37 ◦C 5 % CO2 incubator and cultivated. Taking pictures at 
0 and 12 h as indicated in the figures. 

2.4.1. Transwell migration assay 
Transwell assay was conducted following previously established protocols [38]. Briefly, cells were starved for 12 h before cell 

suspension preparation. The cell suspension was washed twice with PBS solution and resuspended in serum-free medium supple
mented with BSA. The cell density was adjusted to 1 × 105/ml, and the cells were then inoculated and 100–200 μl of the cell suspension 
was added to the transwell chamber. Lift the chamber to remove air bubbles, then put the chamber into the culture plate. Culture cells 
for 24–48 h (mainly depending on the invasion ability of cancer cells). After the cells are stained, the cells can be counted under the 
microscope. Remove the Matrigel and cells in the upper chamber with a cotton swab, and stain with 0.1 % crystal violet. Use an upright 
microscope to observe and take pictures. By turning the transwell chamber upside down, the cells attached to the basement membrane 
of the chamber can be clearly observed. 

2.4.2. Animal study 
Approval was granted for all animal research by the Institutional Animal Care and Use Committee at Chongqing University 

(Protocol No: 2020L0018). In sum, 5 × 106 HepG2 cells were suspended in 100 μl of PBS and then injected subcutaneously into the 
flank of 6-week-old male nude mice. When the tumor volume reached ~50 mm3, the mice were randomly divided into different 
groups. Subsequently, sterigmatocystin (20 mg/kg) or PBS was injected intraperitoneally into the mice every two days. Tumor volume 
was recorded every five days. The mice were sacrificed after 20 days of treatment, and tumors were collected for analysis. 

Fig. 2. Transcriptome analysis of sterigmatocystin-treated liver cancer cells. (A) Statistics of the number of up-regulated and down-regulated 
differentially expressed genes in the transcriptome. (B) Volcano plot showing differentially expressed genes upon sterigmatocystin treatment. (C) 
KEGG analysis of the signaling pathways of differentially expressed genes in the transcriptome. (D) GO term analysis of the signaling pathways of 
differentially expressed genes in the transcriptome. (E) The mRNA level of Bcl2 and BAX were determined by real-time quantitative PCR after 
treatment with sterigmatocystin at concentrations of 0 μg/ml, 30 μg/ml, and 60 μg/ml for 24 h. (F) The protein expression levels of BAX and Bcl2 
were examined by western blot in HepG2 or Hep3B after treatment with sterigmatocystin at concentrations of 0 μg/ml, 30 μg/ml, and 60 μg/ml for 
24 h. β-actin was used as loading control. 
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2.5. Statistical analysis 

The comparison of mean values between 2 groups was conducted using the Student’s t-test and one-way ANOVA. To determine the 
significance of repeated measurements over time and dosage, a two-way ANOVA was performed. In vivo experiments involving 
different groups were compared using a linear mixed-effects model that accounted for correlations within subjects. Multiple com
parisons were assessed using Tukey’s post hoc test. A value of p < 0.05 was considered statistically significant. 

3. Results 

3.1. Sterigmatocystin induces apoptosis of liver cancer cells 

To investigate whether sterigmatocystin (Fig. 1A) has any effect in killing cancer cells, different types of cancer cells in the log
arithmic growth phase were seeded on 96-well plates and treated with sterigmatocystin for 24 h. As shown in Fig. 1B, Hep3B and 
HepG2 cells showed remarkable apoptosis compared with normal hepatocytes while A549 and MCF7 cells exhibited no or less death. 
Also, another drug Wilforlide A had no impact on apoptosis in normal hepatocytes and hepatoma cells. Consistent with the above 
results, flow cytometric analysis of Hep3B and HepG2 cells treated with sterigmatocystin by Annexin V and PI staining showed a 
significant increase in apoptosis compared with untreated cells (Fig. 1C–F). Together, these data suggested that sterigmatocystin has a 
considerable anti-tumor effect by inducing apoptosis in liver cancer cells. 

Transcriptome analysis identified the apoptotic- and autophagy-related genes as contributors to the sterigmatocystin-induced cell 
death. 

To investigate the potential mechanism of apoptotic induction upon sterigmatocystin treatment, mRNA from drug-treated or 
untreated HepG2 cells was exacted and subjected to RNA sequencing. Among the differentially expressed genes (DEGs) in response to 
treatment with 60 μg/ml sterigmatocystin, 142 genes were up-regulated (>5 fold) and 339 genes were down-regulated (>5 fold) 
(Fig. 2A&B). Further functional pathway analysis showed that these DEGs were involved in 23 pathways, including cell motility and 
cell growth, apoptotic and autophagy signaling, indicating that they were involved in the regulation of cell viability, apoptosis, and 
autophagy (Fig. 2C). GO database analysis indicated that the DEGs were mostly enriched in the cellular processes, and the molecular 
function (MF) terms “binding” (Fig. 2D). Subsequently, qRT-PCR was performed to study the changes in expression of genes related to 
apoptosis. As shown in Fig. 2E, Bcl2 gene showed a remarkable decrease of transcription in drug treated cells while BAX exhibited a 
dramatic increase. In accordance with above, western blot analysis showed a significant decrease in Bcl2 expression, while the 
expression of Bax showed a comparable upregulation (Fig. 2F). These results suggested that sterigmatocystin can upregulate the 
expression of apoptotic related genes. 

3.2. Inhibition of XIAP expression contributes to sterigmatocystin induced cell death 

In the differentially expressed genes upon sterigmatocystin treatment, we noticed that XIAP expression was downregulated. XIAP 
plays a crucial role in the inhibition of apoptotic induction, we speculated that sterigmatocystin might induce apoptosis by inhibiting 
XIAP expression. To identify this hypothesis, we first examined whether the expression of XIAP will be changed upon sterigmatocystin 
treatment. The results illustrated in Fig. 3A showed that the mRNA level of xiap was indeed dramatically downregulated upon ster
igmatocystin treatment with a concentration of 60 μg/ml while Caspase 3 showed an upregulation (Fig. 3B). Consistent with the above, 
western blot analysis also showed a remarkable decrease of XIAP expression and a resultant increase of cleaved caspase 3 and PARP 
expression in sterigmatocystin treated cells (Fig. 3C&D). We also noticed that XIAP and Caspase 3 colocalized in the cells upon 
sterigmatocystin treatment (Fig. 3E). To study whether overexpression of XIAP has an effect on apoptosis of liver cancer cells. we 
performed flow cytometry analysis. HepG2 cells were treated with overexpression of XIAP and sterigmatocystin (60 μg/ml) alone and 
in combination. The results demonstrated that XIAP overexpression inhibited liver cancer cells apoptosis. However, sterigmatocystin 
treatment alone and sterigmatocystin combined with XIAP treatment promoted the apoptosis of hepatoma cells (Fig. 3F&G). 

Fig. 3. Sterigmatocystin treatment downregulates XIAP expression. (A&B) The mRNA level of XIAP and Caspase3 in HepG2 cells was determined by 
real-time quantitative PCR after treatment with sterigmatocystin at concentrations of 0 μg/ml, 30 μg/ml, and 60 μg/ml for 24 h. The error represents 
the SEM of three experiments. *P < 0.05. (C&D) The protein expression levels of PARP, cleaved PARP (c-PARP), Caspase 3, cleaved Caspase 3 (c- 
Caspase3), and XIAP were detected by western blot in HepG2 (C) or Hep3B (D) after treatment with sterigmatocystin at concentrations of 0 μg/ml, 
30 μg/ml, and 60 μg/ml for 24 h. β-actin was used as loading control. (E) The colocalization of XIAP and Caspase 3 was determined by microscope. 
HepG2 cells were treated with sterigmatocystin for 24 h or untreated (Scale bar, 10 μm). (F) Apoptosis analysis of Hep G2 cells treated with 
sterigmatocystin at concentrations of 60 μg/ml for 24 h, using flow cytometry after Annexin V-FITC and PI staining.(G) The percentage of apoptotic 
HepG2 cells treated with overexpression of XIAP and sterigmatocystin alone and in combination as indicated was shown. 
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Fig. 4. Sterigmatocystin treatment induces the expression of autophagy related genes. (A) The relative expression of autophagy related genes in 
transcriptome analysis was shown. (B&C) The protein expression levels of p62 and LC3 were detected by western blot in HepG2 (B) or Hep3B (C) 
cells after treatment with sterigmatocystin at concentrations of 0 μg/ml, 30 μg/ml, and 60 μg/ml for 24 h. β-actin was used as loading control. (D&E) 
Cell counting kit 8 (CCK8) assay was performed in HepG2 (D) or Hep3B (E) cells treated with sterigmatocystin, 3-MA or CQ alone or together as 
indicated. Error bars represent data from three independent experiments (mean ± SD). *P < 0.05. 
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3.3. Inhibition of XIAP by sterigmatocystin upregulates autophagy 

Besides its role in apoptotic inhibition, XIAP is additionally involved in autophagy regulation by acting as a negative moderator in 
liver cancer cells [32,33,39,40]. To explore the detailed mechanism underlying the apoptotic induction by XIAP, we first examined 
whether sterigmatocystin treatment of liver cancer cells can lead to the expression of autophagy-related genes. Analysis of the tran
scriptome data revealed a noticeable increase in the expression levels of a group of genes related to autophagy following ster
igmatocystin treatment (Fig. 4A). Interestingly, sterigmatocystin treatment resulted in the LC3I conversion to LC3II, while p62 
presented a decreasing expression pattern (Fig. 4B&C). 

Next, we analyzed the roles of autophagy in cell death induced by sterigmatocystin. Thus, pharmacological inhibition of autophagy 
was applied to further investigate the relationship between autophagy and apoptosis induction following sterigmatocystin treatment. 
As shown in Fig. 4D, combined treatment of sterigmatocystin with autophagy inhibitor (CQ or 3-methyladenine, 3-MA) led to a relief of 
cytotoxicity in HepG2 cells, and similar outcomes were observed in Hep3B cells (Fig. 4E), indicating that the activation of autophagy 
induced by sterigmatocystin contributes to cytotoxicity. 

Sterigmatocystin treatment induces cell cycle arrest, blocks cell proliferation, and slows down colony formation in liver cancer 
cells. 

To investigate the changes in the cell cycle of liver cancer cells after sterigmatocystin treatment, we performed flow cytometry 
analysis. Hep3B and HepG2 cells were treated with varying concentrations of sterigmatocystin for 24 h, followed by PI staining and 
flow cytometry analysis. The results showed that the G1/S phase of the cells treated with sterigmatocystin was shortened, while the 
G2/M phase became longer (Fig. 5A–D). 

Since sterigmatocystin can cause cell apoptosis and change the cell cycle pattern in liver cancer cells, we further investigated 
whether it has an effect on cell proliferation. To answer this question, a cell proliferation experiment was performed. Cell proliferation 
was detected by measuring cell survival at a period of four days. It was found that the growth of Hep3B and HepG2 cells treated with 
higher concentration of sterigmatocystin was significantly inhibited, indicating that the proliferation of liver cancer cells was dose- 
dependently suppressed by sterigmatocystin treatment (Fig. 5E&F). In agreement with the findings mentioned earlier, western blot 
analysis demonstrated that CCNB1 expression peaked under high concentration of sterigmatocystin treatment (Fig. 5G&H). Moreover, 
the colony formation assay demonstrated a decrease in the number of clones formed by Hep3B and HepG2 cells following ster
igmatocystin treatment, indicating the ability of the cells to form clones was inhibited (Fig. 5I-L). Together, these data implied that 
sterigmatocystin can induce cell cycle arrest, prevents cell proliferation, and slow down colony formation in liver cancer cells. 

3.4. Sterigmatocystin inhibits the migration and invasion of liver cancer cells 

The roles of XIAP in driving the metastasis of hepatocellular carcinoma and bladder cancers has been elucidated [41–43]. To 
investigate whether sterigmatocystin has an impact on liver cancer cell migration and invasion, we treated Hep3B and HepG2 cells 
with different concentrations of sterigmatocystin to assess the migration and invasion capabilities of the liver cancer cells. As shown in 
Fig. 6A–D, the wound healing assay demonstrated that sterigmatocystin treatment could effectively inhibit cell migration. Notably, the 
migration capacity of liver cancer cells decreased significantly following sterigmatocystin treatment compared to the control group. In 
addition, the transwell invasion assay showed a remarkable decrease in the invasion ability of Hep3B and HepG2 cells following 
treatment with various concentrations of sterigmatocystin, resulting in a reduced number of cells entering the chamber. (Fig. 6E–H). In 
line with the above results, transcriptome assay and western blot analysis revealed that the metastasis-related protein MIIP (migration 
and invasion inhibitory protein) was downregulated while BCAS3 (Breast carcinoma amplified sequence 3) was upregulated 
(Fig. 6I–K). 

3.5. Sterigmatocystin exhibits a therapeutic effect on tumor growth 

To assess whether sterigmatocystin exhibits anti-tumor effects against hepatoma cells, as shown in Fig. 7A&B, sterigmatocystin 
treatment led to a decrease in cell viability in a dose-dependent manner. Based on the inhibitory ratio, the half-maximal inhibitory 
concentration (IC50) values of sterigmatocystin in Hep3B and HepG2 cells were approximately 35 and 60 μg/ml, respectively. 

In order to assess the safety of using sterigmatocystin in mice, we dissolved DMSO and sterigmatocystin in distilled water and 
administered it to mice orally for a duration of seven days. We observed that there was no pathological effect on the liver of normal 

Fig. 5. The effects of sterigmatocystin on cell cycle progression, cell proliferation and colony formation were examined. (A–D) Flow cytometric 
analysis of cell cycle in Hep3B (A&C) or HepG2 (B&D) cells after treatment with sterigmatocystin at concentrations of 0 μg/ml, 30 μg/ml, and 60 
μg/ml for 24 h (E&F) Cell counting kit 8 (CCK8) assay was performed in Hep3B (E) or HepG2 (F) cells after treatment with sterigmatocystin at 
concentrations of 0 μg/ml, 30 μg/ml, and 60 μg/ml for 24 h. Error bars represent data from three independent experiments (mean ± SD). *P < 0.05. 
(G&H) The protein expression levels of cylin B1 were detected by western blot in Hep3B (G) or HepG2 (H) cells after treatment with ster
igmatocystin at concentrations of 0 μg/ml, 30 μg/ml, and 60 μg/ml for 24 h. β-actin was used as loading control. (I–L) Colony formation assay was 
performed to detect the effect of sterigmatocystin on Hep3B (I&J) and HepG2 (K&L) cells. Error bars represent data from three independent ex
periments (mean ± SD). *P < 0.05. 
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nude mice after treatment with sterigmatocystin (Fig. 7C). To evaluate the potential anti-tumor properties of sterigmatocystin in vivo, 
nude mice with subcutaneous tumors were injected with DMSO and sterigmatocystin. The results illustrated in Fig. 7D displayed a 
significant suppression of tumor growth in HepG2 xenograft nude mice following sterigmatocystin treatment compared to the control 
group, as evident from changes in tumor size (Fig. 7E), tumor volume (Fig. 7F), and tumor weight (Fig. 7G). Taken together, these 
observations suggested that inhibition of XIAP by sterigmatocystin might contribute to the induction of apoptotic and autophagic cell 
death in liver cancer cells (Fig. 7H). 

4. Discussion 

Liver cancer ranks the top five most common malignant tumors with poor prognosis [1]. Due to lack of early detection methods, 
most of the patients diagnosed with liver cancer have entered the advanced stage of tumors. In addition, due to lack of effective drugs, 
the poor effect of surgical treatment, combined with the recurrence, metastasis, and postoperative infection, the patients often have 
low five-year survival rate after receiving formal professional treatment. After the surgical operation, chemotherapy is usually used to 
prolong the survival period of the patients. But traditional chemical treatment has low clinical effect and often leads to obvious serious 
side effects. Moreover, many patients use these drugs for a long time, which is very easy to produce drug resistance and affects the 
therapeutic effect. Therefore, it is crucial to explore the mechanisms of liver cancer and develop new anti-cancer drugs that are both 
more efficient and have fewer side effects. 

With the continuous search for anti-cancer drugs, more than 170 small molecular compounds have been found in human beings, 
and more than 130 are natural. More than 60 compounds are fungal extracts, which play a crucial role in inhibiting cell proliferation 
and enhancing apoptosis, and they possess a remarkably stable chemical structure and exhibit unique molecular activity. Ster
igmatocystin, a fungal metabolite, has been identified as capable of inducing cytochrome C release and promoting apoptosis in U2OS 
and MG63 osteosarcoma cell lines [36]. The potential of sterigmatocystin to suppress liver cancer cells proliferation, induce apoptosis, 
and uncover the underlying mechanism remains to be explored. Our research found that it can inhibit liver cancer cells proliferation 
and migration, as well as inhibition of tumor growth. However, because the sample size used in animal experiments is small, it is 
necessary to enlarge the sample content in the follow-up study to detect the therapeutic effects of sterigmatocystin. In addition, the 
safety of the drug needs to be evaluated. Finally, the increased expression of anti-apoptotic proteins in cancer treatment can lead to 
increased resistance. Therefore, it is expected that by specifically targeting and inhibiting these proteins, the effectiveness of 
chemotherapy will be improved [44]. Our study demonstrated that sterigmatocystin can downregulate XIAP expression, whether it 
can lower drug resistance, and whether it can be combined with chemotherapy drugs to improve the effect of chemotherapy are worth 
further research. 

Apoptosis is a strictly regulated process of programmed cell death, which is directly or indirectly related to the occurrence of 
various diseases. For example, autoimmune diseases, and so on, many factors that can induce apoptosis, such as radiation, drugs, etc. 
Caspases are recognized to have a crucial function in the process of apoptosis. They are categorized into initiator and effector caspases, 
which play important roles in the upstream and downstream of death signal transduction respectively. XIAP is known to interact with 
and degrade both initiator and effector caspases, thereby contributing to the inhibition of apoptosis. Through transcriptome analysis, 
we found that sterigmatocystin can lower the transcription level of XIAP, thus improving the level of cleaved caspase and promoting 
apoptosis. However, there are limitations in this study that should be acknowledged. At first, the efficacy and safety of new drugs 
should be extendly examined. Second, it is important to investigate whether sterigmatocystin has an effect on chemoresistance and 
whether it can improve the effectiveness of other chemotherapy drugs in combination usage. Morever, it is crucial to emphasize that 
this research does not include any clinical experimental data. Also, a mouse model of peritoneal implantation of liver cancer should be 
further conducted to detect invasion and metastasis, thus providing a solid scientific basis for clinical treatment. Lastly, XIAP has been 
shown to be involved in autophagy regulation and its role in autophagy depends on cell type and cellular content, therefore, additional 
investigations are warranted to explore the roles of sterigmatocystin in autophagy regulation in other types of cancer cells. 
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Fig. 6. Sterigmatocystin treatment inhibits cell migration and invasion of liver cancer cells. (A–D) Wound-healing assay was performed to measure 
the migration of hepatoma cells with sterigmatocystin treatment as indicated concentration and time. The wound edges are marked by black lines (A 
and C). The wound closure percentage is shown (B and D). The results represent the mean ± SEM of triplicate experiments. *P < 0.05. (E–H) The 
effect of sterigmatocystin on cell invasion was measured in Hep3B (E) or HepG2 (G) cells by Matrigel transwell assays. The quantitative results are 
shown in (F) and (H) respectively. The results represent the standard deviation (SD) of triplicate experiments. *P < 0.05; **P < 0.01. (I) The 
expression of MIIP and BCAS3 in transcriptome analysis was shown. (J&K) The protein expression levels of BCAS3 and MIIP were detected by 
western blot in HepG2 (J) or Hep3B (K) cells after treatment with sterigmatocystin at concentrations of 0 μg/ml, 30 μg/ml, and 60 μg/ml for 24 h. 
β-actin was used as loading control. 
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