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ARTICLE INFO ABSTRACT

Cancer represents a significant disease that profoundly impacts human health and longevity.
Projections indicate a 47% increase in the global cancer burden by 2040 compared to 2020,
accompanied by a further rise in the associated economic burden. Consequently, there is an
urgent need to discover and develop new alternative drugs to mitigate the global impact of
cancer. Natural products (NPs) play a crucial role in the identification and development of an-
ticancer therapeutics. This study identified ustusolate E (UE) and its analog 11a-hydroxy-us-
tusolate E (HUE) from strain Aspergillus calidoustus TJ403-EL05, and examined their antitu-
Ustusolate E mor activities and mechanisms of action. The findings demonstrate that both compounds sig-
11a-Hydroxy-ustusolate E nificantly inhibited the proliferation and colony formation of AGS (human gastric cancer cells)
Cancer and 786-0 (human renal clear cell carcinoma cells), induced irreversible DNA damage,
PI3K/AKT/mTOR pathway blocked the cell cycle at the G,/M phase, and further induced apoptosis in tumor cells. To the
p-53 Pathway best of the authors’ knowledge, this is the first report on the anticancer effects of UE and HUE
and their underlying mechanisms. The present study suggests that HUE and UE could serve as
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lead compounds for the development of novel anticancer drugs.

1. Introduction

Cancer is a significant global public health challenge and one
of the primary medical concerns to be addressed in the current
century. According to the World Health Organization (WHO) es-
timates in 2019, cancer is the leading or second leading cause of
death before the age of 70 in 112 countries '. The global cancer
burden is projected to increase by 47% by 2040 compared to
2020 ', further underscoring the escalating global burden of can-
cer. Gastric cancer (GC) is a common malignant tumor, reported
to be the fifth most prevalent cancer and the fourth leading cause
of cancer-related deaths globally “* In contrast, kidney cancer
(KC) exhibited an incidence of 431,288 new cases globally in
2020 . Histologically, renal cell carcinoma (RCC) accounts for the
vast majority (90%) of KC cases °. The incidence of KC exhibits
gender dimorphism, with a higher prevalence in male popula-
tions. with KC being the 9th most common cancer among males
and the 14th most common cancer among females '. Like most
cancers, the development of GC and RC is multifactorial and long-
lasting. Early-stage GC is underdiagnosed and more difficult to
discover, which leads to the majority of patients being diagnosed
only in the late stages of GC. This further contributes to the high
mortality rate of GC. Conversely, more than 70% of RCC cases are
incidentally diagnosed at the time of examination, with the re-
maining 30% presenting with advanced disease or metastases *.
Cancer is a heterogeneous disease characterized by the dysregu-

* Corresponding author.
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lation of multiple signaling pathways, leading to its complex mo-
lecular biology. This, in turn, affects cancer response to therapy
and patient survival. While recognized and druggable targets ex-
ist, these targets are prone to mutation, and drug resistance is a
common occurrence, rendering treatment efficacy unpredictable.
Consequently, drugs with novel mechanisms of action are ur-
gently needed as alternatives to mitigate the significant econom-
ic burden of cancer treatment globally.

The PI3K/AKT/mTOR signaling pathway regulates numer-
ous cellular processes, including metabolism, motility, prolifera-
tion, growth, and survival. This pathway is among the most fre-
quently dysregulated in human cancer °. Hyperactivation of the
PI3K/AKT/mTOR pathway contributes to the expression of vari-
ous hallmarks of cancer, such as evasion of apoptosis, induction
of angiogenesis, tissue invasion and metastasis, and insensitivity
to antigrowth signals ®’. Therefore, this signaling cascade is con-
sidered a crucial target for the development of novel anti-cancer
therapies.

The tumor suppressor protein p-53 is frequently absent or
mutated in a significant proportion of cancers, estimated to be
nearly half of all cases *°. When cells encounter stressors such as
viral infection or DNA damage, p-53 becomes activated and binds
to chromatin, initiating the transcription of downstream target
genes to execute its tumor suppressive functions. These tumor-
suppressive mechanisms are achieved through pathways such as
cell cycle arrest and DNA repair '’. Cell cycle checkpoints serve to
monitor DNA replication during cell division. In the presence of
irreparable DNA damage, these checkpoints can lead to cell cycle
arrest and subsequent apoptosis ''. Consequently, drugs target-
ing cell cycle-associated kinases or cell cycle checkpoints play a

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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crucial role in the treatment of various cancers and demonstrate
promising prospects for further development.

Natural products (NPs) have played a highly significant role
in the discovery and development of anticancer drugs ***. Bicyc-
lic sesquiterpenoids with a drimane skeleton represent a relat-
ively minor group of NPs that are widely found in plants, geo-
phytes, fungi, and some marine organisms, exhibiting diverse
biological activities '°, such as relieving metabolic syndrome and
demonstrating antitumor potential '°. During a program aimed at
discovering compounds with antitumor activity from an in-house
NP library, two drimane sesquiterpenoids isolated from strain A.
calidoustus T]J403-ELO5 were identified as ustusolate E (UE) and
11a-hydroxy-ustusolate E (HUE), and were found to exhibit
promising antitumor activity against AGS and 786-0 cell lines .
Mechanistic research revealed that both compounds could signi-
ficantly inhibit the proliferation and colony formation of AGS and
786-0 cells, arrest the cell cycle at the G,/M phase, and further
induce apoptosis. These findings suggest that compounds HUE
and UE could serve as lead compounds for the development of
anti-GC therapeutics.

2. Materials and Methods

2.1. Fungal Material

Strain A. calidoustus TJ403-EL05 was isolated from wetland
soil collected at East Lake, Wuhan City, Hubei Province, China, in
July 2018 ™. For identification purposes, the strain was cultured
on potato dextrose agar (PDA) at 26 °C for seven days in an in-
cubator. Afterward, the strain was identified based on morpholo-
gical analysis and internal transcribed spacer (ITS) sequencing
data of the rDNA. The ITS sequence data have been deposited in
GenBank (accession number OM283555). The fungal sample was
preserved at the culture collection center of Tongji Medical Col-
lege, Huazhong University of Science and Technology.

2.2. Extraction and Isolation of UE and HUE

The fungal strain A. calidoustus TJ403-EL0O5 was cultured on
PDA at 26 °C to prepare the seed cultures. Subsequently, the agar
plugs were cut into smaller pieces and inoculated into 240 Erlen-
meyer flasks (1 L), each containing 250 g of rice and 200 mL of
distilled water, which were then sterilized by autoclaving. After
incubation at 26 °C for 30 d, the fermented rice substrate was col-
lected and extracted eight times with ethyl acetate at room tem-
perature, yielding a crude extract (453 g). This extract was sub-
jected to silica gel column chromatography, eluted with a gradi-
ent of petroleum ether and ethyl acetate (30:1, 20:1, 10:1, 5:1,
2:1, 1:1, and 0:1, V/V), resulting in six major fractions (A-F).
Fraction F (3.3 g) was further purified by reverse-phase liquid
chromatography (RP-C;g CC) using a methanol-water gradient
(20%-100%) to afford five main fractions (F1-F5). Fraction F4
(523.4 mg) was then purified by semi-preparative high-perform-
ance liquid chromatography (HPLC) using an acetonitrile-water
mobile phase (60:40, V/V; 2.0 mL-min™") to provide the com-
pounds UE (8.4 mg, tz = 35 min) and HUE (10.8 mg, t; = 28 min).
Compounds UE and HUE were stored at -20 °C and prepared
from powder into a solution of the desired concentration before
administration.

2.3. Cell Lines and Cell Culture

The AGS and 786-0 cell lines were obtained from Procell
(Wuhan, China). Both cell lines were maintained in DMEM/F12
medium supplemented with 10% fetal bovine serum (FBS) and
incubated at 37 °C in a humidified environment with 5% CO,.

347

Chinese Journal of Natural Medicines 23 (2025) 346-353

2.4. Cell Viability Assay

Cell viability was assessed through the CCK-8 assay (Target-
Mol Chemicals, USA). Cells were seeded in 96-well plates at a
density of 2000 cells per well. The following day, the cells under-
went treatment with varying concentration gradients. After 48 h,
10 pL of CCK-8 reagent was added to each well, and the cells
were co-cultured for an additional 2-3 h. Finally, the absorbance
values at 450 nm were measured using a microplate reader *°.

2.5. Western Blotting (WB) Assay

Cell and tumor samples were collected and lysed in RIPA lys-
is buffer (Beyotime, Shanghai, China) supplemented with phenyl-
methylsulfonyl fluoride (PMSF, Beyotime, Shanghai, China) and
phosphatase inhibitors (Vazyme, Nanjing, China). Protein concen-
trations were determined using a bicinchoninic acid (BCA) pro-
tein quantification kit (Beyotime, Shanghai, China). Equal
amounts of protein from cell lysates were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
separation and transferred to nitrocellulose (NC) membranes.
The membranes were blocked for 2 h at room temperature and
incubated with primary antibodies overnight at 4°C. The primary
antibodies used for immunoblotting are described in Table S1. Fi-
nally, the membranes were visualized using the Odyssey® CLx
Imaging System (LI-COR) *’.

2.6. Apoptosis

Apoptosis was evaluated using the FITC Annexin V and PI Ap-
optosis Kit (ABP Biosciences, Wuhan, China), following the manu-
facturer's instructions. The proportion of FITC-positive cells was
determined by flow cytometry (Becton Dickinson, CA, USA). Ap-
optosis analysis was conducted using Flow]Jo software version *'.

2.7. Cell Cycle Analysis

Cells were treated with vehicle control (DMSO, < 0.1%) or the
compounds, then harvested and fixed in 70% ethanol for 12-14 h
at 4 °C. After washing with cold PBS three times, the cells were
resuspended in 200 pL of PI/Triton X-100 staining solution. Data
were acquired using a flow cytometer (Becton Dickinson, CA,
USA). The cell cycle distribution was determined using FlowJo
software.

2.8. RNA Sequencing

Three biological replicates from the control (NC), HUE-
treated (THUE), and UE-treated (TUE) groups were sequenced
using the BGISEQ platform. Normalization and differential ex-
pression analysis were performed using the DESeq2 algorithm,
with the following criteria applied: fold change greater than 1.5,
P-value less than 0.05, and false discovery rate (FDR) less than
0.05. Detailed information on the differentially expressed genes
(DEGs) identified by RNA-sequencing will be provided in the sup-
plementary Tables S2 and S3. Visualization of the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrichment ana-
lyses and Gene Annotation and Enrichment Analysis (GAEA) was
achieved using the BGI Dr. Tom platform (https://biosys.
bgi.com/).

2.9. Reverse Transcription Quantitative Polymerase Chain Reac-
tion (RT-qPCR)

Total cellular RNA was isolated using TRIzol™ Reagent
(Thermo Fisher, USA, Cat: 15596026), and complementary DNA
(cDNA) was synthesized using HiScript® II Q RT SuperMix for
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qPCR (Vazyme, China, Cat: R223-01). SYBR Green qPCR Mix was
purchased from Biosharp (Biosharp, China, Cat: BL698A). The
primers employed are presented in Table S4.

2.10. Statistical Analysis

Data analysis was performed using GraphPad Prism 8 soft-
ware. Statistical comparisons between the control and treatment
groups were conducted. The results are expressed as mean *
standard deviation or standard error of the mean. One-way ana-
lysis of variance (ANOVA) was performed using GraphPad Prism
8.0, and differences were considered statistically significant at
'P<0.05;"P<0.01;""P<0.005 ""P<0.001.

Additional details regarding the materials and methods em-
ployed in this study are provided in the supplementary informa-

tion.
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3. Results

3.1. UE and HUE Inhibited the Proliferation of AGS GC and 786-0
RCC Cell Lines

UE and its analog HUE are two drimane sesquiterpenoids
(Fig. 1A). Previous studies have examined the antitumor activit-
ies of UE and HUE, on tumor cell lines such as AGS (gastric can-
cer), 786-0 (renal cancer), SW480 (colorectal cancer), and HL-60
(leukemia). The results indicated that UE and HUE exhibited sig-
nificant antitumor effects against the GC cell line AGS and the ren-
al cancer cell line 786-0, with the anti-tumor impact on GC being
particularly pronounced (Fig. 1B). The half-maximal inhibitory
concentration (ICsg) values of UE for AGS and 786-0 cells were
2.795 and 14.73 pumol-L™", respectively. The ICs, values of HUE in
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Fig. 1 UE and HUE inhibited the proliferation of AGS and 786-0. (A) Structures of UE and HUE. (B) Growth inhibition curves of UE and HUE on AGS and 786-0 at 48 h. The
data are presented as the mean * SEM of three replicates. (C) AGS and 786-0 were treated with UE (6, 12 pmol-L™") and HUE (4, 8 umol-L™") and stained with crystal violet
one week later. (D) Changes in cell morphology on AGS and 786-0 with different concentrations of UE and HUE treatment, scale bar = 100 pm.
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AGS and 786-0 cells were 3.365 and 11.31 pmol-L™, respectively.
The colony formation assay results demonstrated that both UE
and HUE inhibited colony formation in a dose-dependent man-
ner, with the analog HUE being more effective than UE in this re-
gard (Fig. 1C). Microscopic observations further revealed that
AGS cells treated with UE and HUE began to exhibit apoptosis at 2
umol-L™, and nearly all cells were apoptotic at 16 pmol-L™" (Fig.
1D). These findings suggest that UE and its analog HUE inhibited
the proliferation of AGS and 786-0 cells.

3.2. UE and HUE Inhibited the PI3K/AKT/mTOR Signaling Pathway

This study explored the effects of the compounds UE and its
hydroxylated derivative (HUE) on the transcriptome of AGS cells.
AGS cells were treated with UE (4 pmol-L™") and HUE (3
umol-L™"), and RNA was isolated after 24 h for RNA sequencing
analysis. The results revealed that, when applying a fold change
(FC) = 1.5 and Q-value < 0.05, the HUE-treated group (THUE)
differed from the control group (NC) in the expression of 142
genes, with 96 upregulated and 46 downregulated (Fig. 2A). TUE
differed from NC in the expression of 22 genes, with 16 upregu-

<

lated and 6 downregulated (Fig. 2B). Mechanistic studies relied
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more on the THUE group because the two compounds had the
same skeleton and THUE vs NC screened for more DEGs. Next,
DEGs were subjected to functional enrichment analysis. KEGG
pathway enrichment analysis showed that DEGs in the THUE
group were significantly enriched in the focal adhesion,
PI3K/AKT/mTOR signaling, and cell cycle pathways (Fig. 2C),
while the DEGs in the TUE group were significantly enriched in
cytokine-cytokine receptor interactions (Fig. 2D). Further invest-
igation showed that HUE and UE did not affect focal adhesion, as
indicated by the wound-healing assay results (Fig. S1). This find-
ing suggests that HUE and UE do not affect focal adhesion. The
PI3K/AKT/mTOR signaling pathway is a highly conserved major
transduction network in all higher eukaryotic cells that promotes
cell survival, growth and proliferation in response to external
stimuli ***, To confirm the effect of HUE and UE on the PI3K/AKT
signaling pathway, AGS and 786-0 cell lines were treated with
HUE and UE, and the expression of p-PI3K, p-AKT, and p-mTOR
was detected by Western blotting after 48 h. The results showed
that p-PI3K, p-AKT, and p-mTOR appeared differentially down-
regulated after HUE and UE treatments compared to PI3K, AKT,
and mTOR. This indicates that HUE and UE inhibited cancer cell
proliferation by suppressing the PI3K/AKT/mTOR signaling
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Fig. 2 UE and HUE inhibited the PI3K/AKT/mTOR signaling pathway. (A-B) Visualization of differential genes by volcano plot of AGS cells treated with HUE (3 pumol-L™, A)
and UE (4 pmol-L™, B) for 24 h. Red points for up-regulated genes, green for down-regulated genes, and grey for unchanged genes (|log, FoldChange|> 1.5, P < 0.05). (C-D)
Enrichment plots of DEGs on KEGG pathway in AGS cells treated with HUE (4 umol-L™", C) and UE (8 umol-L™", D) for 24 h. (E) Protein level of PI3K/AKT/mTOR pathway by

Western blotting at 48 h.ing at 48 h.
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pathway (Fig. 2E).

3.3. UE and HUE Led to DNA Damage and Activated the p-53 Sig-
naling Pathway

To further investigate the effects of HUE and UE on down-
stream signaling pathways, a Gene Set Enrichment Analysis
(GSEA) was performed. The results indicated that the p-53 path-
way was activated following HUE and UE treatment (Figs.
3A-3B). To examine the changes in transcriptional levels of p-53
pathway-related genes, RT-qPCR was conducted. The analysis re-
vealed upregulation of 14-3-3-0, ATR, CHK1, and p21, which are
associated with the p-53 pathway (Figs. 3C-3D), suggesting the
presence of DNA damage. To verify this, DNA damage-related

Chinese Journal of Natural Medicines 23 (2025) 346-353

proteins were detected using Western blotting. The results
showed an increase in y-H2AX protein expression after drug ad-
ministration, indicating the occurrence of DNA damage. Further
examination of DNA damage checkpoint-related proteins re-
vealed upregulation of p-ATM, p-ATR, and p-CHK1, suggesting ac-
tivation of DNA damage checkpoints. Concurrently, p-CDC2 pro-
tein expression was downregulated, implying a potential G,/M

cell cycle arrest (Fig. 3E).
3.4. UE and HUE Induce G,/M Cell Cycle Arrest
The RNA-seq (Figs. 2C-2D) and Western blotting results (Fig.

3E) suggest that UE and its analog HUE may induce cell cycle ar-
rest. To further investigate this, the cell cycle was examined by
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Fig. 3 UE and HUE led to DNA damage and activated the p-53 signaling pathway. (A-B) GSEA enrichment plots of DEGs on the p53 pathway in AGS cells treated with HUE (4
pmol-L™, A) and UE (8 umol-L™, B) for 24 h. (C-D) AGS and 786-0 were treated with HUE (C) and UE (D] for 48 h and then RT-qPCR was used to detect the level of p53 path-

way-related genes. The data are presented as the mean + SEM of three replicates. P < 0.05; P < 0.01;

by Western blotting at 48 h.
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flow cytometry (Figs 4A-4B). VP16 (5 pmol-L™) served as a posit-
ive control. The findings showed an increase in the G,/M phase
and a decrease in the S phase and G,/G; phase, indicating G,/M
phase arrest after administration (Figs. 4C-4D). Western blotting
analysis of cell cycle-related proteins revealed that CDK1 and
Cyclin B1 were significantly downregulated, while CDK2, Cyclin
A2, CDK4, and Cyclin D1 exhibited no significant changes (Fig.
4E). Since the CDK1 and Cyclin B1 complex promotes the trans-
ition from the premitotic phase to mitosis, the downregulation of
these proteins suggests that the cells are unable to enter mitosis,
resulting in cell cycle arrest.

3.5. UE and HUE-Induced Apoptosis

Previous research has established that apoptosis, or pro-
grammed cell death, is often induced subsequent to the onset of
cell cycle arrest. Therefore, this study further examined the in-
duction of apoptosis. The GSEA results indicated that genes asso-
ciated with apoptotic processes appeared to be upregulated (Figs.
5A-5B). Flow cytometry analysis revealed that the compounds
UE and its analog HUE induced significant apoptosis (Fig. 5C),
with the effects comparable to the positive control drug doxoru-
bicin (DOX) at a concentration of 1 pmol-L™" (Figs. 5D-5E).
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The findings indicated that, in addition to inducing cell cycle
arrest, UE and its hydrogenated derivative (HUE) further pro-
moted apoptosis and inhibited cancer cell proliferation (Fig. 5F).
UE and HUE caused irreversible DNA damage in tumor cells, lead-
ing to the activation of the downstream DNA damage checkpoint
ATM/ATR. The activated ATM/ATR then stimulated p53 and
Chk1/Chk2, both of which inhibited CDC2 and Cyclin B, thereby
blocking the tumor cells in the G,/M phase. Concurrently, UE and
HUE suppressed the PI3K/AKT/mTOR signaling pathway. Col-
lectively, these mechanisms promoted apoptosis in the tumor
cells.

4. Discussion

NPs and their analogs have demonstrated potent antitumor
activity, making significant contributions to cancer therapeu-
tics °. Compounds UE and HUE *, derived from secondary meta-
bolites of the wetland soil-derived fungus A. calidoustus T]403-
ELO5, have been obtained . This suggests that HUE may also pos-
sess certain antitumor properties. Previous research has shown
that HUE exhibited varying degrees of antitumor activity against
arange of tumor cell lines, including AGS, 786-0, SW480, and HL-
60 cells, with particularly notable effects on AGS and 786-0 cells.
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Fig. 4 UE and HUE caused G,/M cell cycle arrest. (A-B) Flow cytometry was performed to detect UE- and HUE-induced cell cycle arrest in AGS cells (A) and 786-0 cells (B)
at 24 h. (C-D) Quantification of cell ratios at each phase of the cell cycle using GraphPad Prism 8 software. The data are presented as the mean * SEM of three replicates. P <
0.01; P<0.005; P <0.001. (E) Protein level of cell cycle-related protein by Western blotting at 48 h.
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ism of UE and HUE.

Integrating the results from the cell proliferation inhibition assay
and colony formation assay, it can be concluded that HUE
presents superior antitumor activity.

The PI3K/AKT/mTOR signaling pathway is a highly con-
served signal transduction network in eukaryotic cells that pro-
motes cellular survival, growth, and proliferation *’. As one of the
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most frequently activated pathways in cancer *°, the

PI3K/AKT/mTOR cascade is a critical target for cancer therapeut-
ics. This study's findings indicate that UE and its hydroxylated de-
rivative (HUE) inhibit the PI3K/AKT pathway, leading to cellular
apoptosis and the observed anticancer effects.

The p-53 gene regulates multiple components of the DNA
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damage control response and promotes cellular senescen-
ce ». Exposures such as ultraviolet light, radiation, and certain
medications can induce DNA damage. In response, cells possess
DNA damage response (DDR) pathways and DNA repair proteins
to address this damage *°. Unrepaired DNA damage can promote
cellular dysfunction *'. Cell death pathways, such as apoptosis,
play a central role in this process. The p-53 protein is a key factor
in this mechanism, and high levels of DNA damage induce sus-
tained p53 activation. The results of this study demonstrated that
DNA damage checkpoint proteins, including ATM, ATR, and
CHK1, were activated following UE and HUE treatments, leading
to sustained p53 activation.

Mild DNA damage can be repaired with or without cell cycle
arrest, while severe or irreparable damage leads to cell death *,
Therefore, this study tested whether cell cycle arrest occurred
after UE and HUE treatment, using VP16 as a positive control.
VP16 is a semi-synthetic derivative of podophyllotoxin that inhib-
its DNA synthesis by inhibiting topoisomerase II activity, thereby
enhancing double- and single-stranded cleavage of DNA and re-
versibly inhibiting topoisomerase II-bound repair *. The results
indicate a significant increase in G,/M phase cells after UE and
HUE treatment, suggesting the occurrence of cell cycle arrest.
Correspondingly, apoptosis was further detected, demonstrating
that UE and HUE could cause significant apoptosis. Conversely,
the positive control VP16 (5 umol-L™) failed to produce signific-
ant cell cycle arrest in 786-0 cells, which may be due to the cell
line’s relative insensitivity to VP16. The literature widely reports
that VP16 has different ICs, values for different tumor cell lines **,
a phenomenon not discussed in depth here *, andthis phe-
nomenon will not be discussed in depth here.

In summary, UE- and HUE-induced irreversible DNA damage
arrested the cell cycle at the G,/M phase by regulating the
PI3K/AKT/mTOR and p-53 pathways, further inhibiting prolifer-
ation and inducing apoptosis in cancer cell lines. In conclusion,
UE and HUE demonstrate the potential as lead compounds for the
development of anticancer therapeutics.
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