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ABSTRACT

KEYWORDS

Objective: Erianin has potential anticancer activities, especially against lung cancer. The specific mechanisms underlying the anti-
cancer effects, including the molecular targets and signaling pathways in lung cancer, remain poorly understood and necessitate
further investigation.

Methods: Lung cancer cell viability was evaluated using the CCK-8 assay. Flow cytometry was used to examine the effects of erianin
on apoptosis and cell cycle progression. mRNA sequencing and metabolomics analysis were utilized to explore erianin-induced
biological changes. Potential targets were identified and validated through molecular docking and Western blot analysis. The roles of
mammalian target of rapamycin (mTOR) and carbamoyl-phosphate synthetase/aspartate transcarbamylase/dihydroorotase (CAD)
in erianin-induced growth inhibition were studied using gene overexpression/knockdown techniques with uridine and aspartate
supplementation confirming pyrimidine metabolism involvement. Additionally, lung cancer-bearing nude mouse models were
established to evaluate the anti-lung cancer effects of erianin in vivo.

Results: Erianin significantly inhibits the proliferation of lung cancer cells, induces apoptosis, and causes G,/M phase cell cycle
arrest. Integrative analysis of mRNA sequencing and metabolomics data demonstrated that erianin disrupts pyrimidine metabolism
in lung cancer cells. Notably, uridine supplementation mitigated the inhibitory effects of erianin, establishing a connection between
pyrimidine metabolism and anticancer activity. Network pharmacology analyses identified mTOR as a key target of erianin. Erianin
inhibited mTOR phosphorylation, thereby blocking downstream effectors (S6K and CAD), which are essential regulators of
pyrimidine metabolism.

Conclusions: Erianin is a promising therapeutic candidate for lung cancer. Erianin likely inhibits lung cancer cell growth by
disrupting pyrimidine metabolism by suppressing mTOR activation.

Erianin; anti-cancer property; lung cancer; mTOR; pyrimidine metabolism

Introduction

Lung cancer is one of the most prevalent and lethal cancers
worldwide!®. Non-small cell lung cancer (NSCLC) repre-

sents approximately 85% of lung cancer cases, encompassing

subtypes, such as adenocarcinoma and squamous cell
carcinoma®. Treatment options for lung cancer include sur-
gery, radiation therapy, chemotherapy, targeted therapy, and
immunotherapy with surgical resection being the most effec-
tive treatment for early-stage cases®”. Unfortunately, many

lung cancer patients are diagnosed in advanced stages, which
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limits the effectiveness of conventional treatments. Platinum-

based chemotherapy has been the standard for advanced lung
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cancer but is associated with severe toxic side effects and the
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due to the multitargeted mechanisms and relatively low toxic-
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an active ingredient extracted from Dendrobium chrysotoxum
Lindl. that has been shown to have anticancer activity in vari-
ous types of cancer. Our previous studies highlighted the sig-
nificant anti-cancer effects of erianin in lung cancer cells'""12,
which has prompted further investigation into the anti-lung
cancer activity and underlying mechanisms.

One critical aspect of tumor cell proliferation is the biosyn-
thesis of deoxyribonucleotides and ribonucleotides, which are
essential for DNA and RNA synthesis. The de novo synthesis of
pyrimidines is a key source of these nucleotides. Recent studies
indicated that reprogramming of pyrimidine metabolism has a
significant role in cancer progression and may represent a targ-
etable vulnerability in cancer therapy!'®!4. The initial three steps
of pyrimidine biosynthesis are catalyzed by CAD, a trifunctional
enzyme with carbamoyl-phosphate synthetase, aspartate tran-
scarbamylase, and dihydroorotase activities'®. Dysregulation of
CAD has been demonstrated in cancer and is related to poor
clinical outcomes!®. CAD activation occurs via mTOR through
S6K-mediated phosphorylation at the S1859 site, promoting
pyrimidine synthesis and cell cycle progression!”!8. The mTOR
pathway is a crucial signaling network that regulates cell growth,
proliferation, and metabolism!'*?. In cancer cells the mTOR
pathway is often hyperactivated, resulting in uncontrolled
growth, enhanced protein synthesis, angiogenesis, and thera-
peutic resistance?!. Given the central role of the mMTOR pathway
in cancer biology, targeting the dysregulated mTOR pathway
has emerged as a potential therapeutic strategy?*?. Drugs that
inhibit mTOR signaling, such as temsirolimus®® and everoli-

mu527,28

, are currently under investigation in clinical practice
and have shown promise in some cancer types.

In the current study transcriptome sequencing and metab-
olomics analyses provided compelling evidence that erianin
exerts anticancer effects by modulating pyrimidine metabo-
lism. Erianin targets mTOR and downregulates the mTOR-
S6K-CAD signaling pathway, thereby modulating pyrimidine
metabolism in lung cancer cells and subsequently suppressing
growth. These findings highlight the potential of erianin as a
therapeutic agent for lung cancer treatment and offer valuable

insights into the molecular mechanisms of action.
Materials and methods
Materials

The cell lines used in this study [NCI-H460 (H460) and NCI-
H1299 (H1299)] were obtained from the American Type
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Culture Collection [ATCC] (Manassas, VA, USA) and cultured
in RPMI-1640 (Shanghai BasalMedia Technologies Co., Ltd,
Shanghai, China) supplemented with 10% FBS (BIOVISTECH
PTY. LTD,, Sydney, Australia) in a 5% CO, cell culture incu-
bator at 37°C. Erianin was obtained from Shanghaiyuanye
Bio-Technology Co., Ltd. (Shanghai, China). Uridine and
rapamycin were sourced from Shanghai Zeye Biotechnology
Co., Ltd. (Shanghai, China). L-aspartic acid was obtained from
Shanghai Canspec Scientific Instruments Co., Ltd. (Shanghai,
China) and 3BDO (Shanghai, China).

Cell counting kit-8 (CCK-8) analysis

Cell viability was determined using a CCK-8 kit (Sigma-
Aldrich, St. Louis, MO, USA). H460 and H1299 cells were
seeded in 96-well plates at a density of 2 x 10* cells per well.
After a 24-h incubation to allow for cell adhesion and growth,
erianin was added to the wells at concentrations of 200, 100,
50, 25, 12.5, and 0 nM with the latter serving as the control
representing no erianin treatment. Following a 24-h incu-
bation, the culture medium (RPMI-1640) was replaced with
fresh serum-free RPMI-1640 containing 10% CCK-8 solution.
After an additional 4-h incubation with the CCK-8 solution,
the absorbance of each well was measured at a wavelength of

450 nm using a microplate reader.

Apoptosis and cell cycle analysis by flow
cytometry

The Annexin V-FITC (Yeasen Biotechnology (Shanghai)
Co., Ltd., Shanghai, China) was utilized for apoptosis detec-
tion. Cell cycle experiments used the Cell cycle analysis
kit [MULTISCIENCES (LIANKE) BIOTECH, CO., LTD,
Hangzhou, China], which facilitated analysis of the cell cycle
distribution. Following treatment, the cells were prepared and
stained with the provided reagents from the kits per the man-
ufacturer’s instructions. Flow cytometry analysis was then per-

formed on the stained cells using a flow cytometer.

Transcriptome sequencing and metabolomic
analysis

RNA-seq analysis was carried out by Lianchuan Biological
Information Technology Co., Ltd. (Hangzhou, China).
RNA was extracted from both the erianin-treated and con-

trol groups after 24 h and transcriptome sequencing was
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performed on the samples. Metabolomics analysis was per-
formed by Wuhan Maiteville Biotechnology Co., Ltd. (Wuhan,
China). The metabolome profiling utilized UPLC-Q-TOF-MS
technology to analyze the differential metabolites between
erianin-treated and untreated samples. Integrative analysis of
the transcriptome sequencing and metabolomics results was
performed using the MetaboAnalyst online tool (https://www.

metaboanalyst.ca/).
Bioinformatic analysis

The putative targets of erianin were identified using the
SwissTarget online tool (http://swisstargetprediction.ch/)
based on the chemical structure of the compound, while
potential therapeutic targets associated with lung cancer were
sourced from the OMIM database. Pan-cancer analysis of
mTOR expression was conducted using the Oncomine data-
base. The UALCAN database was utilized to determine mTOR
expression across different stages of cancer development. The
Human Protein Atlas (HPA) database provided validation of
the levels of mTOR protein expression in normal and lung
cancer tissues. Molecular docking and dynamics simulations
were performed to validate mTOR as a target of erianin.
Crystal structures of mTOR were obtained from the Protein
Data Bank (PDB) and utilized as initial configurations for the
docking studies. The structure of erianin was obtained from
PubChem. Protein and ligand preparation for molecular dock-

ing were conducted using the induced fit docking method.

Knockdown of CAD and overexpression of
mTOR

CADknockdowninlungcancer cellswasaccomplished through
transient transfection with shRNA-CAD using Lipofectamine
2,000 (Invitrogen, Waltham, MA, USA), a widely used trans-
fection reagent. The specific sSiRNA sequence utilized in this
study was 5-GCATATACGATACAAGGCTGTTAGAG-3'.
Conversely, mTOR was overexpressed in lung cancer cells

using an mTOR plasmid and Lipofectamine 2,000.
Western blot

Total protein was extracted from tissues or cells using a pro-
tein extraction buffer and the protein concentration was deter-
mined using a BCA protein assay kit (Beyotime, Shanghai,

China) following the manufacturer’s instructions. The proteins
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were subsequently separated by SDS-PAGE on a 10% poly-
acrylamide gel. The separated proteins were then transferred
onto a PVDF membrane, which was subsequently incubated
overnight with specific primary antibodies targeting the pro-
tein of interest. After washing to remove unbound antibodies,
the membrane was incubated with a secondary antibody con-
jugated to an enzyme or fluorophore for 1.5 h. Protein bands
on the PVDF membrane were visualized using an enhanced
chemiluminescence reaget (New Cell & Molecular Biotech
Co., Ltd., Suzhou, China) and captured with an exposure
meter equipped with a chemiluminescence imaging system
(BIO-RAD, California, USA).

Colony-formation assay

The cells were seeded at a density of 4,000 cells/6 cm dish and
treated with erianin by replacing the culture medium with
erianin-containing medium every 2 days for approximately
2 weeks. After colony formation the cells were fixed with 4%
fixative solution and stained with 0.1% crystal violet solution.
The colonies, visible as distinct violet-colored structures, were

photographed using an appropriate camera.
Cellular thermal shift assay (CETSA)

H460 and H1299 cells were treated with DMSO or 100 nM
erianin for 2 h. Following incubation, the samples underwent
thermal cycling on a PCR instrument with a temperature
gradient ranging from 55°C-80°C for 5 min. Thermal cycling
was followed by five cycles of freeze-thawing in liquid nitro-
gen. After centrifugation, the supernatant was collected and
mixed with SDS loading buffer, then heated at 100°C for 5 min
in a metal bath. The prepared samples were stored at —80°C
and subsequently analyzed by western blotting.

In vivo experiments

All animal experiments were performed in accordance with
the guidelines of the Use and Care of Animals Committee at
Hangzhou Normal University (HSD-20241203-01). Initially,
4 x 10° H460 cells were subcutaneously inoculated into mice
to establish a lung cancer-bearing nude mice model. Erianin,
dissolved in 50% dimethyl sulfoxide, was intraperitoneally
injected into the mice at 50 mg/kg, 100 mg/kg, and 200 mg/
kg doses during the pre-experiment phase. The mice in the

erianin group were administered erianin at a concentration
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of 100 mg/kg and uridine (33.4 g/kg) and 3BDO (0.05 g/kg)
in corollary experiments. The tumor size was regularly mon-
itored every 2"¢ day to track changes in tumor growth. The
mice were sacrificed after 18 days of treatment and the tumors

were harvested for further analysis.
Statistical analysis

The data were prepared and analyzed using GraphPad Prism
(10.1.2). Cell line-based experiments were performed with
three biological replicates per condition and the animal exper-
iments included five replicates per group. Following assess-
ment of normality, differences between the two groups with
normal distribution were assessed using Student’s t-test. For
comparisons involving more than two groups with a normal
distribution, an initial ANOVA analysis was performed fol-
lowed by post-hoc pairwise comparisons using Tukey’s multiple

comparisons test. Statistical significance was set at a P < 0.05.
Results

Erianin inhibited lung cancer cell growth,
induced cell apoptosis, and arrested the cell
cycle in the G,/M phase

Erianin has been shown to exert significant anticancer effects
onlung cancer cells by reducing cell viability, inducing cell cycle
arrest, and promoting apoptosis. In the current study the anti-
cancer effects of erianin were validated using two lung cancer
cell lines (H460 and H1299). The CCK-8 kit and flow cytom-
etry were used to assess cell viability, cell cycle distribution,
and apoptosis. To evaluate the effects of erianin on lung cancer
cell viability, varying concentrations of erianin were admin-
istrated to H460 and H1299 cells and cell viability was meas-
ured using the CCK-8 assay after 24 h. Erianin significantly
reduced the survival rate of both cell lines with IC,  values cal-
culated at 61.33 nM for H460 cells (Figure 1A) and 21.89 nM
for H1299 cells (Figure 1B). Furthermore, apoptosis analysis
revealed that erianin induced apoptosis in lung cancer cells in
a dose-dependent manner in both cell lines (Figure 1C-E),
indicating the ability of erianin to trigger programmed cell
death. As we reported in a previous study'?, erianin has also
been shown to induce ferroptosis in lung cancer cells, indi-
cating that apoptosis is not the sole mechanism contributing
to erianin-induced cell death. Natural compounds like eria-

nin often exert antitumor effects through multiple, potentially
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interconnected mechanisms, which may be influenced by fac-
tors, such as the compound mode of action, tumor cell type,
and the surrounding microenvironment. Additionally, erianin
significantly induced G,/M phase cell cycle arrest in H460 and
H1299 cells (Figure 1F-H). These findings collectively under-
score the potent anticancer effects of erianin on lung cancer
cells, highlighting the potential of erianin as a promising ther-

apeutic candidate for lung cancer.

Erianin potentially affects nucleotide
metabolism in lung cancer cells through
targeting mTOR

Our previous study'? in combination with the analyses pre-
sented herein have confirmed that erianin significantly
reduces the viability of lung cancer cells, induces cell cycle
arrest, and triggers apoptosis. However, the precise mecha-
nisms underlying the anti-tumor effects of erianin are not
completely understood. To address this knowledge gap and
elucidate the potential mechanisms of action underlying eri-
anin in lung cancer, H460 cells were treated with 100 nM
erianin for 24 h, followed by transcriptomic sequencing and
metabolomics analyses. As depicted in Figure 2A, B, these
analyses revealed 12,627 differentially expressed genes and 59
metabolites in H460 cells when comparing the erianin-treated
group to the untreated group. Further integrated analysis of
these differentially expressed genes and metabolites using the
MetaboAnalyst 6.0 online tool indicated that erianin signif-
icantly impacts nucleotide metabolic pathways in lung can-
cer cells, especially those pathways involved in purine and
pyrimidine metabolism (Figure 2C). Nucleotides are critical
for DNA and RNA synthesis and are essential for tumor cell
growth and proliferation. These findings suggest that erianin
may interfere with critical biochemical pathways involved in
nucleotide synthesis and utilization, thereby inhibiting the
growth and proliferation of lung cancer cells.

To further elucidate the pathway by which erianin affects
nucleotide metabolism of lung cancer cells, an analysis of
potential erianin targets in lung cancer was performed using
network pharmacology. The SwissTarget online tool predicted
100 potential targets for erianin, while 200 potential therapeu-
tic targets for lung cancer were identified through the OMIM
database. These targets were subsequently analyzed using
Venn cross-analysis, revealing three potential targets for eria-
nin in lung cancer (EPHB2, mTOR, and KDM1A; Figure 2D).

To further validate these targets, molecular docking and
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Figure 1 Illustration of the effects of erianin on lung cancer cell viability, apoptosis, and cell cycle distribution. (A) The IC, value of erianin
against H460 cells was determined using the CCK-8 assay. (B) The IC,, value of erianin against H1299 cells was determined using the CCK-8
assay. (C) Representative flow cytometric apoptosis staining after treatment with different doses of erianin (0 nM, 50 nM, and 100 nM) in H1299
and H460 cells is shown. (D-E) Quantitative analysis of cell apoptosis after treatment with different doses of erianin (0 nM, 50 nM, and 100 nM)
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in H1299 and H460 cells is shown; mean + SD, n = 3, *P < 0.05, **P < 0.01, ****P < 0.0001. (F) Representative flow cytometric analysis of cell cycle
distribution after treatment with different doses of erianin (0 nM, 50 nM, and 100 nM) in H1299 and H460 cells is shown. (G-H) Quantitative
presentation of cell cycle distribution after treatment with different doses of erianin (0 nM, 50 nM, and 100 nM) in H1299 and H460 cells is
depicted. The data are presented as the mean £ SD, n = 3.
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Figure 2 Erianin influences pyrimidine metabolism in lung cancer cells. (A) The volcano plot displays differentially expressed genes between
control and erianin-treated H460 cells. Genes that are upregulated (log,FC > 0.5) in erianin treatment groups are highlighted in red and genes
that are downregulated (log,FC < -0.5) are shown in blue. Genes with no significant change in expression are depicted in gray (-0.5 < log,FC
< 0.5). (B) The heatmap represents the differential metabolites between erianin-treated and -untreated H460 cells. Metabolites that are upreg-
ulated in erianin treatment groups are indicated in red and metabolites that are downregulated are indicated in blue. (C) The combined analy-
sis of transcriptome and metabolome data using the MetaboAnalyst 6.0 online tool and visualized using the Hiplot online tool demonstrated
that erianin impacts nucleotide metabolism in H460 cells. (D) Prediction of erianin targets in lung cancer. The OMIM database was utilized to
predict the therapeutic targets of lung cancer and the SwissTarget online tool was used to predict the potential targets of erianin. The Venn
diagram shows three potential targets of erianin in lung cancer. (E) Molecular docking study of the binding affinity of erianin to EPHB2, mTOR,
and KDM1A. (F) Molecular dynamics simulations of the conformational changes. Red dashed lines indicate inferred hydrogen bonds. (G) The
impact of erianin on the thermal stability of mTOR across various temperature gradients was assessed using CETSA in H460 and H1299 cell
lines. (H) Analysis from the Oncomine database demonstrated upregulation of mTOR in lung cancers. Statistical charts were generated using
GraphPad Prism 8 software. (I) mTOR expression was significantly upregulated across different cancer stages, *P < 0.05, ****P < 0.0001. Data
were obtained from the UALCAN database. (J) The level of mTOR protein expression was determined via immunohistochemistry staining from
the HPA database and revealed increased expression of mTOR in lung cancer tissues compared to normal lung tissues. (K) Western blot analy-
sis was performed to assess p-mTOR, p-S6K, and p-CAD after treatment with erianin (100 nM) or rapamycin [20 nM (positive control)] for 24 h.

kinetic simulations were performed to assess the interactions based on affinity and energy evaluations, were selected to
between erianin and EPHB2, mTOR, and KDM1A. Initial represent binding efficacy. Due to structural similarities with
protein configurations (EPHB2 PDB ID: 3ZFM; KDM1A PDB known mTOR inhibitors, the crystal structure of the mTOR
ID: 5LHI; and mTOR PDB ID: 3FAP) were obtained from the FRB domain complexed with FKBP12 (PDB ID: 3FAP) was
PDB and the erianin structure was sourced from PubChem. used as the receptor for erianin docking. Molecular dynamics
The induced fit docking (IFD) method was used to account simulations provided insights into the stability and dynamics
for receptor flexibility, which improved binding interaction of erianin-receptor complexes over time, which were mon-

predictions. The optimal binding conformations, which were itored through root-mean-square deviation (RMSD) values.
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Binding free energies (AGbind) were predicted using the
MM/GBSA approach combined with energy components,
including van der Waals, electrostatic, polar, and non-po-
lar interactions. This approach aimed to elucidate binding
modes, stability, and energetic attributes of erianin interac-
tions with EPHB2, KDM1A, and mTOR. The binding confor-
mations and the binding conformation pockets were visually
represented (Figure 2E), accompanied by binding energy
computations. EPHB2 and mTOR had the highest docking
scores (-8.238 kcal/mol and —8.233 kcal/mol, respectively),
followed by KDM1A with a score of —7.479 kcal/mol (Table
1). To substantiate these findings, extended five nanosec-

9 were executed, which

ond molecular dynamics simulations?
refined energy levels and permitting evaluation of interaction
energies (Figure 2F). The interaction energies of different
targets were calculated after the molecular dynamic simula-
tions. A lower AGcal value (AGcal = AEvdw + AEele + AGpol
+ AGnonpol) is indicative of more favorable binding with a
AGcal of —29.71, -29.51, and —-19.72 for EPHB2, mTOR, and
KDMI1A, respectively (Table 2), suggesting the high potential
of EPHB2 and mTOR as targets of erianin in lung cancer cells.
Furthermore, the results of the cellular thermal shift assays
(CETSA) demonstrated that erianin enhanced the thermotol-
erance of mTOR (Figure 2G), suggesting the potential inter-
action between erianin and mTOR. Previous studies have
demonstrated that mTOR-mediated phosphorylation acti-
vates S6K, leading to the activation of CAD and subsequent

Table 1 Docking score and binding affinity between erianin and
the predicted targets

EPHB2 mTOR KDM1A
Docking sore (kcal/mol) -8.238 -8.233 -7.479
Predicted binding affinity (uM) 1.54 1.55 5.92

Table 2 Molecular dynamics simulations energy score of each
predicted target

Targets AEele AEvdw AGnonpol AGpol AGcal

EPHB2 -10.32 -39.8 -5.45 25.86 -29.71
mTOR -14.87 -41.63 -5.99 32.98 -29.51
KDM1A -13.58 -29.97 -4.33 28.16 -19.72

AGcal = AEvdw + AEele + AGpol + AGnonpol; AEvdw represents
Van der Waals force; AEele represents electrostatic interaction;
AGpol represents polar solvent interaction energy; and AGnonpol
represents non-polar solvent interaction energy.
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promotion of de novo pyrimidine synthesis!”"!8. Given the
significant disruption of pyrimidine metabolism by erianin
observed in our combined transcriptome and metabolomics
analyses, mTOR emerged as a compelling candidate for eri-
anin intervention in lung cancer cells. We therefore concen-
trated on mTOR in the subsequent analysis. Additionally, data
from the Oncomine database revealed a significant upregula-
tion of mTOR in lung adenocarcinoma (P = 6.91E-4) and lung
squamous cell carcinoma (P = 0.042; Figure 2H). Further
examination of mTOR expression across different stages of
lung adenocarcinoma and squamous cell carcinoma develop-
ment using the UALCAN database demonstrated consistent
upregulation of mTOR expression throughout various stages
of cancer progression (Figure 2I). To validate these findings
at the protein level, mTOR protein expression was analyzed
in normal and cancerous lung tissues using the HPA data-
base, which provided immunohistochemistry-based protein
expression data. The results confirmed that mTOR is overex-
pressed in lung cancer tissues compared to adjacent normal
tissues (Figure 2J), highlighting the potential role of mTOR
in lung cancer progression and the potential as a therapeutic
target. Furthermore, western blot analysis showed that eri-
anin suppresses mTOR activation in lung cancer cells along
with mTOR downstream effectors (S6K and CAD; Figure
2K). Erianin reduced the levels of p-S6K and p-CAD in H460
lung cancer cells. A similar suppression was also observed

when cells were treated with the mTOR inhibitor, rapamycin.

Overexpression of mTOR counteracted the
inhibitory effects of erianin in lung cancer cells

Given the significant downregulation of mTOR phosphoryla-
tion by erianin in lung cancer cells, the role of mTOR expres-
sion in modulating the inhibitory effects of erianin on cell
proliferation was investigated. Specifically, the effect of 3BDO,
an activator of mTOR, on the erianin-induced inhibition of
cell viability was determined using the CCK-8 assay. The
addition of 3BDO partially antagonized the suppressive effect
of erianin on cell viability (Figure S1), suggesting that mTOR
has a role in mediating inhibition of cell viability induced by
erianin in lung cancer cells. Furthermore, mTOR was over-
expressed in H460 and H1299 cells using an mTOR plasmid
(Figure 3A). To assess the impact of mMTOR overexpression on
cell proliferation and the inhibitory effects of erianin on cell

growth, the cells were treated with 100 nM erianin for 24 h
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Figure 3 Overexpression of mTOR counteracts the inhibitory effects of erianin in lung cancer cells. (A) Western blot analysis of p-mTOR and
mTOR after overexpression of mTOR in H460 and H1299 cells with or without erianin treatment (100 nM). (B) Representative morphologic
features of H460 and H1299 cells treated with 100 nM erianin with or without mTOR overexpression; scale bar: 50 um. (C) Colony formation
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of H460 and H1299 cells treated with 100 nM erianin with or without mTOR overexpression. (D) Representative cell apoptosis results deter-

mined by flow cytometry after treatment with 100 nM erianin with or without mTOR overexpression in H460 and H1299 cells. (E) Quantitative

presentation of cell apoptosis determined by flow cytometry after treatment with 100 nM erianin with or without mTOR overexpression in
H460 and H1299 cells; mean + SD, n = 3, **P < 0.01, ***P < 0.001, ****P < 0.0001. (F) Representative cell cycle distribution determined by flow
cytometry after treatment with 100 nM erianin with or without mTOR overexpression in H460 and H1299 cells. (G) Quantitative presentation

of cell cycle distribution determined by flow cytometry after treatment with 100 nM erianin with or without mTOR overexpression in H460 and

H1299 cells. The data are presented as the mean £ SD, n = 3.

with or without mTOR overexpression. Microscopic obser-
vations indicated that mTOR overexpression reduced cell
inhibition induced by erianin treatment (Figure 3B, Figure
§2). Subsequent colony formation assays demonstrated that
mTOR overexpression significantly enhanced cellular pro-
liferation and conferred protection against erianin-induced
inhibition of cell growth in H460 and H1299 cell lines (Figure
3C). Additionally, an apoptosis assay revealed that erianin
treatment significantly increased the percentage of apoptotic
cells in both H460 and H1299 cells compared to the control
groups (Figure 3D, E). However, mTOR overexpression mit-
igated the apoptotic effect induced by erianin, leading to a
reduction in the percentage of apoptotic cells in both cell
lines (Figure 3D, E). Furthermore, cell cycle analysis showed
that erianin treatment caused G,/M phase cell cycle arrest
with approximately 90% of H460 and H1299 cells arrested in
the G,/M phase. Overexpression of mTOR counteracted this
effect, reducing the extent of G,/M phase arrest in both cell
lines (Figure 3F, G). These findings suggest that mTOR has a
critical role in modulating erianin-induced growth inhibition

in lung cancer cells.

Knockdown of CAD enhanced the inhibitory
effects of erianin in lung cancer cells

To further elucidate the role of erianin-induced downreg-
ulation of mTOR activation and the mTOR downstream
pivotal pyrimidine metabolism factor, CAD, in mediating
erianin-induced cell growth inhibition in lung cancer cells,
CAD knockdown experiments were performed. Western
blot analysis confirmed CAD knockdown in protein expres-
sion (Figure 4A). Subsequent microscopic observations
(Figure 4B) and colony formation assays (Figure 4C) revealed
that CAD knockdown in H460 and H1299 cells attenuated cel-
lular proliferation and reduced the number of colonies formed.

Importantly, CAD knockdown enhanced the induction of cell

death and amplified the inhibition of colony formation by eri-
anin in H460 and H1299 cells (Figure 4B, C). Furthermore,
CAD knockdown intensified the apoptosis induction and
G,/M phase cell cycle arrest effects of erianin in lung cancer
cells. A significant increase in the percentage of apoptotic cells
(Figure 4D, E) and a greater extent of G,/M phase cell cycle
arrest (Figure 4F, G) was observed in CAD knockdown H460
and H1299 cells compared to cells treated with erianin alone.
Downregulation of CAD activation induced by erianin may
impair de novo pyrimidine synthesis, resulting in growth inhi-
bition in lung cancer cells. This disruption supports the obser-
vation of altered pyrimidine metabolism in erianin-treated

lung cancer cells.

Exogenous supplementation of uridine
antagonizes the inhibitory effects of erianin in
lung cancer cells

Given the significant perturbations in pyrimidine metabo-
lism and downregulation of the mTOR-S6K-CAD signaling
axis induced by erianin treatment in lung cancer cells, in vitro
experiments were performed to determine if the growth inhi-
bition caused by erianin could be rescued by supplement-
ing exogenous pyrimidines and the synthesis substrates.
Remarkably, the addition of exogenous uridine was shown
to reduce erianin-induced apoptosis in lung cancer cells
(Figure 5A, B). This finding provides compelling evidence
that disruptions in pyrimidine metabolism are integral to the
erianin’ anticancer mechanism. Additionally, supplementa-
tion with exogenous aspartate, a key precursor in pyrimi-
dine biosynthesis, produced effects, especially in H460 cells
(Figure 5C, D). This finding suggests that the anticancer
activity of erianin may, at least in part, be attributed to the
ability to impede de novo pyrimidine synthesis. Experiments
to assess the impact of uridine and aspartate supplementation

on the cell cycle arrest induced by erianin were performed in
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Figure 4 Continued

these cell lines. The addition of uridine partially antagonized
the effect of erianin on cell cycle distribution, while supple-
mentation with aspartate did not show a significant effect on
cell cycle arrest (Figure 5E, F). It is possible that the exogenous

addition of uridine typically exerts effects within a shorter time

frame because uridine directly participates in the synthesis of
pyrimidine nucleotides and influences RNA synthesis within
the cell. In contrast, aspartate, as a precursor in pyrimidine
biosynthesis, requires conversion through metabolic pathways

to form carbamoylglutamate, which subsequently contributes
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Figure 4 Knockdown of CAD affects cell growth and enhances inhibitory effects of erianin on lung cancer cells. (A) Western blot analysis show-
ing CAD expression following CAD knock-down in H460 and H1299 cells using shRNA-CAD. (B) Representative morphologic images of H460
and H1299 cells treated with erianin (100 nM) with or without CAD knockdown; scale bar: 50 um. (C) Colony formation of H460 and H1299 cells
with erianin treatment (100 nM) with or without CAD knockdown. (D) Representative results of cell apoptosis determined by flow cytometry in
H460 and H1299 cells treated with erianin (100 nM) for 24 h with or without CAD knockdown. (E) Quantitative presentation of cell apoptosis
determined by flow cytometry in H460 and H1299 cells treated with erianin (100 nM) for 24 h with or without CAD knock-down; mean + SD,
n =3, ***P < 0.001, ****P < 0.0001. (F) Representative cell cycle distribution determined by flow cytometry in H460 and H1299 cells treated with
erianin (100 nM) for 24 h with or without CAD knockdown. (G) Quantitative presentation of cell cycle distribution results determined by flow
cytometry in H460 and H1299 cells treated with erianin (100 nM) for 24 h with or without CAD knockdown; mean + SD, n = 3.
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to the synthesis of uridine monophosphate (UMP) and other
pyrimidine nucleotides. Therefore, the exogenous supplemen-

tation of aspartate necessitates a more prolonged metabolic
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process to be converted into active pyrimidine nucleotides.

Consequently, the effects of uridine supplementation may

work more rapidly than aspartate.
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Figure 5 The impact of exogenous uridine and aspartate supplementation on the inhibitory effects of erianin in lung cancer cells. (A)

Flow cytometry analysis of cell apoptosis following treatment with erianin (100 nM) with or without exogenous uridine supplementation

(100 uM). (B) Quantitative data of cell apoptosis following treatment with erianin (100 nM) with or without exogenous uridine supplemen-
tation (100 puM) in H460 and H1299 cells are presented as the mean + SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C) Flow
cytometry analysis of cell apoptosis following treatment with erianin (100 nM) with or without exogenous aspartate supplementation (2 mM).

(D) Quantitative data of cell apoptosis following treatment with erianin (100 nM) with or without exogenous aspartate supplementation
(2 mM) in H460 and H1299 cells are presented as the mean + SD, n = 3, ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001. (E) Flow cytom-
etry analysis of cell cycle distribution following treatment with erianin with or without exogenous aspartate or uridine supplementation in

H460 and H1299 cells. (F) Quantitative analysis of cell cycle distribution following treatment with erianin with or without exogenous aspartate
or uridine supplementation in H460 and H1299 cells; mean + SD, n = 3.

Erianin inhibited lung cancer cell growth

in vivo

To evaluate the inhibitory effects of erianin on lung cancer

through downregulation of mTOR activation and disruption

of pyrimidine metabolism in vivo, a subcutaneous xenograft

model was established using H460 cells. Once the xenografts

reached approximately 70 mm? in size, the mice were randomly

divided into the following 4 groups: low-dose erianin (50 mg/

kg); medium-dose erianin (100 mg/kg); high-dose erianin

(200 mg/kg); and a control group. Parameters, such as body

weight and tumor volume, were measured every other day to

assess treatment effects. As shown in Figure 6A-C, intraperi-

toneal administration of medium and high doses of erianin

resulted in significant inhibition of tumor growth compared

to the control group. There was no significant difference in the
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Figure 6 Evaluation of the inhibitory effects of erianin on lung cancer in vivo. (A) Tumor images of H460 xenograft tumors following treat-
ment with different doses of erianin. (B) Tumor volume changes of H460 xenograft tumors following treatment with different doses of erianin;
mean + SD, n = 5, ****P < 0.0001. (C) Tumor weights of H460 xenograft tumors following treatment with different doses of erianin; mean +
SD, n = 5, ns, not significant, *P < 0.05. (D) Body mass changes of mice following treatment with different doses of erianin; mean + SD, n = 5.
(E) Tumor images of H460 xenograft tumors after erianin treatment (100 mg/kg) with or without uridine/3BDO supplementation. (F) Tumor
weights of H460 xenograft tumors after erianin treatment (100 mg/kg) with or without uridine/3BDO supplementation; mean + SD, n = 5, ns:
no significance, **P < 0.01. (G) Tumor volumes of H460 xenograft tumors following erianin treatment (100 mg/kg) with or without uridine (33.4

g/kg) / 3BDO (0.05 g/kg) supplementation, mean + SD, n = 5, **P < 0.01. (H

tissues obtained from different treatment groups (erianin alone or in combin

) Western blot analysis of p-mTOR, p-SéK, and p-CAD in tumor
ation with uridine or 3BDO).
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body weight among the groups (Figure 6D). Based on these
observations, the medium dose of erianin (100 mg/kg) was
selected for subsequent investigations.

To further confirm that erianin inhibits lung cancer cell
growth by regulating pyrimidine metabolism and mTOR
activation in vivo, mice with tumors were divided into the
following four groups: erianin; erianin + uridine; erianin +
3BDO (an mTOR activator); and a control group. The eri-
anin group received erianin (100 mg/kg) and the uridine
and 3BDO groups were treated with uridine (33.4 g/kg) and
3BDO (0.05 g/kg) in addition to erianin (100 mg/kg). Tumor
volume and weight were measured to evaluate the impact of
each treatment on lung cancer cell growth. Tumor tissue in
each group was photographed at the end of the experiment
(Figure 6E). Remarkably, co-treatment with erianin and
3BDO or exogenous uridine resulted in increased tumor
weight (Figure 6F) and volume (Figure 6G) compared to
erianin treatment alone. This finding suggests that the
addition of an mTOR activator or exogenous pyrimidines
counteracts the tumor growth-inhibitory effects of erianin
in vivo.

Furthermore, western blot analysis of tumor tissue
revealed reduced levels of p-mTOR, p-S6K, and p-CAD
expression in erianin-treated tumors. However, the adminis-
tration of uridine or 3BDO antagonized the inhibitory effect
of erianin on the mTOR-S6K-CAD axis (Figure 6H). These
results support the notion that erianin effectively inhibits the
phosphorylation and activation of mTOR and mTOR down-
stream factors (S6K and CAD) in vivo. This finding further
validates the relevance of the mTOR-related signaling path-
way and pyrimidine metabolism in the erianin anticancer
effects, suggesting that the therapeutic potential of erianin in
lung cancer may be, at least in part, mediated through mod-
ulation of pyrimidine metabolism via suppression of mTOR

activation.
Discussion

Lung cancer represents a significant health burden in
China®, underscoring the urgent need for innovative ther-
apeutic strategies. Traditionally, platinum-based chemother-
apy has been the standard treatment for advanced stages of
lung cancer. However, the efficacy of platinum-based chemo-
therapy is often compromised by primary or secondary drug
resistance and severe adverse effects®. These challenges con-

tribute to a relatively low overall cure rate among patients.

Yan et al. Erianin inhibits mTOR signaling in lung cancer

Natural products derived from plants, animals, microorgan-
isms, and marine sources have emerged as valuable sources
of bioactive compounds with potential applications in cancer
therapy?!3®. These compounds influence various cellular pro-
cesses involved in cancer progression, including cell prolifera-
tion, apoptosis, ferroptosis, autophagy, and angiogenesis**-4C.
Erianin, a natural compound extracted from the traditional
Chinese medicinal plant, Dendrobium chrysotoxum Lindl.,
has demonstrated promising anticancer activity, especially
against lung cancer!?. The natural compound, erianin, from
TCM has shown significant advantages in anti-tumor activ-
ity due to its multi-target effects, modulation of immune
responses, reduction of chemotherapy side effects, low toxic-
ity, and high safety profile. Erianin enhances the chemother-
apy sensitivity of lung cancer cells and may serve as a valuable
adjuvant in lung cancer chemotherapy*!. Additionally, erianin
significantly inhibits the proliferation of oxaliplatin-resistant
human colon cancer cells, providing a theoretical basis for
its clinical application in platinum-based chemotherapy for
colon cancer*?. In the current study evidence was provided
that erianin effectively inhibits lung cancer cell growth both
in vitro and in vivo, highlighting its significant anti-lung can-
cer effects. Through the integration of transcriptomic and
metabolomic analyses, the results herein suggest that erianin
affects pyrimidine metabolism in lung cancer cells, poten-
tially by inhibiting activation of the mTOR-related signaling
pathway.

Omics techniques are extensively used in cancer research,
providing a comprehensive evaluation of molecular enti-
ties. To elucidate the molecular effects of erianin in greater
detail, mRNA sequencing and non-targeted metabolomics
analyses were performed on lung cancer cells treated with
erianin along with untreated controls. The results revealed
significant alterations in pyrimidine metabolism in the eri-
anin-treated lung cancer cells, as evidenced by differential
gene expression and metabolite profiles between the treated
and untreated groups. Metabolic alterations are charac-
teristic of cancer cells* and the synthesis and utilization
of nucleotides represent a crucial metabolic dependency
across various cancer types***>. Recent research has estab-
lished a link between genes involved in pyrimidine metab-
olism and cancer progression, suggesting that targeting key
enzymes and pathways within this metabolism could exert
anticancer effects by disrupting nucleotide synthesis, inhib-
iting cellular proliferation, and promoting apoptosis!>#6-48,

Given the observed changes in pyrimidine metabolism in
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erianin-treated lung cancer cells, we hypothesized that eri-
anin may exert its effects, at least in part, by modulating
nucleotide metabolism (especially pyrimidine biosynthe-
sis). To further investigate this hypothesis, lung cancer cells
treated with erianin were supplemented with exogenous
uridine and its biosynthesis precursor, aspartate. The results
indicated that supplementation with exogenous uridine mit-
igated the inhibitory effects of erianin on lung cancer cells,
supporting our hypothesis that alterations in pyrimidine
metabolism contribute to the erianin-mediated inhibition
of lung cancer cell growth. Our previous studies have shown
that erianin promotes ferroptosis'2. It has been reported that
a multi-enzyme complex involved in de novo pyrimidine syn-
thesis is termed “pyrimidinosome.” Activated AMP-activated
protein kinase enhances the assembly of “pyrimidinosome,’
thereby promoting DHODH-mediated ferroptosis defense*.
These findings suggest a potential link between pyrimidine
metabolism and ferroptosis, indicating that targeting pyrim-
idine metabolic pathways may also facilitate the induction of
ferroptosis in cancer cells.

mTOR is an evolutionarily conserved serine/threonine
kinase that primarily regulates cell growth and metabolism*.
Network pharmacology analysis has identified mTOR as a
potential target of erianin in lung cancer. This robust approach
enables the investigation of drug-cell interactions and regu-

latory mechanisms>®>!

, facilitating exploration of the anti-
cancer effects of natural products. Molecular docking studies
suggest that erianin may bind to mTOR, a prediction that was
validated by western blot analysis which demonstrated that
erianin downregulates mTOR phosphorylation in lung can-
cer cells. Previous research by Zhang et al.> established that
erianin inhibits lung cancer cell proliferation via the PI3K/
AKT/mTOR signaling pathway, underscoring the influence
on mTOR-related signaling. However, further investigation is
needed to clarify how alterations in mTOR expression affect
the inhibitory effects of erianin in lung cancer cells and to
elucidate the downstream consequences of mTOR suppres-
sion induced by erianin. Moreover, data analysis from the
Oncomine, UALCAN, and HPA databases revealed that
mTOR expression is significantly elevated in lung cancer tis-
sues compared to healthy controls. This finding highlights the
pivotal role of mTOR in promoting cell growth and prolifer-
ation in lung cancer, emphasizing the potential of mTOR as
a therapeutic target. The literature consistently reports that

53,54

mTOR activation contributes to tumor progression>>>*, gener-

ating significant interest in targeting this aberrant pathway as
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a therapeutic strategy. Several mTOR inhibitors are currently
being developed for cancer therapy?. The results herein indi-
cated that erianin reduces mTOR phosphorylation in lung
cancer cells. Overexpression of mTOR mitigated the inhib-
itory effects of erianin on lung cancer cells. These findings
substantiate the hypothesis that erianin exerts anti-lung can-
cer effects through inhibition of mTOR activation. mTOR is
a crucial signaling molecule involved in regulating cellular
metabolism>>>®. The initial steps of pyrimidine biosynthesis
are governed by CAD, which can be phosphorylated by mTOR
through S6K. This phosphorylation process facilitates pyrim-
idine synthesis and cell cycle progression!8. Consistent with
this process, the current study demonstrated downregulation
of S6K and CAD phosphorylation in lung cancer cells treated
with erianin. Notably, CAD knockdown enhances the inhibi-
tory effects of erianin on lung cancer cell growth. These find-
ings suggest that erianin disrupts pyrimidine metabolism in
lung cancer cells by inhibiting mTOR activation and mTOR
downstream targets (S6K and CAD). This disruption likely
contributes to the anticancer activity of erianin in lung cancer
(Figure 7). In contrast, it should be noted that the inhibition
of the mTOR signaling pathway by erianin is less pronounced
compared to the positive control (rapamycin), as demon-
strated by western blot analysis in the current study. While this
pathway has a role in the regulatory mechanisms of erianin,
the mTOR signaling pathway is unlikely to serve as its primary
mode of action. Further exploration of alternative mechanisms
of action for erianin, such as other cell death pathways or sign-
aling networks that may contribute to its cytotoxic effects, will
be a focus of future research.

Furthermore, it should be noted that erianin has low sol-
ubility in water and a rapid metabolism and excretion rate,
leading to poor bioavailability, which greatly hinders its clin-
ical application®”. The development of erianin derivatives
in the future may have significant importance. As indicated
in our previous study, erianin has poor water solubility but
exhibits high intestinal absorption and blood-brain barrier
permeability, which are important for the treatment of some
tumors. The erianin toxicity levels are also lower than osi-
mertinib and pemetrexed!!. Due to the notable anti-tumor
effects, there have been relevant studies on the synthesis,
structural modification, and pharmacologic effects of eri-
anin®®. These investigations highlight the significant anti-
cancer potential of erianin, warranting further exploration of
pharmacologic mechanisms to provide a reference for future

applications.
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Figure 7 Schematic representation illustrating the mechanism of action of erianin in lung cancer. Pyrimidine biosynthesis, a process
essential for DNA and RNA synthesis, has a crucial role in regulating cellular growth. The initial steps of this biosynthetic pathway are
catalyzed by the enzyme complex, CAD, comprised of carbamoyl-phosphate synthetase, aspartate transcarbamylase, and dihydroorotase.
CAD activation is mediated by the mammalian target of rapamycin (mTOR) through S6K-mediated phosphorylation. This activation pro-
motes pyrimidine biosynthesis and supports cell cycle progression by facilitating the formation of dihydroorotate, the first committed
intermediate in the pathway. The early stages of pyrimidine biosynthesis depend on essential substrates, including HCO3; (bicarbonate)
and aspartate. A critical subsequent step in the pathway involves dihydroorotate dehydrogenase (DHODH), a rate-limiting enzyme that
catalyzes the oxidation of dihydroorotate to orotate. This reaction is facilitated by the co-factor, flavin mononucleotide (FMN), which is
reduced to FMNH, as it accepts electrons during the oxidation process. Inhibition of DHODH disrupts pyrimidine metabolism, leading
to oxidative stress, nucleotide depletion, and an increased susceptibility to ferroptosis, highlighting a functional link between pyrimidine
metabolism and ferroptosis. Erianin was identified as a molecular inhibitor of mTOR signaling in lung cancer. By suppressing mTOR phos-
phorylation, erianin impairs the activation of downstream effectors, including S6K and CAD. Consequently, erianin disrupts pyrimidine
biosynthesis, leading to impaired nucleotide production and the inhibition of cell growth and proliferation. The dashed arrow in the
schematic representation indicates that the pathway involves multiple intermediate reactions or multi-step processes, rather than a single
direct enzymatic reaction.

Conclusions pyrimidine metabolism and suppression of mTOR activation

along with the mTOR downstream targets (S6K and CAD).
In conclusion, our study highlights the notable antican- These findings significantly enhance our understanding of
cer effects of erianin in lung cancer. Key factors underly- the molecular mechanisms driving erianin anticancer proper-

ing the therapeutic effects of erianin include modulation of ties and provide a robust rationale for further preclinical and
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clinical investigations to fully explore the therapeutic potential

of erianin in lung cancer treatment.
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