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Methods: Chrysosplenetin B (CspB)
was extracted and purified from the herb Laggera pterodonta (DC.) Benth. using traditional
flavonoid extraction techniques, followed by high-performance liquid chromatography (HPLC)
for purity assessment and nuclear magnetic resonance (NMR) for structural identification. The
effect of CspB on the viability of PCa cells was evaluated using the Cell Counting Kit-8 assay.
Subsequently, transcriptome analysis was conducted, and cell cycle progression was assessed
through flow cytometry in conjunction with propidium iodide (PI) staining. Additionally, western
blotting and quantitative real-time polymerase chain reaction (qQRT-PCR) were employed to
confirm the expression levels of relevant proteins and genes.

Results: CspB was found to inhibit the proliferation of PC3, DU145, and LNCaP cells in a dose-
dependent manner, with a stronger effect noted in PC3 and DU145 cells. Transcriptomic analysis
revealed that CspB treatment led to cell cycle arrest, particularly in PC3 cells. Flow cytometry
with PI staining confirmed that CspB caused G1 phase cell cycle arrest in PC3 cells. Moreover,
CspB treatment significantly increased the expression of essential members of the Cip/Kip family,
including CIP1/P21 and KIP1/P27, as well as CDKN2B (P15) and CDKN2D (P19) from the
INK4 family. Additionally, CspB exposure notably raised the expression of the G1 phase-negative
regulatory gene CDKNIC, while key cell cycle regulators like CDK6 and E2F1 were significantly
downregulated at the protein level.

Conclusion: Our findings indicate that CspB effectively inhibits the proliferation of CRPC cells by
reducing the activity of cell cycle proteins and cyclin-dependent kinase (CDK) complexes while
upregulating the expression of P21 and P27 and inducing G1 phase cell cycle arrest. These results
highlight the potential of CspB as a promising candidate for developing therapeutic agents aimed
at targeting CRPC.

G1 phase arrest
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Introduction

Prostate cancer (PCa) ranks as the second most prevalent
cancer type and is the fifth leading cause of cancer-related
mortality among men globally, with approximately 40 000
deaths reported annually." The incidence and mortality
rates of PCa are markedly higher in developed nations
compared to developing countries, a disparity that may
be attributed to various factors, including dietary habits,
ethnicity, age, and genetic mutations.” Androgen receptor
(AR) signal transduction is integral to the pathogenesis of
PCa, and androgen deprivation therapy (ADT) has been
established as the standard first-line treatment for patients
with advanced disease.’ Typically, effective management
of localized PCa involves either active surveillance or
local interventions, such as radical prostatectomy and
radiotherapy. For a minority of patients with metastatic
PCa, ADT has emerged as the primary therapeutic
approach. However, most patients develop tolerance
to ADT, which is linked to diverse biological responses
and ultimately leads to the emergence of castration-
resistant prostate cancer (CRPC).* The past decade
has approved several effective AR-targeted therapies,
including abiraterone,” enzalutamide,® apalutamide,’
and darolutamide,® which have significantly advanced
the treatment landscape for CRPC. The mechanism
of action of AR inhibitors involves their binding to the
ligand-binding domain (LBD) encoded by exons 5-6 of
the AR gene, thereby obstructing the interaction between
androgens and the LBD, which results in a therapeutic
effect” Notably, approximately 60% of patients with
metastatic CRPC exhibit mutations and amplifications
in the AR gene, which diminish the binding affinity of
AR inhibitors to the LBD and progressively contribute
to developing resistance.' Therefore, identifying and
developing novel bioactive compounds are critical for
advancing PCa therapies. Additionally, multiple signalling
pathways, including PTEN/PI3K/AKT/mTOR, DNA
repair mechanisms, and cell cycle regulation, interact
with AR signalling in PCa pathogenesis and progression.
Consequently, targeting these interconnected pathways
represents a promising strategy for developing new
therapeutic agents.

The active components of traditional Chinese medicines
present a promising avenue for developing novel
pharmaceuticals. Numerous studies have indicated that
the bioactive constituents extracted from these traditional
remedies can modulate the expression of genes associated
with cyclins, cyclin-dependent kinases (CDKs), and
CDK inhibitors. This modulation plays a critical role in
regulating the survival and apoptosis of PCa cells, while
simultaneously inhibiting their uncontrolled proliferation.
One notable natural anticancer agent, amygdalin, which
is derived from bitter almonds, has been investigated for
its effects on human LNCaP PCa cells and DU-145 and
PC3 CRPC cells. Amygdalin has been shown to effectively

modulate the activity of CDK1, CDK2, and CDK4, in
addition to influencing the expression of cyclin B and
cyclin D. As a result, it induces cell cycle arrest at the GO/
Gl phase." Furthermore, amygdalin has demonstrated
inhibitory effects on the growth and proliferation of
human bladder cancer cell lines, including UMUC-3,
RT112, and TCCSUP, by downregulating the protein
levels of CDK2 and cyclin A, which also leads to cell cycle
arrest at the GO/G1 phase."

Chrysosplenetin B (CspB) isaflavonoidisolated from the
herb Laggera pterodonta, first documented in the Yunnan
Materia Medica as a traditional Chinese medicinal herb.
The primary active constituents of Laggera pterodonta
include sesquiterpenoids, flavonoids, and volatile oils.
As a result, this herb exhibits a range of pharmacological
effects, such as anti-inflammatory, analgesic, expectorant,
antipyretic, antiviral, and anti-tumour activities, thereby
rendering it useful in the prevention and treatment
of various conditions, including COVID-19, colds,
malaria, and other diseases.”® A total of 23 compounds,
comprising sesquiterpenoids and flavonoids, have been
isolated and characterized from Laggera pterodonta, with
a screening process identifying seven compounds that
demonstrate significant anti-inflammatory properties.
Furthermore, research conducted by Yu et al has shown
that sesquiterpenoids derived from Laggera pterodonta
exhibit cytotoxic effects on HepG2 liver cancer cells.

Patel previously elucidated the diverse pharmacological
activities ~ of  chrysosplenetin, ~ which  include
antiproliferative, antibacterial, and anti-inflammatory
effects, by systematically organizing and analyzing
data from various databases.”” Lan et al extracted a
range of flavonoids from Artemisia annua, including
chrysosplenetin.'® The investigation into its antibacterial
effects against drug-resistant Staphylococcus aureus
revealed that chrysosplenetin B, in combination with
norfloxacin, exhibited enhanced antibacterial activity
against the drug-resistant strain SA1199B. Furthermore,
Treatment of HeLa cells with escalating concentrations
of CspB resulted in an increased percentage of cells
in the G2/M phase. Additionally, CspB was found to
enhance apoptosis rates in both HeLa and A549 cell
lines. Furthermore, it exhibited selective inhibition
of proliferation in breast cancer cell lines, including
MDA-MB-231, MCEF-7, and T47D, while demonstrating
relatively low toxicity towards normal non-tumor cells,
such as MRC-5 and HUVEC." Notably, the regulation of
kinases induced by flavonoids is strongly associated with
apoptosis and proliferation’; a diet rich in flavonoids
has been shown to reduce the risk of colon, prostate, and
breast cancer."” Hong et al evaluated the effects of CspB on
the osteogenesis of human-derived bone marrow stromal
cells and its potential to inhibit osteoporosis induced by
estrogen deficiency through the Wnt/B-catenin signalling
pathway.? Sinha et al investigated CspB and artemisinin,
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both isolated from Tanacetum gracile and found that these
compounds inhibit proliferation by obstructing PI3K/
Akt signal transduction in breast cancer cells, thereby
enhancing apoptosis through mitotic arrest.”!

This study primarily investigates the inhibitory
effects of CspB on three PCa cell lines. The LNCaP
cells exhibit early androgen-dependent characteristics,
whereas the androgen-independent PC3 and DU145
PCa cells demonstrate significant metastatic potential.”
Consequently, selecting these three cell lines serves as
an effective model for replicating the progression and
metastasis of PCa in clinical contexts. However, the
signalling pathways and molecular mechanisms through
which CspB interacts with human prostate cancer remain
unidentified. Transcriptome analysis indicated that the
differentially expressed genes predominantly influence
the cell cycle. We hypothesized that CspB selectively
targets critical cell cycle pathways, thereby exerting
growth-inhibitory effects in CRPC cell lines. Our findings,
presented here for the first time, demonstrate that CspB
inhibits the activity of the cell cycle protein/CDK complex
and induces the expression of P21 and P27, leading to G1
phase cell cycle arrest. This mechanism may elucidate
the suppressive capacity of CspB in regulating cellular
proliferation.

Materials and Methods

Materials and reagents

Laggera pterodonta (DC.) Benth herb was purchased
from Chengdu’s traditional Chinese medicine market.
The CspB standard (purity>98%) was purchased from
Biopurify Phytochemicals, Ltd. (Chengdu, China).
RPMI-1640 medium and DMEM (Gibco; Thermo Fisher
Scientific, USA) containing 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific) and 1% antibiotics
(penicillin 10,000 U/mL, streptomycin 10 mg/mL) (Gibco;
Thermo Fisher Scientific) were used to culture the cells.
Trypsin-EDTA was obtained from Gibco (Thermo Fisher
Scientific, Waltham, MA, USA). Primary antibodies
against DP1, CDKN2C, CDK6, E2F1, and (-actin were
used for western blot analysis and were purchased
from HUABIO (Hangzhou, China). The secondary
antibodies were purchased from Beyotime Biotech. Inc.
(Shanghai, China). All chromatographic and analytical
pure chemicals were purchased from Chengdu Kelong
Chemical Co., Ltd. (Chengdu, China).

Isolation and identification of CspB

A total of 2 kg crushed Laggera pterodonta (DC.) Benth
was immersed in 95% ethanol at room temperature for 5
days, followed by concentration of the liquid supernatant
under reduced pressure to obtain the ethanol extract of
Laggera pterodonta. The extract was then dispersed in 500
mL of water and subjected to two successive extractions
with 500 mL of petroleum each to remove lipophilic

components. Subsequently, two additional extractions
with 500 mL of ethyl acetate each were conducted, and
the resultant extract was concentrated under reduced
pressure to obtain the ethyl acetate extract of Laggera
pterodonta. The ethyl acetate underwent separation and
purification via silica gel column chromatography. The
elution conditions for the silica gel column involved a
gradient elution with a mixture of petroleum ether and
acetone (6:1 to 1:1, v:v)."® The fractions collected from the
thin layer were analyzed to detect individual components
and prepare the monomeric compound through
preparative high-performance liquid chromatography
(HPLC) separation and purification.”? A C18 preparative
column was employed with methanol-water (60:40) as the
mobile phase at a 5 mL/min flow rate and was monitored
by a UV detector for preparative HPLC preparation. The
monomeric compounds were dissolved in deuterated
DMSO and subjected to nuclear magnetic resonance
(NMR) analysis using Bruker AV400. HPLC verified
chromatographic conditions; column: Themo Hypersil
GOLD, 4.6 x 250 mm, 5.0 pm; column temperature: 30 °C;
detection mode: UV 257 nm; flow rate: 1.0 mL/min, sample
dissolution: methanol; mobile phase: A, acetonitrile and
B, 0.1% phosphoric acid in water; gradient elution: A, 35-
65% in 20 min and to 85% in 10 min.

Cell lines and culture conditions

The PC3 and LNCaP PCa cell lines were obtained from
the American Type Culture Collection (Manassas, VA,
USA) and were provided by Dr. Jin Xi from the Urology
Institute of Sichuan University. The DU145 cell line was
acquired from Chengdu Miracle Technology Inc. The PC3
and LNCaP cells were cultured in RPMI-1640 medium
supplemented with 10% (v/v) fetal bovine serum and 1%
(v/v) penicillin-streptomycin, while the DU145 cells were
maintained in DMEM containing 10% (v/v) fetal bovine
serum and 1% (v/v) penicillin-streptomycin. All cell lines
were incubated in a cell culture incubator at 37 °C with
5% CO,.2+*

Cell viability assay

The cytotoxicity of CspB was assessed using the Cell
Counting Kit (CCK)-8 cell proliferation and cytotoxicity
assay kit The cultured cells were inoculated in 96-
well plates at 1x10* cells/well density. After overnight
incubation for cell attachment, all three cell lines were
treated with various concentrations (20, 40, 60, 80, 100
and 120 uM) of CspB for different durations (12, 24 and
48 h). The control group was treated with an equal volume
of serum-containing medium. Following the respective
treatment times, the medium was removed, and the cells
were incubated with CCK-8 reagent (10 pL) for 30 min.
The absorbance of the cells was measured at 450 nm
using a microplate reader. Cell viability (%) relative to
untreated cells was calculated as the percentage of viable
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cells compared to untreated cells. The line graphs were
plotted using GraphPad Prism 8.0 (San Diego, CA, USA),
and the IC50 values, along with their corresponding 95%
confidence intervals, were determined through a non-
linear regression analysis of six independent experiments.

Transcriptome sequencing
A transcriptome sequencing analysis was conducted on
PC3 cells treated with CspB to explore the molecular
mechanisms by which CspB inhibits the survival of
prostate cancer cells. This approach aimed to identify
the differentially expressed genes and elucidate the main
biological functions involved. Total RNA was extracted
from the cell samples, and mRNA was enriched after
DNA digestion with DNase. Double-stranded cDNA was
synthesized by purification and end-repair. An A-tail was
added to the 3' end, and the cDNA was ligated into the
sequencing junction. Polymerase chain reaction (PCR)
was then performed to amplify the enriched fragments.
The constructed libraries were assessed using an Agilent
2100 Bioanalyzer, and sequencing was carried out on an
[lumina HiSeq™ 2500 platform to generate 125 or 150
base pair (bp) paired-end data. The raw data produced by
high-throughput sequencing were filtered and aligned to
the reference genome of the species using HISAT2, and
the genome matching rate for the samples was evaluated.?”
Gene expression values were quantified as FPKM
(Fragments Per Kilobase of transcript per Million mapped
reads) using cufflink software (https://cole-trapnell-
lab.github.io/cufflinks/).?® To assess the expression
differences among the genes, the number of reads for each
sample was determined using HTSeq-count software,”
Subsequently, the data were normalized utilizing the
estimate size factors function from the DESeq (2012)
R package. The NbinomTest function was employed to
calculate the P-value and fold-change values.*® Genes
exhibiting P<0.05 and multiple differences more
significant than two were identified as differentially
expressed. Furthermore, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were conducted to elucidate the biological
functions and pathways predominantly influenced by the
differentially expressed genes. Additionally, unsupervised
hierarchical clustering was performed on these genes,
and the expression patterns across different samples were
visualized through heat maps.

DNA content and cell cycle analysis

Flow cytometry was employed to assess the DNA content
and cell cycle distribution of three PCa cell lines subjected
to treatment with CspB.*"** Cells in the logarithmic
growth phase were seeded in 6-well plates at a density of
1x10° cells/mL and treated with varying concentrations
of CspB (32, 64, and 100 uM for PC3 and DU145 cells,
and 50, 100, and 150 uM for LNCaP cells). Following

treatment, the cells were harvested and fixed in 70% ice-
cold ethanol overnight. The cells were washed twice with
precooled PBS, centrifuged, and resuspended in a solution
containing 100 ug/mL RNase A and 0.2% Triton X-100
for 30 min at 37 °C in a water bath. Subsequently, 400
uL of a 50 pg/mL propidium iodide (PI) staining solution
was added, and the mixture was vortexed to ensure
thorough mixing. The cells were incubated at room
temperature in the dark for 30 min. Flow cytometry was
utilized to analyze the DNA content, and the distribution
of cells across the various phases of the cell cycle was
evaluated using FlowJo software (Becton, Dickinson &
Company). During the analysis, cells that adhered to the
cell cycle were excluded. Approximately 10000 cells were
analyzed for each sample and processed at a low flow rate.
The results were derived from three samples across three
independent experiments.

Quantitative real-time PCR (qPCR) analysis

Following treatment with varying concentrations of CspB,
the cells were harvested using trypsin, and total RNA was
extracted from three distinct cell lines utilizing the Animal
Tissue/Cell Total RNA Extraction Kit (Zhuangmeng,
Beijing, China). The purity and concentration of the
extracted RNA were assessed using a NanoDrop One
spectrophotometer (Thermo Fisher Scientific). RNA
purity was evaluated based on the absorbance ratios of
A260/280 and A260/230. A ratio of A260/280 between
1.8 and 2.0 and an A260/230 ratio between 2.0 and 2.2
indicated high-quality RNA. For the first-strand reverse
transcription, 2 pg of high-quality RNA was converted
into cDNA using a high-temperature-resistant reverse
transcriptase kit (M-MLV). Subsequently, agarose gel
electrophoresis was performed to validate the quality of
the resulting products. Quantitative polymerase chain
reaction (qPCR) analysis of the three cell lines was
conducted using the 2xHQ SYBR qPCR Mix (High
ROX) reagent. The primer sequences for the target genes
and the optimal experimental conditions are detailed in
Table 1. Gene expression levels were quantified using the
244t method, with GAPDH as an internal reference.’***

Western blotting

The expression of cell cycle-associated marker proteins
in various cell lines treated with CspB was evaluated
using Western blot analysis. In brief, after treatment
with different concentrations of CspB, 200 uL of RIPA
lysis buffer (comprising 50 mM Tris [pH 7.6], 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1%
SDS) supplemented with a mixture of phosphatase and
protease inhibitors was added to each well of a 6-well plate.
Following thorough lysis and centrifugation at 10,000 g
for 10 min, the resulting supernatant was collected for
subsequent experimental analyses. Protein quantification
was performed usinga BCA kit. Subsequently, 25 pg of each

4 | Biolmpacts. 2025;15:30688


https://cole-trapnell-lab.github.io/cufflinks/
https://cole-trapnell-lab.github.io/cufflinks/

He et al

Table 1. Primer sequence for gPCR

Primer Primer sequence (5'-3") przf:lct ™ (°C)
size(bp)

DP1-F AGGGCCTACGGCATTTCTC 59.47
DP1-R CTCGTCTGCCACTTCGTTGT & 60.6

CDKN2C-F  GGGGACCTAGAGCAACTTACT 58.53
CDKN2C-R  CAGCGCAGTCCTTCCAAAT & 58.44
CDK6-F TCTTCATTCACACCGAGTAGTGC 60.61
CDK6-R TGAGGTTAGAGCCATCTGGAAA 130 58.82
E2F1-F CATCCCAGGAGGTCACTTCTG 59.79
E2F1-R GACAACAGCGGTTCTTGCTC 1 59.76
CDKN1A-F  TGTCCGTCAGAACCCATGC 60.0

CDKN1A-R AAAGTCGAAGTTCCATCGCTC 139 58.66
GAPDH-F ACAACTTTGGTATCGTGGAAGG 58.59
GAPDH-R  GCCATCACGCCACAGTTTC 1o 59.79

sample was loaded onto a 12% SDS polyacrylamide gel and
subjected to electrophoresis. After separation on the gel,
the proteins were electro-transferred to a nitrocellulose
membrane at 100 V for 40 min. The membrane was then
blocked with 5% non-fat powdered milk for 1 hour at
room temperature and subsequently incubated overnight
at 4 °C with the appropriate primary antibodies.*** The
primary antibodies utilized in this study included those
against CDKG6 (cat. no. ET1612-3; 1:500; HUABIO), E2F1
(cat. no. ET1701-73; 1:500; HUABIO), CDKN2C (cat.
no. ER64492; 1:1,000; HUABIO), DP1 (cat. no. ET7110-
43; 1:500; HUABIO) and B-actin (cat. no. AF7018;
1:3,000; Affinity Biosciences). The PVDF membranes
(Millipore) were washed five times with TBST (3 min
each time). Subsequently, the membranes were incubated
at room temperature for 1 hour with a 1:1,000 dilution of
horseradish peroxidase-conjugated anti-rabbit secondary
antibody (cat. no. A0208; 1:1,000; Beyotime Institute
of Biotechnology). Following this, the membranes
underwent an additional round of washing five times with
TBST (3 min each time). Finally, the membranes were
co-incubated with a chemically enhanced luminescence
substrate for 1 min and chemiluminescence (Affinity
Biosciences) was detected by exposing the membranes
to a gel imager (Tanon, China). The grey values of the
Western blot protein bands were analyzed using Image |
(National Institutes of Health).

Statistical analysis

The experiments were conducted in triplicate, and the
results are presented as the mean+standard deviation
(SD). Statistical analysis of mean differences was
performed using a one-way analysis of variance, followed
by a Bonferroni post hoc test, utilizing GraphPad Prism
software version 8.0 (San Diego, CA, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

NMR analysis of CspB

About 1.1 g of monomeric compounds were obtained
by serial separation purification and preparative liquid
chromatography preparation. The NMR hydrogen and
carbon spectrum show that the compound has the typical
characteristics of flavonoids (Figs. S1 and S2). It was
found that the NMR data were consistent with the data of
CspB from the literature,” and through HPLC verification
(Fig. la), the compound was identified as CspB; the
chemical structure is shown in Fig. 1b. The hydrogen
spectral data of the compound were: 6H 12.68 (1H, brs,
5-OH), 9.97 (1H, brs, 4-OH), 7.69 (1H, s, H-2'), 7.65 (1H,
d,J=8.0Hz, H-6'), 6.97(1H, d, ] =8.0Hz, H-5), 6.93(1H, s,
H-8), 3.93 (3H, s, OCH,), 3.88 (3H, s, OCH,), 3.82(3H, s,
OCH,), 3.74 (3H, s, OCH,); and the carbon spectrum data
were: §178.7 (C-4), 159.1 (C-7), 156.2 (C-9), 152.2 (C-2),
152.1 (C-5), 150.3 (C-3'), 147.9 (C-4), 138.2 (C-3), 132.0
(C-6), 122.8(C-1"), 121.1 (C-6), 116.1 (C-5'), 112.5 (C-2"),
106.0 (C-10), 91.9 (C-8), 60.5 (C-OCH,), 60.1 (C-OCH,),
56.9 (C-OCH,), 56.2 (C-OCH,).

CspB inhibits the viability of PCa cells

Cell viability was assessed after treatment for 12, 24 and
48 h. CspB induced a dose-dependent reduction in cell
viability in all PCa cell lines (Fig. 2). The IC50 values
after treatment for 24 h are summarised in Table 2.
Furthermore, it was observed that the inhibitory effect of
CspB on PC3 and DU145 cells exhibited a significantly
greater magnitude compared with its effect on LNCaP
cells under identical treatment conditions. Our results
suggested thatadvanced PCa cells, suchas PC3and DU 145,
exhibit higher sensitivity towards CspB. Therefore, the
PC3 cell line was employed for subsequent investigations,
including transcriptome analysis and exploration of cell
death mechanisms at the transcriptomic level.

RNA sequencing and pathway analysis of PCa cells
treated with CspB

Transcriptome analysis detected approximately 14,560
genes in the samples. Volcano plots and heat maps
were generated to visualize the gene expression patterns
(Fig. 3a, 3b). Subsequently, we conducted a differential
gene analysis to identify upregulated and downregulated
genes in PC3 cells before and after CspB treatment.
Our findings demonstrated that compared with the
control, there were 2,570 differentially expressed genes
(q-value<0.05 and |log2FC|>1) in PC3 cells following
CspB treatment; 1073 genes were upregulated while 1497
genes were downregulated.

To investigate the potential biological functions and
associated pathways of the differentially expressed genes,
we performed a GO enrichment analysis. This analysis
categorized the functions of these genes into three levels:
biological process, cellular component, and molecular
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Fig. 2. CspB inhibits prostate cancer cell viability in a dose-dependent manner. Panels (a-c) display the viability of PC3, DU145, and LNCaP cell lines across
treatment groups. One-way ANOVA analysis revealed a significant difference from the 12-hour treatment group at *P<0.05.

function. The top 30 GO entries exhibiting significant
differences at each level were identified based on P values
and are presented in ascending order (Fig. 3¢). Notably, the
differentially expressed genes were found to be enriched in
critical biological processes, including cell division, DNA
replication, and mitotic sister chromatid segregation;
essential cellular components, such as nucleoplasm and
cytosol; and essential molecular functions, including
protein binding and DNA binding.

Table 2. IC50 values of prostate cancer cells after 24h of CspB

Cell line 1C50 (95% CI) R?

PC3 64.69 uM 0.9024
DU145 73.45 uM 0.9339
LNCaP 103.43 pM 0.9247

Pathway analysis of differentially expressed genes
utilizing the KEGG pathway database revealed the top
20 pathways significantly associated with these genes
(Fig. 3d). The size of each bubble in the figure represents
the number of differentially expressed genes within each
respective pathway. Notably, pathways that exhibited
higher enrichment scores and a more significant number
of differentially expressed genes included the cell cycle
(hsa04110), the p53 signalling pathway (hsa04115),
the Fanconi anemia pathway (hsa03460), and cellular
senescence (hsa04218). Among these, the cell cycle
pathway (hsa04110) demonstrated an exceptionally high
enrichment score and was linked to a substantial number
of differentially expressed genes, indicating its potential
significance in mediating the antiproliferative effects of
CspB on PC3 cells.
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the dysregulated genes in CspB-treated cells, with green representing biological processes, blue indicating cellular components and red denoting molecular
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CspB induces cell cycle arrest at the G1 phase in PCa cells

The observed inhibitory effect of CspB on the proliferation
of the three PCa cell lines indicates that CspB may exert
its antiproliferative activity through the modulation of
the cell cycle, as suggested by transcriptome analysis.

PI staining was conducted on the three PCa cell lines
following 24 hours of drug administration, and the cell
cycle distribution of the cells was subsequently analyzed
using flow cytometry.

Treatment with CspB resulted in a G1 cell cycle arrest
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in PC3, DU145, and LNCaP PCa cells, while DU145 cells
also demonstrated a G2 cell cycle arrest. Flow cytometric
analysis indicated that the proportion of cells in the
GI phase increased in PC3 cells after 24 hours of CspB
treatment, exhibiting a dose-dependent effect that ranged
from 52.68% (0 pM) to 74.59% (32.4 uM) and 75.61%
(64.7 uM). Similarly, the percentage of DU145 cells in the
G1 phase increased from 54.66% (0 uM) to 82.38% (32.4
uM) and 72.01% (64.7 uM). Furthermore, there was a
corresponding dose-dependent increase in the proportion
of cells in the G2 phase. The S-phase cell population of
LNCaP cells was significantly diminished, whereas G1-
phase cells exhibited a notable accumulation following
treatment with varying doses of CspB. Specifically, the
proportions of G1-phase cells were recorded as 72.63% (0
uM), 89.97% (50 uM), and 89.2% (100 uM), respectively
(Fig. 4a, 4b). Cell proliferation and cell cycle progression
are intricately interconnected, with cell cycle regulation
serving as an effective mechanism for controlling cellular
proliferation.’®” Numerous anticancer agents have been
shown to impede cancer cell cycle progression in the G1,
S, or G2/M phases, leading to sub-G1 phase accumulation
and subsequent apoptosis. These findings suggest that
CspB may influence G1 cell cycle progression in PC3,
DU145, and LNCaP cells, potentially contributing to its
anticancer efficacy against prostate cancer cells.

Effects of CspB on G1 phase-related gene expression

The results of the flow cytometry experiments indicated
that CspB induced cell cycle arrest at the G1 phase in PC3,
DU145, and LNCaP prostate cancer cells, demonstrating
inhibitory effects on cancer cell proliferation. qPCR
was subsequently utilized to assess the expression levels
of genes associated with the G1 cell cycle phase. Total
mRNA was isolated from PC3, DU145, and LNCaP cells
treated with varying concentrations of CspB, followed by
an analysis of the relative expression levels of cell cycle-
related genes, including DP1 (TFDP1), CIP1 (CDKN1A/
P21), KIP1 (CDKN1B/P27), and members of the INK4
family: CDKN2B (P15INK4B), CDKN2C (P18INK4C),
CDKN2D (P19INK4D), CDK®6, and E2F1. As illustrated
in Figs. 5-7, the relative mRNA levels of DP1, CDKN2C,
CDK6, and E2F1 in androgen-independent PCa cells
(PC3 and DU145) were significantly reduced in a dose-
dependent manner following 24 hours of treatment
with CspB (P<0.001), compared to the control group.
Furthermore, there was a significant dose-dependent
increase in the mRNA levels of KIP1 (P27) and CIP1
(P21) (P<0.05). The expression patterns observed in
CspB-treated androgen-dependent PCa cells (LNCaP)
were consistent with those in PC3 and DU145 cells.
The concordance between qPCR and transcriptome
sequencing data suggests a potential relationship between
the antiproliferative effects of CspB on PCa cells and G1
phase cell cycle arrest.

Effects of CspB on G1 phase-related protein expression

Western blotting was employed to assess the expression
of essential proteins involved in the regulation of the
G1 phase of the cell cycle, with the results presented in
Fig. 8. In comparison to the control group, treatment with
CspB led to a dose-dependent and statistically significant
reduction in the protein expression levels of DP1 and
CDKN2C (P18INK4C), with a more pronounced decrease
noted at higher concentrations of CspB (P<0.01). This
effect was particularly evident in PC3 and DU145 cell
lines. In PC3 cells, only the high-dose treatment resulted
in a significant reduction in CDK6 protein expression
levels when compared to the control group (P<0.05).
Conversely, both medium-dose and high-dose treatments
significantly decreased CDK6 protein expression levels
in LNCaP and DUI45 cells (P<0.01). Additionally,
CspB treatment significantly diminished E2F1 protein
expression levels in both PC3 and LNCaP cells, with
significant reductions also observed following medium-
dose and high-dose treatments in DU145 cells (P<0.001).

Discussion

PCa is one of the most prevalent malignancies, posing
a significant clinical challenge due to reduced cellular
androgen sensitivity. The diminished or absent response
to first-line ADT severely limits the efficacy of available
treatments.*” Tumour cell resistance poses a significant
challenge to the efficacy of chemotherapeutic agents
in cancer treatment, whereas traditional Chinese herbs
and their bioactive constituents exhibit comparable
effectiveness to chemotherapeutic drugs. In this study,
we isolated and identified CspB, a flavonol compound,
from the herb Laggera pteridonta, commonly used in
Yunnan, China, intending to identify potent novel drugs
for the treatment of CRPC. Cell viability experiments
demonstrated that treatment with CspB effectively
suppressed the growth of LNCap, DU145 and PC3 PCa
cells with varying degrees of androgen dependence.
After treatment with CspB, DU145 and PC3 cells
exhibited increased sensitivity to the compound, as
evidenced by lower IC50 values of 73.45 and 64.69 pM,
respectively. However, the inhibitory activity of CspB
was slightly diminished against DU145 cells, potentially
due to the higher metastatic potential observed in PC3
cells. Conversely, LNCap cells displayed insensitivity to
CspB treatment with an IC50 value of 103.43 uM. This
discrepancy in sensitivity may be attributed to the fact
that LNCap is an androgen-dependent PCa cell line
(castration-sensitive), while both DU145 and PC3 are
non-androgen-dependent PCa cell lines (castration-
resistant). These variations align with similar differences
observed in the inhibitory activities of other compounds.
The response of PC3 and DU145 cells to curcumin
derivatives RL118 and RL121 has been reported to vary,
with PC3 cells exhibiting greater sensitivity.*' Aloperine
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has been shown to have a weaker inhibitory effect on
DU145 and PC3 cells compared with LNCap cells by
Ling et al.** Sheng et al* reported that LNCap cells had
the lowest sensitivity to Curcumol among the three cell
lines tested, including DU145 and PC3. Aggarwal et al
demonstrated that PEITC had the most potent inhibitory
effect on DUI145 cell proliferation but the weakest on
LNCap cells.* Vakhrusheva et al revealed that Artesunate
was most effective against PC3 cells, while LNCap and
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Fig. 6. Effects of CspB on G1 phase-related gene expression in DU145
cells. The relative mMRNA expression in prostate cancer cells was analyzed
using qRT-PCR. The control group was used for comparison. Data are
shown as the mean+SD (n=4). Statistical analysis was performed using
one-way ANOVA. " P<0.05, “ P<0.01, ™ P<0.001, ™" P<0.0001.

DU145 cells exhibited similar sensitivity levels.*” These
findings indicate that there may be variations in response
to drugs between PC3, DU145 and LNCaP cells, which
can be attributed to the increased metastatic capability
of PC3. Additionally, CspB demonstrates enhanced
suppression of highly malignant tumour cells while
exhibiting reduced toxicity towards normal cells, thus
displaying promising potential for therapeutic drug
development. Previous studies have revealed that CspB
exerts a pronounced cytotoxic effect on HeLa, A549,
MCE-7, and T47D tumour cells while demonstrating
minimal toxicity towards EVC304, Vero, HUVECs, and
other normal cell lines.?!

Numerous studies have demonstrated that flavonoids
in natural products possess the ability to enhance the
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expression of CDK interaction protein (CIP/P21)/kinase
inhibitor protein (KIP/P27) and the INK4 family of
CDK inhibitors, thereby inducing G1 cell cycle arrest in
tumour cells.*** The KEGG Enrichment analysis reveals
significant enrichment of genes associated with cell
cycle events among the top 20 results for differentially
expressed genes, suggesting that CspB primarily functions
by closely interacting with the cell cycle to inhibit the
growth of CRPC cells. Following a 24-hour treatment
of CspB, there is a noticeable increase in the number
of cells in the G1 phase compared to the control group.

Additionally, both mRNA and protein levels of CDK6
and E2F1 exhibit significant downregulation and a
significant dose-dependent increase in the mRNA levels
of KIP1 (P27) and CIP1 (P21). Transcriptome and flow
cytometric analyses revealed that CspB induced cell cycle
arrest at the G1 phase. The collaboration between CDKs
and cyclins is indispensable for precisely regulating the
cell cycle through substrate phosphorylation, facilitation
of distinct phases, and initiation of DNA replication.
Specifically, CDK4/6 phosphorylates the retinoblastoma
gene (RB), releasing E2F and subsequent transcriptional
activation of genes associated with cell cycle progression.
This process effectively promotes the transition from the
G1 to S phase and facilitates DNA replication.™

The ability of RB to modulate E2F family transcription
factor activity, which controls the production of proteins
essential for cellular replication, is vital for preventing
tumour development. Consistent with these findings,
levels of E2F1, the most extensively studied member of
the E2F family in PCa, increase during the transition from
benign prostate to localized PCa and further escalate in
metastatic lymph nodes from first-treatment patients as
well as CRPC.>"

P53, a pivotal transcription factor that orchestrates cell
cycle arrest and apoptosis in response to DNA damage.
However, CRPC prostate cancer cells exhibit either
absence or mutation of p53 expression, rendering P53
regulation ineffective in achieving cell cycle arrest.”® The
analysis of differential genes indicates that fewer genes are
involved in cell apoptosis while more genes are involved
in the p53 signalling pathway. Therefore, how the P53
signalling pathway regulates cell death remains to be
turther studied.

We measured the expression levels of cell cycle-
related genes and proteins to investigate the impact
of varying doses of CspB on DNA replication and cell
cycle progression in PC3, DU-145 and LNCaP PCa cells.
Transcriptome and qPCR analyses revealed a significant
upregulation of P21 and P27 gene levels, as well as an
upregulation of INK4 family genes (except CDKN2C),
while CDK6 gene levels were significantly downregulated
compared with those in the control group. This finding is
consistent with previous reports indicating that psoralidin
exerts an inhibitory effect on the growth of CRPC cells
by inducing cell cycle arrest at the GO/G1 phase through
suppressing Cyclin/CDK complex activity and promoting
the expression of p21 and p27.> Furthermore, western blot
analysis demonstrated a notable decrease in the protein
expression levels of CDKN2C from the INK4 family
and CDK6 from the CDK family following treatment
with CspB compared with those observed in the control
group. The significant reduction of CDKN2C at the gene
and protein levels needs to be elucidated in subsequent
studies.

The TFDP1 gene encodes DP1, a chaperone that forms
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Fig. 8. Effects of CspB on G1 phase-related protein expression. (a) Protein expression of DP1, CDKN2C, CDK6 and E2F1 in prostate cancer cells was

detected by western blotting. (b) Data analysis of DP1, CDKN2C, CDK6 and E2F 1 protein expression with B-actin as an internal reference.
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a heterodimer with the transcription factor E2F.*® The
tumour suppressor pRB targets E2F and plays vital roles
in cell proliferation, apoptosis, differentiation, DNA
repair and other biological processes. E2F1 is crucial for
G1/S transition and S-phase progression.” Additionally,
a reduction was observed in the abundance of the
transcription factor E2F. The release of transcription
factor E2F1 was reduced, and western blotting results
showed that the protein expression levels of DP1 and E2F1
transcription factors were significantly downregulated.
This regulatory mechanism was consistent in androgen-
dependent PCa LNCaP cells and in androgen-
independent PCa PC3 and DU145 cells. Transcriptome
analysis revealed that the expression of the CDKN1C gene
was significantly upregulated. The protein encoded by
the CDKNI1C gene can tightly bind and strongly inhibit
multiple G1 cyclin/CDK complexes and is a negative
regulator of cell proliferation.”” Our study demonstrated
that CspB extracted from Laggera pterodonta induced cell
cycle arrest in the G1 phase in PCa cells. These findings
suggested that treatment with CspB downregulated critical
regulators involved in the transition of PCa cells from the
G1 phase to the S phase, inhibiting DNA replication and
impeding cell cycle progression. Consequently, a reduced
cell viability effect was observed. Therefore, cell cycle
arrest is a meaningful way to treat CRPC. More in-depth
studies need to explore the specific target of action of
CspB in PCa.

Conclusion

This study identified a flavonoid compound, CspB,
isolated and purified from the traditional Chinese
medicine Laggera pterodonta. The in vitro cell viability
assay and transcriptome analysis revealed that CspB
effectively suppressed the cell viability of LNCap,
DU145 and PC3 cells by impeding cell cycle progression.
Moreover, CspB exhibited a more pronounced inhibitory
effect on the viability of PC3 and DU145 than LNCaP
cells. Furthermore, the present study elucidated a putative
mechanism by which CspB regulates the cell viability of
PCa cells. Specifically, CspB was found to upregulate the
expression of P21 and P27 in PC3 cells and to induce
an increase in the negative Gl phase regulator gene
CDKNIC. The current investigation primarily assessed
the anticancer efficacy of CspB in vitro; however, further
investigations are warranted to explore its impact in vivo.
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