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Pancreatic cancer is a highly aggressive malignancy with a poor prognosis, often diagnosed at 
advanced stages. Current treatments are limited, underscoring the need for effective therapies. Recent 
studies suggest that luteolin exhibits significant anti-tumor activity, yet its mechanisms in pancreatic 
cancer remain poorly understood. This study explored the anti-tumor mechanism of luteolin in 
pancreatic cancer (PC), focusing on its regulation of cyclin B1 (CCNB1)-mediated cell cycle progression. 
PANC-1 and SW1990 cell lines were used for assays of cell proliferation, migration, and invasion, and 
flow cytometry was used to assess cell cycle distribution and apoptosis. The efficacy of luteolin was 
further evaluated in patient-derived organoids (PDOs) and a mouse xenograft model. To identify 
molecular targets, we employed network pharmacology and transcriptomic sequencing, followed by 
experimental validation using Western blot, molecular docking, and surface plasmon resonance (SPR) 
assays to confirm luteolin’s interaction with CCNB1 and its effects on downstream signaling pathways. 
Luteolin exhibited a dose-dependent inhibitory effect on pancreatic cancer cell proliferation, 
migration, and invasion. It induced G2/M cell cycle arrest and apoptosis, with significant suppression of 
PDO growth. In vivo, luteolin effectively inhibited subcutaneous tumor growth in a xenograft mouse 
model without causing systemic toxicity or organ damage. Network pharmacology and transcriptomic 
analyses identified CCNB1 as a pivotal target, and experimental validation confirmed luteolin’s direct 
binding to CCNB1. This interaction disrupted the CCNB1/cyclin-dependent kinase 1 (CDK1) complex, 
leading to cell cycle arrest and reduced tumor progression. Luteolin suppresses pancreatic cancer 
growth by targeting CCNB1-mediated cell cycle regulation, inducing G2/M arrest, and promoting 
apoptosis. This highlights its potential as a therapeutic agent in pancreatic cancer treatment.
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CETSA	� Cellular thermal shift assay
SPR	� Surface plasmon resonance
DMSO	� Dimethyl sulfoxide
KD	� Dissociation constant
RIPA	� Radio Immunoprecipitation assay
PMSF	� Phenylmethanesulfonyl fluoride
BCA	� Bicinchoninic acid
SDS-PAGE	� Sodium dodecyl sulfate polyacrylamide gel electrophoresis
PVDF	� Polyvinylidene fluoride
GSEA	� Gene set enrichment analysis

Pancreatic cancer (PC) is one of the most lethal malignancies, characterized by rapid progression and a dismal 
prognosis1. It ranks as the fourth leading cause of cancer-related deaths globally, with most patients diagnosed 
at an advanced stage, making effective treatment challenging2. Although treatments for PC — including surgery, 
chemotherapy, radiotherapy, immunotherapy, and targeted therapy — have advanced in recent years3,4, while 
the therapeutic effect is limited, underscoring the urgent need for novel and effective treatment strategies.

Natural products have attracted increasing research interest in recent years because they can enhance efficacy 
and reduce toxicity during drug discovery and development5,6. Luteolin (Lut), 3′,4′,5,7-tetrahydroxyflavone, is a 
member of the flavone subclass of flavonoids. It exists abundantly in fruits, vegetables, and herbs such as apples, 
beets, broccoli, celery, peppers, parsley, and thyme7,8. It has been reported that luteolin produces strong anti-
proliferation, anti-inflammatory and antioxidant activities in different human cancer cell lines9–13. However, its 
specific mechanisms of action in pancreatic cancer remain largely unexplored.

In this study, the anti-cancer effects of luteolin were evaluated, and its underlying mechanisms were 
comprehensively investigated. Luteolin significantly inhibited the migration and proliferation of pancreatic 
cancer (PC) cells. Furthermore, we demonstrated that luteolin targets cyclin B1 (CCNB1), leading to cell cycle 
arrest at the G2/M phase and induction of apoptosis in PC cells. In vivo, a subcutaneous tumor model in nude 
mice confirmed that luteolin effectively suppressed solid tumor growth without causing significant organ toxicity. 
These findings suggest that luteolin may be a promising therapeutic agent for the treatment of pancreatic cancer.

Materials and methods
Compounds and reagents
CCNB1 protein (Cat# ab128445) were bought from Abcam (Cambridge, UK). Luteolin (Cat# HY-N0162) 
was purchased from MedChemexpress CO., Ltd (NJ, USA). Antibodies for CCNB1 (Cat#28603-1-AP), P53 
(Cat#60283-2-Ig), Bcl-2 (Cat#68103-1-Ig), Bax (Cat#50599-2-Ig), Caspase3 (Cat#19677-1-AP), PI3K (Cat# 
20584-1-AP), Akt (Cat# 60203-2-Ig), p-Akt (Cat# 66444-1-Ig), mTOR (Cat#66888-1-Ig), p-mTOR (Cat#67778-
1-Ig) and β-actin (Cat# 81115-1-RR) were all purchased from Proteintch (USA). p-PI3K (Cat# AP0153) were 
purchased from Bioworld Technology (Nanjing, China).

Cell culture
Human PC cell lines PANC-1 and SW1990 were purchased from American Type Culture Collection (ATCC, 
USA). PANC-1 and SW1990 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA) 
and supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 100 U/mL penicillin, and 100  µg/mL 
streptomycin (Gibco, USA). All cells were incubated at 37 °C in a humidified atmosphere containing 5% CO₂.

3D culture
Human PC samples were cut into 3 mm × 3 mm pieces, minced and digested in Collagenase/Hyaluronidase 
solution (Stemcell Technologies, #07912) for 1–2 h at 37 °C. Digested fragments were embedded in Matrigel 
(Corning, #356231) and cultured in complete Human Pancreatic Organoid Medium [advanced DMEM/F12 
supplemented with 1x B27, 1.25 mM N-Acetylcysteine, 10 nM Gastrin, 50 ng/ml EGF, 100 ng/ml FGF10, 10 mM 
Nicotinamide, 5 µM A83-01, 10 µM SB202190, 1x Primocin]. For drug sensitivity assays, dissociated organoids 
were seeded in 96-well plates at a density of 1000 cells per well in Matrigel. After 4 days of culture, organoids 
were treated with different concentrations of luteolin for 48 h; morphological changes were observed using an 
Olympus microscope. Cell viability was assessed using the CellTiter-Glo 3D assay (Promega, #G9681) according 
to the manufacturer’s instructions. Luminescence was measured using a SpectraMax microplate reader. The half-
maximal inhibitory concentration (IC₅₀) was calculated by nonlinear regression (dose–response curve fitting) 
using GraphPad Prism 9.0. The study is in accordance with the Declaration of Helsinki and received ethical 
approval from the Fudan University Shanghai Cancer Center (approval number 2212267-7).

Cell viability assay
Cell viability was assessed using the enhanced Cell Counting Kit-8 (Beyotime, Shanghai, China). Briefly, 100 
µL of cell suspension (3 × 104 cells/mL) was seeded into each well of 96-well plates. After incubation overnight, 
different concentrations of luteolin were added, followed by incubation for 24, 48, and 72 h. Then, 10 µL of CCK-
8 solution was added to cultured cells and incubated at 37 ◦C for 30 min. Next, Then, the absorbance at 450 nm 
was measured using a microplate reader (SpectraMax ABS plus, Molecular Devices, USA).

Colony formation assay
Colony formation assays were performed by seeding PANC-1 and SW1990 cells at 1 × 103 cells per well in 
6-well plates. Cells were then treated with different concentrations of luteolin. After ten days of cultivation, 
cells that formed visible colonies were washed with phosphate-buffered saline (PBS) three times, fixed with 4% 
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paraformaldehyde for 15 min, and further stained with 0.1% crystal violet for 30 min. Cell colonies containing 
more than 50 cells were counted using a microscope.

Transwell migration and invasion assay
Cell migration and invasion was measured in 24-well transwell cell culture chambers (Corning, NY, USA). For 
migration assay, PANC-1 and SW1990 cells were seeded into upper chambers at a density of 1 × 105 cells per well 
in serum-free DMEM. The lower chambers were filled with DMEM containing 10% FBS. While for invasion 
assay, cells in 200 µL of serum-free DMEM were seeded to the upper chamber which was pre-treated by Matrigel 
(BD Biosciences, USA) for 2 h at 37 ◦C. Next the cells were treated with different concentration of luteolin for 
48 h. Then non-migrating and invading cells were removed from the upper surface using a cotton swab, and 
chambers were stained with 1% crystal violet for 30 min. Migrating and invading cells adhered to underside 
of chambers were counted under a light microscope (Olympus, Japan), and mean values of five fields were 
determined.

Cell apoptosis and cell cycle assay
Apoptosis was assessed using the Annexin-V/FITC Apoptosis Detection Kit (BD, USA) according to the 
manufacturer’s instructions. Briefly, cells were seeded in 6-well plates, treated with luteolin, and analyzed by 
flow cytometry (BD Biosciences, USA).

Cell cycle assay was performed in accordance with the Cell Cycle and Apoptosis Analysis Kit (Solarbio, 
China). In brief, the collected cells were treated with different concentration of luteolin, then the cells were fixed 
with ice-cold 70% ethanol for 24 h. Then, propidium iodide staining solution was added to the cell samples, 
the cell precipitation was slowly and adequately resuspended, and the cells were incubated at 37 ◦C for 30 min 
without light. Cell cycle was detected by flow cytometer and analyzed by the NovoExpress software14.

Network Pharmacology and bioinformatics analysis
Targets of luteolin were retrieved from the TCMSP database15 and SwissTargetPrediction ​(​​​h​t​t​p​:​/​/​s​w​i​s​s​t​a​r​g​e​t​p​r​e​
d​i​c​t​i​o​n​.​c​h​/​​​​​)​​​1​6​​​. After removing duplicates, unique targets were retained. Gene expression data from GSE101448 
and GSE62165 were downloaded and analyzed for differentially expressed genes (DEGs) using the limma 
package in R (v4.0.3). DEGs were defined by |log2 fold-change| > 1 and P < 0.05. Finally, the targets of luteolin 
in the treatment of pancreatic cancer were obtained.

RNA sequencing and data analysis
PANC-1 cells, either untreated (NC) or treated with 20 µM luteolin for 48  h, were harvested for total RNA 
extraction. RNA concentration and purity were determined by NanoPhotometer® (IMPLEN, CA, USA), and 
integrity was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). Three biological 
replicates per condition (six libraries total) were prepared with 1 µg of RNA each, employing the NEBNext® 
Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA) according to the manufacturer’s protocol; unique dual 
indices were incorporated to multiplex samples. Raw sequencing reads were processed to remove adapter 
contamination, poly-N stretches, and low-quality bases, yielding high-confidence clean reads. The reference 
genome index was generated and reads were aligned using HISAT2 v2.0.5. Gene-level quantification and 
normalization were performed, and differential expression analysis was conducted with DESeq2 (v1.16.1), 
applying an adjusted p-value cutoff of < 0.05 and absolute log₂ fold-change > 1.

Cellular thermal shift assay (CETSA)
Cultured PANC-1 and SW1990 cells were harvested and lysed to obtain cell lysates. Cell lysates were incubated 
with 20 µM luteolin for 48 h at room temperature to allow binding. After incubation, the mixture was divided 
into 100 µL aliquots in individual tubes. Aliquots were heated for 4 min at the indicated temperatures and then 
cooled for 4 min at room temperature. SDS-PAGE loading buffer was added and samples were boiled prior to 
analysis by Western blot. The prepared samples were analyzed by Western blot to determine the interaction 
between luteolin and target proteins.

Surface plasmon resonance (SPR) and molecular docking
SPR was conducted with a Biacore T200 instrument (Cytiva, MA, USA). CCNB1 (20 µg/mL) was covalently 
immobilized on a NTA chip (Cat# BR100532, Cytiva) across ligand flow channels. Then, the chip was equilibrated 
with PBS. A concentration series of luteolin were added into the flow system to test the binding affinity between 
luteolin and CCNB1. Luteolin was dissolved in PBS with 0.1% Dimethyl sulfoxide (DMSO), 10 µl/min flow rate, 
120 s contact time, and 240 s dissociation time were set. The software of T200 evaluation state model was utilized 
to analyze the binding affinity data and calculated the compound’s dissociation constant (KD) value.

3D structures of active ligand components were obtained from the PubChem database ​(​​​h​t​t​p​s​:​/​/​p​u​b​c​h​e​m​.​n​
c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​​​​​)​. The 3D structure format of the target was found in the Protein Data Bank (PDB) database 
(https://www1.rcsb.org/). The software PyMOL 2.4.1 (Schrodinger, USA) was used for protein dehydrating and 
ligand removal. AutoDock 4.2.6 (Scripps Research, USA) was used for target protein hydrogenation and charge 
calculation, and AutoDock Vina 1.1.2 (Scripps Research, USA) was used for docking. The docking results were 
visualized by PyMOL 2.4.1 software (Schrodinger, USA).

Immunofluorescence staining
PANC-1 and SW1990 cells were grown in 24-well plates and exposed to luteolin for 48 h. After treatment, 
cells were fixed in 4% paraformaldehyde for 10 min, permeabilized with Beyotime Saponin for 15 min, and 
rinsed three times with ice-cold PBS before being blocked with 5% bovine serum albumin for 20 min. Primary 
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antibodies were then applied overnight at 4 °C, followed by three PBS washes and a 30-min incubation at room 
temperature with a 1:200 dilution of FITC-conjugated goat anti-rabbit IgG (Affinity, China). After another three 
washes in ice-cold PBS, nuclei were counterstained with 200 µl 4’,6-diamidino-2-phenylindole (DAPI) solution 
(Beyotime, China) for 5 min at room temperature. Images were captured using an Olympus confocal laser 
scanning microscope17.

Western blot analysis
Western blotting was performed using standard methods. Briefly, cells were lysed on ice in 
radioimmunoprecipitation assay buffer (RIPA) buffer (Biosharp, China), protease inhibitors (Biosharp, China) 
and PMSF (Biosharp, China). Protein concentrations were measured using a bicinchoninic acid (BCA) assay kit 
(Cat# P0010; Beyotime, Shanghai, China). Proteins were separated by electrophoresis in an SDS-PAGE gel and 
blotted onto a polyvinylidene fluoride (PVDF) membrane (Millipore, CA). Membranes were incubated with 
specific primary antibodies overnight at 4 ◦C as following: Bcl-2, Bax, Caspase3, P53, CCNB1, CDK1, CDC40, 
TPX2 and β-actin. After the membrane was washed three times with TBST, it was incubated with horseradish 
peroxidaseconjugated secondary antibody (Zs-BIO; diluted 1/10000). β-actin was used as an internal control. 
Then, protein bands were detected by using the Western Lightning Plus-ECL Kit (Thermo, USA). The intensity 
of protein fragments was scanned and quantified by Quantity One imaging software (Bio-Rad, USA).

Establishment of CCNB1-knockdown and overexpression cell lines
We utilized a lentiviral vector system to perform CCNB1 knockdown in PANC-1 cells. First, lentiviral vectors 
containing shRNA sequences targeting CCNB1 were designed and constructed. These vectors were co-
transfected with packaging plasmids into 293 T cells to produce lentiviral particles. Next, the generated lentiviral 
particles were used to infect PANC-1 cells, followed by selection with appropriate antibiotics post-infection to 
obtain stable cell lines with CCNB1 knockdown. Knockdown efficiency was validated by Western blotting and 
qPCR. The specific shRNA sequences were as follows (Table 1).

For the rescue experiments, a full-length human CCNB1 cDNA sequence was cloned into a lentiviral 
overexpression vector (pLVX-EF1α, Clontech). The constructed plasmid or an empty vector control was co-
transfected with packaging plasmids into 293 T cells to produce lentiviral particles. PANC-1 cells were infected 
with the viruses and selected with antibiotics to generate stable CCNB1-overexpressing (OE-CCNB1) and vector 
control cell lines. Overexpression efficiency was confirmed by Western blot analysis.

Immunoprecipitation-mass spectrometry (IP-MS)
IP-MS To identify luteolin’s potential target proteins, immunoprecipitation (IP) followed by mass spectrometry 
(MS) was performed. Briefly, PANC-1 cells were treated with 20 µM luteolin for 48  h, and cell lysates were 
prepared using RIPA buffer containing protease inhibitors. Protein A/G beads were used to capture luteolin-
bound proteins using an anti-CCNB1 antibody. After washing, the immunoprecipitates were eluted, digested 
with trypsin, and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The resulting 
data were analyzed using Proteome Discoverer software (Thermo Fisher) to identify luteolin-binding proteins.

Animal experiment
Ten 5-week-old female BALB/c nude mice were purchased. After one week of acclimatization, 6-week-old mice 
were used for the establishment of the xenograft model. For the PANC-1 xenograft mouse model, PANC-1 cells 
were injected subcutaneously into 6-week-old female nude mice at a rate of 1 × 107 cells. When the tumor volume 
reaches about 50-70mm3, all mice were distributed into control and treatment groups, with 5 mice each group. 
The drug doses for the control and treatment groups are shown below: control group, by gavage with PBS every 
day; and treatment group by gavage with luteolin at 180 mg/kg every day. Mouse body weight and tumor volume 
were recorded every 3 days. Survival rate was recorded daily. After 21 days of continuous administration, the mice 
were euthanized, tumors were harvested and tumor weight was recorded. Tumor volume was calculated using the 
following formula: tumor volume (mm3) = 0.5 × Length × Width2. The tumors, hearts, livers and kidneys were 
excised immediately, fixed with 4% paraformaldehyde. And the tumors, hearts, livers and kidneys were cut into 
sections. All the tissue was sectioned, dewaxed, and evaluated for structural changes with hematoxylin and eosin 
(H&E) staining. The tumor tissue sections were stored in an oven at 60℃ for 24 h, then dehydrated with xylene 
and ethanol gradient (100%−70%) in sequence. After continuous incubation with antigen solution and 3% H2O2 
for 30 min, the slides were rinsed with water and incubated with primary antibody at 4℃ overnight. The slides 
were rinsed again, incubated with the corresponding secondary antibody for 30 min, and then stained with 
hematoxylin. The expressions of CCNB1 and Ki67 were then assessed using fluorescence microscopy. Euthanasia 
was performed by gradual CO₂ inhalation at a flow rate displacing 20–30% of the chamber volume per minute 
for at least 5 min. Death was confirmed by cessation of breathing and absence of heartbeat. This protocol ensured 
rapid unconsciousness and minimized suffering. All experiments and procedures were carried out according to 

shRNA ID Target Sequence (5’−3’)

shCCNB1-#1 CCNB1 ​C​C​G​G​G​C​T​C​A​G​A​T​C​C​A​G​T​T​A​C​A​G​T​T​A​C​T​C​G​A​G​T​A​A​C​T​G​T​A​A​C​T​G​G​A​T​C​T​G​A​G​C​T​T​T​T​T​G

shCCNB1-#2 CCNB1 ​C​C​G​G​G​C​A​G​C​T​G​T​G​C​T​A​C​A​T​C​A​A​G​T​T​C​T​C​G​A​G​A​A​C​T​T​G​A​T​G​T​A​G​C​A​C​A​G​C​T​G​C​T​T​T​T​T​G

shScramble Control ​C​C​G​G​C​A​A​C​A​A​G​A​T​G​A​A​G​A​G​C​A​C​C​A​A​C​T​C​G​A​G​T​T​G​G​T​G​C​T​C​T​T​C​A​T​C​T​T​G​T​T​G​T​T​T​T​T

Table 1.  ShRNA sequences used for CCNB1 knockdown.
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the principles of the Committee on Ethics of Animal Experiments of Fudan University Shanghai Cancer Center. 
And the experiment was approved by the Institutional Animal Care and Use Committee (permission number: 
FUSCC-IACUC-2023241) of Fudan University Shanghai Cancer Center.

Statistical analysis
Statistical analysis was conducted by using GraphPad Prism 9.0 software (La Jolla, CA, USA). Data are presented 
as mean ± standard deviation (SD) from at least three independent experiments. Statistical analyses were 
performed using two-tailed Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons test. P < 0.05 
was considered significant. Values of P < 0.05 were considered significant.

Results
Luteolin exhibited anti-cancer activity in vitro
To assess the effect of luteolin on cell viability, PANC-1 and SW1990 cells were treated with different concentrations 
of luteolin for 24 h, 48 h, 72 h and detected by CCK-8 assay. Luteolin demonstrated a concentration-dependent 
inhibitory effect on the activity of PANC-1 and SW1990 cells, with IC50 values at 48  h being 46.98 µM for 
PANC-1 cells and 36.12 µM for SW1990 cells (Fig. 1A-B). Based on the IC50, 10, 20 µM were selected as the 
working concentration for the subsequent experiments. Luteolin reduced the viability of PANC-1 and SW1990 
cells in a dose- and time-dependent manner at concentrations of 10 µM and 20 µM (Fig. 1C-D).

We then utilized patient-derived tumor organoids (PDOs) from freshly resected tumor tissues to evaluate 
the anti-cancer activity of luteolin in PC. Consistent with results in 2D cell culture, the PDOs exhibited varying 
degrees of growth inhibition (Fig. 1E-F). We treated three independent patient-derived organoid (PDO) lines 
with a concentration gradient of luteolin. Dose-response curves were generated (Fig. 1G), with IC₅₀ values of 
18.8 µM (PDO-01), 13.7 µM (PDO-02), and 30.1 µM (PDO-03).

Luteolin inhibited PC cells proliferation, migration and invasion
The colony formation assay was conducted to assess the colony-forming capability of PANC-1 and SW1990 
cells. Prolonged exposure of luteolin at 10 and 20µM for 14 days suppressed colony formation in both cell lines 
(Fig. 2A-B).

As shown in Fig.  2C-D, luteolin markedly inhibited the migration of both PANC-1 and SW1990 cells. 
Additionally, the invasion capacity of both cell lines was also reduced in a concentration-dependent manner 
following luteolin treatment (Fig. 2E-F).

Luteolin induced apoptosis and the effect on cell cycle in PC cells
After 48 h incubation of luteolin, Annexin V/PI double staining was conducted to evaluate cell apoptosis in PC 
cells treated with luteolin. The results indicated that luteolin effectively promoted apoptosis in a dose-dependent 
manner (Fig. 3A-B). Western blot analysis revealed increased levels of caspase 3, P53, and Bax in PANC-1 and 
SW1990 cells, while Bcl-2 levels decreased with increasing luteolin concentrations (Fig. 3C).

Flow cytometry showed that luteolin treatment increased the proportion of cells in G1 and decreased the 
proportion in G2 (Fig. 4A–D). Although this profile may seem inconsistent with a G2/M arrest, subsequent 
molecular data (downregulation of CCNB1/CDK1 and genetic knockdown experiments) support a primary 
G2/M blockade leading to secondary accumulation in G1. Flow cytometry analysis of cell cycle distribution 
revealed a complex phenotype. While luteolin treatment significantly increased the proportion of cells in the 
G1 phase, it concomitantly reduced the proportion in the G2 phase (Fig. 4A-D). This apparent discrepancy—an 
observation of G1 accumulation alongside a proposed G2/M arrest—is not uncommon in cell cycle studies 
and can arise from a potent primary G2/M arrest. Cells stalled in G2/M are unable to divide, which can lead to 
a subsequent accumulation of daughter cells in the G1 phase in the following cell cycle, or reflect population 
heterogeneity. Critically, the molecular evidence strongly supports a G2/M arrest mechanism: as detailed in 
subsequent sections, we observed profound downregulation of the core G2/M regulator CCNB1 and its complex 
partner CDK1 (Fig. 7), and genetic knockdown of CCNB1 alone was sufficient to recapitulate the G2/M arrest 
phenotype (Fig. 8). Therefore, we interpret the flow cytometry profile as a secondary G1 accumulation resulting 
from a primary and potent blockade at the G2/M checkpoint mediated by CCNB1 inhibition. The concomitant 
increase in G1 phase cells, as detected by flow cytometry, is consistent with a model where a primary arrest at 
G2/M disrupts normal cell cycle progression, leading to an accumulation of cells in the subsequent G1 phase.

CCNB1 as a potential target of Luteolin in PC
Using the TCMSP and SwissTargetPrediction databases, we identified 56 luteolin-related targets (Supplementary 
Table 1). Additionally, we obtained 1,102 and 1,745 differentially expressed genes (DEGs) from the GSE101448 
and GSE62165 datasets, respectively (Supplementary Tables 2–3). A Venn diagram revealed nine overlapping 
genes (Fig. 5A).

To further investigate gene expression changes in untreated (NC) versus luteolin-treated PANC-1 cells, we 
conducted RNA sequencing analysis on triplicate samples. The resulting RNA sequencing dataset was utilized 
for DEG screening, generating a volcano plot that illustrated the overall distribution of significantly expressed 
genes. A total of 8,904 DEGs were identified, with 4,138 genes upregulated and 4,766 downregulated (Fig. 5B). 
The top 30 DEGs are displayed in Fig. 5C.

By integrating the findings from network pharmacology and RNA sequencing, we identified six key genes 
through Venn diagram (Fig. 5D). Comparison of expression levels of these genes in the TCGA database revealed 
significant differences between normal and tumor tissues (Fig. 5E). Furthermore, survival analysis based on the 
TCGA database indicated that CCNB1, NFU2, TOP2A (Figs. 5F-I) and MMP1 were associated with overall 
survival (OS) in PC patients, while MMP9 and PTGS1 showed no significant differences. Among the four genes 
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Fig. 1.   Effects of the luteolin on pancreatic cancer growth. (A) The viability of the PANC-1 cells by CCK‑8 
assay. (B) The viability of the SW1990 cells by CCK‑8 assay. (C-D) CCK8 assay of PANC-1 and SW1990 
cell proliferation at 24, 48, and 72 h after treated with luteolin. (E-F) Effect of luteolin on pancreatic cancer 
organoids. (G) Dose-response curves of three independent PDO lines treated with a concentration gradient of 
luteolin.
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assessed in the RNA sequencing data, CCNB1 exhibited the most pronounced differences between the control 
and treatment groups.

Collectively, these results indicate that CCNB1 is a direct target of luteolin in PC.

The intersection between Luteolin and CCNB1
Given that luteolin positively affects PC growth and may target CCNB1, we sought to further explore the interplay 
between luteolin and CCNB1. Hence we performed SPR and molecular docking. Molecular docking predicted 
a binding energy of − 7.9  kcal/mol between luteolin and CCNB1 (Fig.  6A–B), suggesting favorable binding. 
Consistent with this, SPR assays showed a concentration-dependent increase in binding response (Fig. 6D), with 
an equilibrium dissociation constant (K_D) of approximately 36.7 µM (Fig. 6E).

Next, to confirm the direct binding of luteolin to CCNB1, we employed a cellular thermal shift assay (CETSA). 
Treatment of PANC-1 and SW1990 cells with luteolin led to significant thermal stabilization of CCNB1 protein 
(Fig. 6C), demonstrating the intracellular binding between luteolin and CCNB1.

Additionally, we performed immunofluorescence assay to explore the location of CCNB1 in PANC-
1 and SW1990 cells. As shown in Fig.  6F–I, luteolin-treated cells exhibited slightly decreased CCNB1 
immunofluorescence compared with controls.

Luteolin downregulated CCNB1 to regulate cell cycle
CCNB1, a crucial protein for the G2/M phase transition, forms a complex with CDK1 to regulate mitosis 
entry. Gene Set Enrichment Analysis (GSEA) revealed that luteolin treatment significantly downregulated cell 
cycle-related pathways, especially those associated with the G2/M phase (Fig. 7A). This suggested that luteolin 
might exert its anti-cancer effects by modulating cell cycle-related signaling pathways. Further analysis using 
immunoprecipitation-mass spectrometry (IP-MS) combined with differential gene analysis identified CDK1, 
CDC40, and TPX2 as significantly downregulated genes in luteolin-treated cells (Fig. 7B-C). Western blotting 

Fig. 2.  Luteolin inhabited pancreatic cancer colony formation, migration and invasion. (A, B) Colony 
formation assay of PANC-1 and SW1990 cells after treated with luteolin. (C, D) Luteolin inhibited pancreatic 
cancer cell migration and invasion. The statistical significance is indicated as *** P < 0.0001.
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confirmed these findings, showing that luteolin downregulated CCNB1 expression, which in turn reduced 
the expression of CDK1, CDC40, and TPX2 (Fig. 7D-H). These results suggest that luteolin inhibits cell cycle 
progression by downregulating CCNB1 and affecting key G2/M regulatory proteins.

To confirm the role of CCNB1 in luteolin’s mechanism of action, we performed CCNB1 knockdown 
experiments. In the absence of CCNB1, the expression of CDK1, CDC40, and TPX2 was significantly reduced, 
indicating the importance of CCNB1 in regulating these proteins during the G2/M phase (Fig. 8). When CCNB1 
was knocked down, luteolin’s impact on these proteins was attenuated, with their expression remaining low 
or unchanged (Fig. 8). This suggests that luteolin’s effects on G2/M phase proteins are dependent on CCNB1, 
further highlighting the crucial role of CCNB1 in mediating luteolin’s anti-cancer action.

To determine the specificity of luteolin’s interaction, we analyzed our IP-MS data for the presence of other 
cyclins and core pathway components. Notably, CCNB1 was the only cyclin family member significantly enriched 
in the luteolin-bound protein complexes, as cyclins A, D, and E were not detected. This indicates a highly specific 
binding interaction between luteolin and CCNB1(Supplementary Fig. 1 A). Furthermore, interrogation of our 
transcriptomic data (Supplementary Fig. 1B) revealed that luteolin treatment selectively downregulated CCNB1 
mRNA expression without exerting a consistent or significant effect on the mRNA levels of CCNA2, CCND1, 
CCNE1. Together, these findings demonstrate that luteolin exerts its anti-tumor effects primarily through the 
specific targeting of CCNB1 at both the protein and transcriptional levels.

Overexpression of CCNB1 rescues the molecular effects of Luteolin
To provide direct functional evidence that the effects of luteolin are specifically dependent on CCNB1, we 
performed a rescue experiment by establishing a stable CCNB1-overexpressing PANC-1 cell line (OE-CCNB1) 
(Supplementary Fig. 2 A). Western blot analysis confirmed that the expression levels of key G2/M regulatory 

Fig. 3.  Luteolin induced pancreatic cancer cell apoptosis in vitro. (A, B) Flow cytometric analysis of PANC-1 
and SW1990 cells. (C) The bands of apoptosis‑related proteins Bax, Bcl-2, caspase‑3, p53 and beta-actin in 
PANC-1 and SW1990 cells following treatment of luteolin by western blot analysis. All experiment were run in 
triplicate. The statistical significance is indicated as ***P < 0.0001.
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proteins (CDK1, CDC40, TPX2) were significantly downregulated upon luteolin treatment in vector control 
cells, recapitulating our previous findings.

Crucially, in OE-CCNB1 cells, the suppressive effects of luteolin on these downstream proteins were 
markedly attenuated (Supplementary Fig. 2B-C). The expression levels of CDK1, CDC40, and TPX2 remained 
significantly higher in luteolin-treated OE-CCNB1 cells compared to treated vector controls.

These results demonstrate that maintaining CCNB1 expression levels can reverse the molecular consequences 
of luteolin treatment, confirming that the disruption of the G2/M regulatory complex is a direct downstream 
effect of luteolin’s interaction with CCNB1, rather than an off-target effect. This provides compelling functional 
validation that luteolin’s anti-tumor effects are CCNB1-dependent.

Luteolin suppressed the growth of xenograft tumors
To investigate the anti-tumor activity of luteolin in vivo, we established mouse xenograft models by subcutaneously 
injecting PANC-1 cells into nude mice, as outlined in Fig. 9A. The nude mice were equally divided into two 
groups. Results from the tumorigenesis assay indicated that the tumor formation rate, weight, and volume in 
the luteolin-treated group were significantly lower than those in the saline control group (Fig. 9B-D). Of note, 
no significant differences in body weights during the administration of luteolin, implying good tolerance of 
luteolin (Fig. 9E). As demonstrated in Fig. 9F, the results of the H&E staining of organs supported the above 
results. Additionally, immunohistochemical (IHC) staining of tumor tissues revealed a reduced intensity of Ki67 
in the luteolin group compared to the control. Furthermore, the expression level of the target protein CCNB1 
was significantly lower in the tumors of mice treated with luteolin (Fig. 9G). These results confirm that luteolin 
effectively inhibits tumor growth in PANC-1 xenograft models by targeting CCNB1.

Discussion
Pancreatic cancer (PC) remains one of the most aggressive and difficult-to-treat malignancies, with a notably 
high mortality rate despite advances in surgical techniques and chemotherapeutic strategies, such as gemcitabine-
based adjuvant therapy3,18,19. The poor prognosis of PC is largely due to its late diagnosis, aggressive metastasis, 

Fig. 4.  The effect of luteolin on the cell cycle. (A-D) Luteolin increased the proportion of cells in the G1 phase 
and reduced the proportion of cells in G2 phase in PANC-1 and SW1990 cells. The statistical significance is 
indicated as ***P < 0.0001. Note: The observed increase in G1 population alongside a decrease in G2 may 
represent a secondary consequence of a primary G2/M arrest, as supported by the molecular data in Figs. 7 and 
8.
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and limited efficacy of available treatments, underscoring the need for the development of novel therapeutic 
strategies. Current therapeutic options for pancreatic cancer primarily include chemotherapy and surgical 
resection, but the survival rates remain dismal due to the aggressive nature of the disease and the inherent 
resistance to chemotherapeutic agents20–22. Therefore, identifying effective agents and therapeutic targets 
remains a critical challenge for improving patient outcomes.

Luteolin has garnered increasing attention due to its widespread presence in nature, low toxicity, and 
significant anti-tumor effects. Previous studies have demonstrated that luteolin can inhibit the growth of various 
malignant tumors through anti-proliferative and pro-apoptotic mechanisms23–26. Notably, in the context of 
pancreatic cancer, several studies have revealed specific mechanisms underlying luteolin’s anti-tumor effects. 
For instance, luteolin was reported to induce apoptosis and cell cycle arrest in pancreatic cancer cells through 
modulation of STAT3 signaling27,28 and to inhibit epithelial-mesenchymal transition (EMT) and metastasis via 
suppression of the TGF-β pathway29. Furthermore, other work has shown that luteolin30. While these studies 
highlight the multi-faceted anti-cancer properties of luteolin in PC, the specific target and complete mechanism, 
particularly concerning cell cycle regulation, have remained incompletely elucidated. In this study, we evaluated 
the inhibitory effects of luteolin on PC. In vitro, luteolin significantly suppressed PC cells growth and inhibited 
colony formation in a time- and dose-dependent manner, receded PC cells migration and invasion activity, and 
induced apoptosis. Importantly, luteolin also significantly inhibited the growth of patient-derived organoids 
(PDOs), providing further evidence of its potent anti-cancer effects in a more physiologically relevant model. In 
vivo, luteolin administration suppressed tumor growth in a xenograft mouse model without causing significant 
body weight loss or signs of organ toxicity, suggesting its favorable safety profile.

Building on the in vitro and in vivo effects of luteolin, we explored its mechanism of action in PC. Through 
network pharmacology and RNA-Sequencing analysis, CCNB1 was recognized as the direct target of luteolin 
against PC. CCNB1, as the regulatory subunit of maturation-promoting factor (MPF), binds to CDK1 and plays 
a critical role at the G2/M phase junction, driving cell cycle progression and initiating mitosis. The cell cycle 
is a tightly regulated process essential for cellular proliferation and tissue homeostasis, and its dysregulation 
is a hallmark of cancer31. Among the critical phases of the cell cycle, the G2/M transition represents a pivotal 
checkpoint that ensures genomic integrity before mitotic entry32. This transition is primarily regulated by the 
maturation-promoting factor (MPF), a complex formed by cyclin B1 (CCNB1) and cyclin-dependent kinase 
1 (CDK1)33. In malignancies such as pancreatic cancer (PC), aberrant cell cycle regulation contributes to 

Fig. 5.  CCNB1 may be the target of luteolin on pancreatic cancer. (A) The veen diagram showed the results of 
network pharmacology and bioinformatics. (B) The volcano map of DEGs. (C) The heatmap of top 30 DEGs. 
(D) The veen diagram of network pharmacology and RNA-sequencing. (E) The expression difference of key 
genes between normal and tumor tissue in TCGA database. (F-I) The KM-plot of CCNB1, MMP1, NUF2 and 
TOP2A. The statistical significance is indicated as ***P<0.001 and **** P < 0.0001.
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unchecked proliferation, increased genomic instability, and resistance to therapy34. Dysregulated expression 
of CCNB1 has been observed in various tumors, including liver35, breast36,37, prostate38 and other cancers39, 
where it contributes to cell growth, differentiation, apoptosis, and metastasis. In liver cancer, for instance, 
overexpression of CCNB1 is associated with poor prognosis and aggressive tumor behavior40–42, while in breast 
and prostate cancers, CCNB1 is also frequently upregulated, promoting tumor growth and progression38,43–45. 
However, research on the specific role of CCNB1 in pancreatic cancer remains limited, making this finding 
particularly noteworthy.

Through a combination of network pharmacology, RNA sequencing, and experimental validation, we 
demonstrated that luteolin directly targets CCNB1, leading to its downregulation. Western blotting, surface 
plasmon resonance (SPR), and cellular thermal shift assay (CETSA) confirmed the direct interaction between 
luteolin and CCNB1, further supported by molecular docking studies that revealed a strong binding affinity 
between the two. These findings suggest that luteolin’s anti-cancer effects are mediated, at least in part, through 
its ability to disrupt the CCNB1/CDK1 complex, leading to cell cycle arrest and inhibition of mitosis. This is 
consistent with previous studies showing that targeting CCNB1 can effectively suppress tumor growth and 
enhance the sensitivity of cancer cells to chemotherapy. For instance, in a study on liver cancer, targeting CCNB1 

Fig. 6.  The intersection between luteolin and CCNB1. (A) Molecular docking model between luteolin and 
CCNB1. (B) The detailed binding site of luteolin on CCNB1. (C) The Western blot band of CCNB1 for cellular 
thermal shift assay. (D) The change of affinity response intensity with the passage of time. (E) The variation of 
response intensity with the increase of luteolin concentration. (F-I) Immunofluorescence of CCNB1(green) 
and DAPI (blue). The statistical significance is indicated as *** P < 0.0001.
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with RNA interference led to cell cycle arrest and apoptosis in tumor cells, demonstrating the therapeutic 
potential of inhibiting CCNB138.

Moreover, our findings are supported by the work of other researchers who have reported the involvement of 
cyclins, including CCNB1, in the progression of pancreatic cancer. Overexpression of CCNB1 has been linked 
to the promotion of tumorigenesis and metastasis in pancreatic ductal adenocarcinoma (PDAC), the most 
common form of PC. Inhibition of CCNB1 has been shown to reduce the proliferative capacity of PDAC cells 
and impair tumor growth, suggesting that targeting CCNB1 could be a viable therapeutic strategy for treating 
this malignancy. Furthermore, our study provides additional evidence that luteolin may offer a new approach to 
treating PC by modulating cell cycle regulatory pathways, specifically through the downregulation of CCNB1 
and its downstream targets. The term ‘CCNB1-mediated signalling’ in our title reflects the core finding that 
luteolin directly targets CCNB1. However, our work extends beyond mere target identification to demonstrate 
the functional disruption of its key downstream pathway, evidenced by the downregulation of CDK1, CDC40, 
and TPX2.

An interesting observation in our study was the concurrent increase in G1 population and decrease in G2 
population upon luteolin treatment, as detected by flow cytometry. While this may seem at odds with a G2/M 

Fig. 7.  Luteolin downregulated CCNB1 and regulated cell cycle-related proteins. (A) The results of GSEA 
functional analysis. (B) The intersection genes between IP-MS and DEGs. (C) The heatmap of the cell cycle-
related genes. (D-H) The cell cycle-related proteins and CCNB1 in PANC-1 and SW1990 cells following 
treatment of luteolin by western blot analysis. All experiment were run in triplicate. The statistical significance 
is indicated as *** P < 0.0001.
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Fig. 9.  Luteolin inhibits the tumor growth of PANC-1 xenografts in nude mice in vivo. (A) The management 
of PANC-1 xenografts nude mice. (B) Images of tumors at the end of experiment. The mice were administered 
normal saline (vehicle control), luteolin (180 mg/kg/day, treatment control). Luteolin and normal saline were 
orally administered by gavage once a day for 14 days. (C) The weight of tumor between luteolin and control 
group. (D) The tumor volume between the luteolin and control group. (E) The bodyweight of mice between 
the luteolin and control group. (F) Histopathological examination of organs from PANC-1 xenograft mice 
after the administration of luteolin or saline. Formalin-fixed organs (heart, liver and kidney) were stained by 
hematoxylin and eosin. Scale bars represent 100 μm. (G) Luteolin significantly decreased the mitotic event 
index of the tumor and the expression level of CCNB1. A total of 5 mice were used in each group. The data are 
expressed as the mean ± SD. ***P<0.001.

 

Fig. 8.  Luteolin targeted CCNB1 to regulated cell cycle to induce PC apoptosis.
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arrest mechanism at first glance, such complex cell cycle profiles can be explained by the dynamics of cell cycle 
perturbation. A strong and sustained block at the G2/M phase prevents mitotic entry and cell division. This can 
result in an overall increase in the number of cells that, upon eventual adaptation or escape from arrest, enter the 
next interphase and accumulate in G1 Furthermore, the robust downregulation of the CCNB1/CDK1 complex 
and its downstream effectors (CDC40, TPX2), the induction of G2/M arrest in CCNB1-knockdown cells, and 
most importantly, the reversal of the cell cycle phenotype upon CCNB1 overexpression provide compelling 
molecular evidence that the primary and direct target of luteolin is the G2/M transition via CCNB1. The flow 
cytometry data thus likely captures a mixed population response, with the molecular data unequivocally pointing 
to CCNB1-mediated G2/M arrest as the initiating event.

While luteolin’s effects on CCNB1 and cell cycle progression are compelling, further studies are needed to 
fully elucidate its broader molecular mechanisms in pancreatic cancer. It will be important to explore whether 
luteolin’s effects extend beyond CCNB1 to other critical cell cycle regulators, such as CDK2, cyclin E, and p21, 
which also play essential roles in the progression of pancreatic cancer. Additionally, the potential synergy between 
luteolin and conventional chemotherapeutic agents, such as gemcitabine, should be investigated to determine 
whether luteolin could enhance the therapeutic efficacy of existing treatments and overcome drug resistance 
in pancreatic cancer. While this study identifies CCNB1-mediated cell cycle arrest as a primary mechanism, 
luteolin is known to modulate other signaling pathways (e.g., PI3K/AKT, STAT3) in other contexts. The potential 
contribution of or crosstalk with these pathways in pancreatic cancer remains an interesting question for future 
investigation.

Conclusions
Luteolin effectively suppresses PC by targeting CCNB1 and disrupting cell cycle progression. These findings 
highlight luteolin’s potential as a therapeutic agent, either alone or in combination with other treatments.

Data availability
The RNA sequencing data will be available in NCBI following a year embargo from the date of publication. 
The data that support the findings of this study are available on request from the corresponding author upon 
reasonable request. All raw and processed data are publicly available in the NCBI Sequence Read Archive under 
accession PRJNA1010518.
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