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Purpose: Lung adenocarcinoma currently ranks the leading causes of cancer-related mortality worldwide. Many anti-inflammation 
herbs, like tetramethylpyrazine, have shown their anti-tumor potentials. Here, we evaluated the role of a novel chalcone derivative of 
tetramethylpyrazine ((E) -1- (E) -1- (2-hydroxy-5-chlorophenyl) -3- (3,5,6-trimethylpyrazin-2-yl) -2-propen-1, HCTMPPK) in lung 
adenocarcinoma.
Methods: The effects of HCTMPPK on cell proliferation, apoptosis, and invasion were investigated by in-vitro assays, including 
CCK-8, colony formation assay, flow cytometry, transwell assay, and wound-healing assay. The therapeutic potential of HCTMPPK 
in vivo was evaluated in xenograft mice. To figure out the target molecules of HCTMPPK, a network pharmacology approach and 
molecular docking studies were employed, and subsequent experiments were conducted to confirm these candidate molecules.
Results: HCTMPPK effectively suppressed the proliferative activity and migration, as well as enhanced the apoptosis of A549 cells in 
a concentration-dependent manner. Consistent with this, tumor growth was inhibited by HCTMPPK significantly in vivo. Regarding 
the mechanisms, HCTMPPK down-regulated Bcl-2 and MMP-9 and up-regulating Bax and cleaved-caspase-3. Subsequently, we 
identified 601 overlapping DEGs from LUAD patients in TCGA and GEO database. Then, 15 hub genes were identified by PPI 
network and CytoHubba. Finally, MELK was verified to be the HCTMPPK targeted site, through the molecular docking studies and 
validation experiments.
Conclusion: Overall, our study indicates HCTMPPK as a potential MELK inhibitor and may be a promising candidate for the therapy 
of lung cancer.
Keywords: HCTMPPK((E) -1- (E) -1- (2-hydroxy-5-chlorophenyl) -3- (3,5,6-trimethylpyrazin-2-yl) -2-propen-1), chalcone, TMP, 
lung adenocarcinoma, network pharmacology, AutoDock

Introduction
Lung cancer is a highly lethal malignancy globally,1 with non-small cell lung carcinoma (NSCLC) accounting for 
approximately 85% of all diagnosed cases. Despite this, the five-year survival rate for NSCLC is merely 15%.2 Lung 
adenocarcinoma, which comprises approximately 40% of lung cancers, is the primary cause of morbidity and mortality in 
this context.3
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Most patients with lung cancer are typically diagnosed at an advanced or metastatic stage, and the primary therapeutic 
approach for NSCLC continues to involve a combination of surgical intervention and chemotherapy.4–7 However, there 
are still many lung cancer patients who do not have an available immunotherapy regimen, do not have a specific 
molecular therapeutic target, and cannot tolerate the intense side effects of chemotherapy drugs. The therapeutic needs of 
these patients have prompted us to look for the development of novel, low-toxicity anticancer drugs from herbs that have 
some research basis. Therefore, it is crucial to discover new antineoplastic agents that are more selective towards 
malignant cells and less toxic to normal cells.

The biologically active phytochemicals exhibit hypotoxic and pleiotropic properties, exerting interference on diverse 
cellular processes associated with the onset and progression of cancer.8 Numerous natural products derived from herbal 
medicines exhibit anticancer activities,9 encompassing anti-proliferative, pro-apoptotic, anti-metastatic, and anti- 
angiogenic effects.10 Moreover, they modulate autophagy, reverse multidrug resistance, balance immunity, and enhance 
chemotherapy both in vitro and in vivo.11 Notably, chalcone—a natural compound containing αβ-unsaturated carbonyl 
groups—has emerged as a pivotal pharmacophore with potent tumor-inhibiting effects.12 Tetramethylpyrazine (ligus-
trazine, TMP) is an active alkaloid monomer containing potent bioactive constituents. Extensive research has demon-
strated the significant inhibitory effects of TMP and its derivatives on various cancer cell lines, including lung cancer 
cells,13,14 colorectal cancer,15 hepatocellular carcinoma,16 and breast cancer cells.17 The inhibitory effects are attributed 
to modulating various biological processes, such as inducing apoptosis. In recent years, the use of TMP in tumor 
treatment has gained attention; however, its application is significantly hindered by limitations like rapid metabolism and 
a short half-life. By structurally altering chalcone derivatives, we have synthesized compounds that substantially enhance 
antitumor activity and prolong the original plant active ingredient’s half-life while reducing cytotoxicity and improving 
selectivity.12 The hybridization of chalcone fraction with TMP anticancer pharmacophore offers a promising approach for 
developing novel anticancer drugs,18,19 overcoming drug resistance and providing higher activity and enhanced 
specificity.20

To improve the shortcomings of TMP with fast metabolism and short half-life, we added the pyrazine ring structure of 
TMP based on chalcone parent nucleus and designed a new compound (E)-1-(E)-1-(2-hydroxy-5-chlorophenyl)- 
3-(3,5,6-3-methylpyrazin-2-yl)-2-toluene-1 (HCTMPPK) based on the principle of hybridization and electron isomeriza-
tion (Figure 1) in our previous research.21 Our study investigates the effects of HCTMPPK on lung adenocarcinoma cells 
to clarify its role in suppressing this type of cancer and identify potential downstream molecules and pathways through 
network pharmacology. These findings may provide new drugs for treating lung adenocarcinoma.

Maternal embryonic leucine zipper kinase (MELK) is involved in the development of numerous cancers, and is 
considered a novel oncogene. Multiple studies have demonstrated that MELK is overexpressed in a wide range of 
cancers, and its elevated expression is associated with a poor prognosis.22–25 A diverse range of protein substrates have 
been identified to interact with MELK and regulate its activity through phosphorylation-dependent mechanisms. 
Activation of MELK is triggered by various stress stimuli, which subsequently promote the activation of apoptosis 
signal-regulated kinase 1 (ASK1),26 transforming growth factor-β (TGF-β)27 and p53 signaling pathways.26 Activated 
MELK plays a role in regulating numerous cellular functions, including cell proliferation, cell cycle arrest, spliceosome 
assembly, stem cell self-renewal, metabolism, and apoptosis.28,29 In lung cancer, it has been demonstrated that the 
overexpression of MELK stimulates the proliferation and metastasis of LUAD cells. Additionally, MELK mediates the 
metastasis of LUAD cells by regulating the expression of Slug, Twist1, MMP7, N-catenin, and E-catenin. It also 

Figure 1 Compound HCTMPPK (E)-1-(E)-1-(2-hydroxy-5-chlorophenyl)-3-(3,5,6-3-methylpyrazin-2-yl)-2-toluene-1.
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regulates the G2/M phase through the PLK1-CDC25C-CDK1 pathway and plays a role in inhibiting cellular apoptosis 
and pyroptosis.30

Materials and Methods
Cell Culture
Human lung adenocarcinoma cell line (A549) and human normal lung bronchial epithelial cells (BASE-2B) were 
obtained from CAS. BASE-2B, A549 cells were cultivated in RPMI-1640 medium (Hyclone, Thermo Scientific, 
USA) supplemented with 10% fetal bovine serum (FBS, BI, Shanghai, China) and 1% penicillin-streptomycin 
(Solarbio, Shanghai, China). The cells were incubated in a humidified incubator with 5% CO2 at 37 °C.

Drug Solution Preparation
The compound HCTMPPK used in the study was synthetized by Zou Jin-mi of Professor Liu Xin-yong research group of 
Shandong University. HCTMPPK powder was dissolved in DMSO to make a stock solution, and an appropriate amount 
of stock solution was prepared with complete medium to a high concentration solution of 1000 μmol/L and diluted to 
a concentration of 2.5, 5, 7.5, 12.5 and 15 μmol/L of drug-containing medium. Animals were injected intraperitoneally 
with the drug at the solvent ratio of DMSO: PEG 400: Saline = 2:30:68.

Cell Counting Kit-8 Assay
Cell viability of human lung adenocarcinoma cell line and human normal lung bronchial epithelial cells (A549 and 
BASE-2B) were detected by a cell counting kit-8 (CCK-8) assay (TargetMol, USA). Cells were seeded on 96-well plates 
(2×103 cells/well) and cultivated with various concentrations of HCTMPPK for 24 h. And then 10 µL of CCK-8 reagent 
was added according to the manufacturer’s instructions. Finally, the absorbance of each well was measured at 450 nm 
using a microplate reader (Thermo Scientific, Multiskan Sky) after 1–2 h. Three independent experiments were repeated 
to get the mean value.

Colony Formation Assay
A549 cells were seeded into the 6-well plates (1000 cells/well) and treated with increasing concentration of HCTMPPK 
solution. After the incubation period (24h), cells were washed twice with warm PBS (phosphate-buffered saline), and 
incubated with culture medium for 14 days. The cells were then fixed with cold 4% paraformaldehyde and stained with 
0.5% crystal violet to visualize and count number of colonies.

Transwell Assay
Cell invasion was assessed using Invasion Chambers with 8 µm inserts in 24-well plates (Corning, USA). Cells were 
seeded in the upper chamber and cultured in a serum-free medium, and the lower chamber was supplemented with 15% 
serum medium. After 24 h of cell incubation, cells on the upper surface were swabbed off, followed by fixing, staining, 
washing the cells on the lower surface, and photographed for counting.

Wound-Healing Scratch Assay
Cells were seeded onto a six-well plate one day in advance. Cells were scratched using a 200 μL pipette tip, and the cells 
were incubated in a serum-free medium for 72 h. Scratch wounds were monitored and photographed at 0, 24, 48, and 72 
h. Wound closure was imaged and quantified using Image J software.

Flow Cytometry
Cells treated with the indicated concentration of HCTMPPK were collected and the apoptosis rate was detected using an 
Annexin V-FITC/PI apoptosis detection kit (KeyGEN BioTECH, Jiangsu, China). Cells were resuspended with 500 µL 
of 1×Binding Buffer, 5 µL of Annexin V-FITC and 5 µL of Propidium Iodide were added and mixed well. The cells were 
protected from light for 5–10 min at room temperature and assayed using flow cytometry (Beckman Coulter FC500, 
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USA) within 1 h. The experiment was repeated three times and the apoptosis rate was finally analyzed by FlowJo 10 
software.

Western Blotting Assay
The protein was extracted using RIPA Lysis Buffer (Solarbio, Shanghai, China) and the concentration was determined 
using the BCA protein assay kit (Solarbio, Shanghai, China) according to the instructions. Proteins were separated using 
SDS-PAGE (8–12% gel). The membrane was blocked with 5% non-fat milk and incubated with primary antibodies at 4  
°C overnight. The membranes were incubated with appropriate secondary antibodies (bioss, Beijing, China) at room 
temperature for 1–2 h. The proteins were visualized by an enhanced chemiluminescence (ECL) system (Millipore, USA) 
and the SuperSignal West Femto Chemiluminescent Substrate Detection System (Thermo Fischer Scientific, Rockford, 
IL). The relative protein levels were measured using Image J software, and normalized to Tubulin. Primary antibodies 
were purchased from Abcam (Abcam, Cambridge, USA) including Bax (ab32503), Bcl-2 (ab182858), Caspase-3 
(ab184787), MMP-9 (ab76003), and Tublin were purchased from Elabscience (Elabscience, Wuhan, China).

Quantitative Real-Time PCR Assay
Total RNA was extracted from A549 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and cDNA was 
synthesized using ReverTra Ace qPCR RT Master Mix (Toyobo, Tokyo, Japan) according to the manufacturer’s 
instructions. qRT-PCR was conducted in triplicate using SYBR Premix Ex Taq™ (Takara Bio, Inc., Otsu, Japan). See 
Table S1 for specific primer sequences. The SYBR green gene expression assays were used for PCR amplification by 
using QuantStudio 3 Flex real-time PCR system from Applied Biosystems. The data were normalized to the internal 
reference gene GAPDH. The relative expression of the target gene was calculated using the comparative 2-ΔΔCt method.

Tumor Xenograft in Nude Mice
Male thymus-free nude mice (nu / nu, 4–6 weeks) without specific pathogens were purchased from Pengyue (Jinan, 
China). A549 cells in logarithmic growth state were collected, and were resuspended with serum-free RPMI-1640. 
Subcutaneously, cells were injected (1×107 cells/100μL/per mouse) into the right anterior axilla of mice. Two weeks 
later, select tumor-bearing mice with tumor volumes ranging from 200mm3 to 300mm3, and randomly divide them into 
two groups of 8 mice each: one group injected with vehicle (physiological saline containing 2% DMSO and 30% 
PEG400), and the other group injected with HCTMPPK (15 mg/kg, dissolved in the same vehicle as the model group) 
intraperitoneally (ip) every day for 2 weeks before being euthanized. Monitor tumor growth every other day. Tumor 
volume (mm3) was measured using calipers and the standard formula: (length × width2) × 0.5. Experimental animal 
procedures were approved by the Animal Ethics Committee of Qingdao Municipal Hospital.

Immunohistochemistry Staining
Formalin-fixed, paraffin embedded tumor sections tissue were dewaxed and rehydrated. Antigen retrieval was performed 
using sodium citrate (pH=6) for Caspase-3 (Abcam, USA, ab184787), and EDTA (pH=9) for Ki-67 (Proteintech, Wuhan, 
China) and MELK (Proteintech, Wuhan, China). After blocking with serum, the primary antibodies were incubated 
overnight at 4°C and biotinylated anti-rabbit secondary antibodies (ZSGB-BIO, China) were incubated for 1h at 37°C. 
The immunoreactivity was visualized with DAB and the sections were counterstained with hematoxylin. 
Immunoreactivity was assessed by light microscopy.

Lung Adenocarcinoma Data Collection and Identification of Aberrantly Expressed 
Genes in LUAD
The GSE32863 dataset (N=58, T=58) and the LUAD data queue were downloaded from the Gene Expression Omnibus 
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/) and the Cancer Genome Atlas (TCGA) Data Portal (https://www. 
cancer.gov/ccg/research/genome-sequencing/tcga) GDC Data Portal, respectively. The data in the above databases are 
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publicly available for free. The “limma” R package in R software (version 4.2.2) was used to identify differentially 
expressed genes (DEGs). FDR (q-value) < 0.05 and log2FC > 1 were considered statistically significant.

Pathway Enrichment Analysis
Perform Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis on the up-regulated and down-regulated DEGs using the “clusterProfiler” package in Bioconductor. Then, the 
results were visualized using the “ggplot2” package (P < 0.05).

Protein–Protein Network Analysis
The cross-DEGs were submit to the STRING database (https://www.string-db.org/) to create the protein-protein inter-
actions (PPI) with a minimum required interaction score of 0.7. Then Cytoscape software (version 3.9.1) was utilized to 
visualize the regulatory network26,31 and the plugin of CytoHubba in Cytoscape32 was performed to identify hub genes in 
the PPI network based on Degree.

Molecular Docking
Molecular docking is a relatively mature computer aided drug design (CADD) technique for direct structural prediction 
of compounds.33 Network pharmacology, on the other hand, as an application of multiple disciplines, can infer biological 
pathways of interactions through a series of “gene-drug-target-disease” networks.34 The 3D structure of the target protein 
was downloaded from the PDB database (https://www.rcsb.org). The water molecules and original ligands were removed 
from the target proteins by PyMOL, and then the target proteins were imported into AutoDock Tools 1.5.7 for hydrogen 
addition, charge calculation and non-polar hydrogen combination, and then the results were stored in PDBQT format, and 
the receptor proteins were all placed inside the docking box and coordinate information was generated. Finally, qvina-w 
was run for molecular docking, and the results were visualized using PyMOL2.4.

Statistical Analysis
All experiments described above were performed at least 3 times. Data are expressed as the mean of each group ± SEM. 
Analysis of variance (ANOVA) was performed on HCTMPPK data versus controls using GraphPad Prism 5.0 software. 
The level of significance was set at P < 0.05. More details are available in the Supplementary Material.

Result
HCTMPPK Inhibits the Proliferation of A549 Cells
In this study, we initially assessed the toxic effects of HCTMPPK on normal and lung adenocarcinoma cells, respectively, 
by measuring A549 and BEAS-2B cells survival with CCK-8. HCTMPPK significantly inhibited the viability of A549 
cells in a concentration-dependent manner, and in addition, HCTMPPK was less cytotoxic to human normal lung 
epithelial cells (BEAS-2B) than to A549 cells (Figure 2A, Figure S1), indicating that it was more targeted to A549 
cells. The 24-hour HCTMPPK average IC50 profiles against A549 and BEAS-2B cell lines were 18.02 μM and 19.01 
μM, respectively (Figure S2). To further investigate the anti-proliferative ability of HCTMPPK on A549 cells, we 
performed the colony formation assay and observed that HCTMPPK inhibited the proliferation of A549 cells in 
a concentration-dependent manner (Figure 2B–C).

HCTMPPK Promotes Apoptosis in A549 Cells
To determine that HCTMPPK inhibited the proliferation of LUAD cells and its cytotoxicity acts in part through the 
process of apoptosis, the rate of apoptosis in A549 cells after 24 h of administration was measured using Annexin 
V-FITC/PI double-staining and analyzed by flow cytometry. As shown in Figure 3A, the apoptosis rate of A549 cells 
exposed to HCTMPPK for 24 h increased in a concentration-dependent manner. As the drug concentration increased, the 
percentage of early apoptosis was relatively lower and the percentage of late apoptosis increased. These results suggested 
that HCTMPPK may partly be responsible for the death of LUAD cells in part through the induction of apoptosis.
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In addition, Bax, Bcl-2 and Caspase-3 all play important roles in apoptosis, and in view of this, we investigated the 
expression levels of several of these apoptosis-related proteins after 24 h of HCTMPPK stimulation. We observed that 
Bax/Bcl-2 was elevated at the protein level in the administered group of cells after 24 h exposure to different 
concentrations of HCTMPPK compared to the vector-treated cells (Figure 3B), while the expression of cleaved 
caspase-3 was enhanced (Figure 3C), which implies that drug treatment promoted apoptosis. Overall, HCTMPPK 
could lead to cell death through promoting apoptosis of A549 cells.

HCTMPPK Inhibits the Migration of A549 Cells
In addition to its pro-apoptotic effect on A549 cells, our study aimed to investigate the impact of HCTMPPK on the 
migratory capacity of tumor cells. The results of transwell assay in HCTMPPK groups at different concentrations (7.5, 
10, 12.5 μmol/L) showed that the cell migration number was significantly lower than that of the control group after 24 h, 
and the differences were statistically significant at 10 μmol/L and 12.5 μmol/L concentrations compared with the vector- 
treated group (Figure 4A). Meanwhile, we also performed wound-healing scratch assays under the same drug stimulation 
in transwell (Figure 4B), and the results showed that HCTMPPK could inhibit the migration of A549 cells. Further, we 
used Western blot to further determine the expression level of MMP-9, a protein associated with the invasion process. 
The results in Figure 4C showed that the expression level of MMP-9 protein was significantly reduced at 10 μmol/L and 
12.5 μmol/L compared with the control group, which showed that HCTMPPK could inhibitory effect on the invasion of 
A549 cells. In conclusion, HCTMPPK can promote apoptosis and inhibit proliferation and invasion of LUAD cells.

Figure 2 HCTMPPK inhibits the proliferation of lung adenocarcinoma cells. (A) Results of CCK-8 assays indicated that HCTMPPK inhibits the proliferation of A549 rather 
than BEAS-2B. (B) Representative pictures of Colony-forming assay. (C) The statistical graph of the clone formation experiment. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001, compared with group 0, #P<0.05, ##P<0.01, compared with BEAS-2B.CCK-8, cell count kit 8.
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HCTMPPK Inhibits the Growth of A549 Xenograft Tumors in vivo
Based on these results, the present study further evaluated the anti-tumor effects of HCTMPPK in vivo. Firstly, we conducted 
a long-term toxicity test in mice by continuous administration (0, 15, 30 mg/kg) for 21 days, and the results showed that the dose 
of 15 mg/kg did not show hepatic and renal toxicity in C57BL/c mice (Table S2, Figure S3), thus we used 15 mg/kg for the 
subsequent animal experiments. We established a xenograft model in nude mice and grouped tumor-bearing mice with tumor 
volume greater than 200 mm3 14 days after subcutaneous inoculation of A549 cells, and treated them with vehicle and 
HCTMPPK (15 mg/kg) by intraperitoneal injection for 14 days, respectively. Tumor volumes were measured daily from the 
beginning of treatment. Compared with the model group, the inhibition rate of xenograft tumor size in mice in the HCTMPPK 
group by intraperitoneal injection was 52% at 14 days of treatment, and a significant difference in the size of transplanted tumors 
in mice in the drug-treated group compared with the vector control group was observed from day 9 after the start of drug 
administration (Figure 5A). The tumor masses were weighed after autopsy. The mean volume and weight of tumors in the drug- 
administered group were significantly lower compared to the control group (Figure 5B). We then assessed the expression levels 
of Caspase-3 and Ki-67 in the tumor tissues by immunohistochemistry and quantified the immunohistochemical results using 
FIJI Image J (Figure 5C). The results showed that Ki-67, a marker of cell proliferation, was significantly downregulated by 
HCTMPPK and Caspase-3, a marker of apoptosis, was significantly upregulated in the tumor tissues. In short, HCTMPPK 
inhibited the proliferation of lung adenocarcinoma cells and promoted their apoptosis, thus achieving the effect of tumor growth 
inhibition.

Figure 3 HCTMPPK promotes apoptosis in A549 cells. (A) Annexin V-FITC/PI dual staining apoptosis analysis of A549 cells in each group. (B) Representative Western 
blotting and quantification of Bax, Bcl-2. (C) Representative Western blotting and quantification of pro caspase-3 and cleaved caspase-3. *P < 0.05, t-test.
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Screening Key Genes for HCTMPPK Interference in LUAD
The raw data in GEO and TCGA were filtered, analyzed, and sorted using the “limma” R package, from which 956 DEGs 
and 6646 DEGs were extracted, respectively, compared with normal tissues. The “ggplot2”and “pheatmap” packages of 

Figure 4 HCTMPPK inhibits the migration of A549 cells. (A) Representative pictures of transwell assay and number of migrating cells. (B) Wound healing experiments and 
quantitative chart. (C) Representative Western blotting and quantification of the expression of MMP-9 decreased after 24 h exposure to HCTMPPK. *P < 0.05, **P < 0.01, 
****P < 0.0001 t-test.
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R software were used to draw heatmap and volcano plot (Figure S4). For conducting more objective and accurate data 
analysis, 601 overlapped DEGs (ol-DEGs) were detected in GEO and TCGA (Figure 6A and B).

To further explore the specific mechanism of HCTMPPK in exerting pharmacological effects, firstly GO functional 
and KEGG pathway enrichment analyses were performed. 815 pathways were obtained from GO functional enrichment 
results, and the top 10 significantly enriched terms in BP, MF and CC categories were plotted separately using the 
“clusterProfiler” package (Figure 6C and D). The GO analysis of DEGs was mainly related to extracellular matrix 
organization, cell-matrix adhesion process. The enrichment results of KEGG pathways showed enriched signaling 
pathways, mainly including Complement and coagulation cascades and Leukocyte transendothelial migration. Among 
them, the extracellular matrix organization, cell-matrix adhesion process is closely related to tumor development. The 
PPI network of differentially expressed proteins in LUAD patients in the GEO and TCGA databases was obtained from 
STRING (Figure 6E and G). The topological parameters of the PPI network were calculated by Cytoscape. The 
CytoHubba plug-in was used to select the top 15 genes ranked by the MCC method as hub genes, including: MELK, 
AURKA, JUN, CENPF, TYROBP, AURKB, CCNB2, CDC20, TPX2, ASPM, KIF20A, UBE2C, TOP2A, MMP9 
and IL6.

HCTMPPK Inhibits Lung Cancer Progression Through MELK
Next, we predicted the potential targets of HCTMPPK action in lung adenocarcinoma cells. Based on the degrees of 
common targets in the PPI network and the KEGG results, key lung adenocarcinoma -related targets (eg, AURKA, 
MELK, JUN) were selected for molecular docking using QuickVina-W (Figure 7A, C and E). The docking results 
showed that HCTMPPK could bind to the docking pocket with good docking activity with the target proteins. The 
specific binding modes of target proteins and components were processed and optimized using PyMoL2.4.0. The docking 
results showed that all the above three target proteins bind well to the HCTMPPK ligand molecule.

The compound HCTMPPK was docked with the proteins AURKA, JUN and MELK respectively. The results 
(Figure 7A–C) showed that the hydroxyl group on the benzene ring of the compound HCTMPPK forms a hydrogen 
bond with the amino acid Ala-213 in the cavity of the protein AURKA. The hydroxyl and ketone carbonyl groups of 

Figure 5 HCTMPPK inhibits the growth of A549 xenograft tumors in vivo. (A) Images from subcutaneous xenograft of nude mice and tumors that were harvested in day 15. 
(B) Results showed that the tumor volume and tumor weight in group HCTMPPK were significantly decreased compered to group vehicle. (C) Immunohistochemical 
staining of Ki-67 and Caspase-3 in tumor tissue sections. *P < 0.05, **P < 0.01, t-test.
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Figure 6 Bioinformatics screening identifies differential genes associated with lung adenocarcinoma. (A) Heatmap of up- and down-regulated genes in lung adenocarcinoma 
patients compared to normal subjects in GEO. (B) Wayne’s Map of up- and down-regulated genes in lung adenocarcinoma patients compared to normal subjects in TCGA. 
(C and D) Bubble plots of GO function and KEGG pathway analysis of crossed DEGs. (E–G) PPI network construction and the top 15 hub genes in the PPI network 
screened based on Degree. In (F) red color indicates up-regulated genes and green color indicates down-regulated genes. The darker the node color in (G) the higher the 
score of degree.
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HCTMPPK form hydrogen bonds with the amino acid Lys-67 in protein JUN. The hydroxyl, ketocarbonyl and pyrazine 
rings of HCTMPPK form hydrogen bonds with the protein MELK and are more stable in the cavity.

To verify the interaction between HCTMPPK and three potential genes, the qPCR was performed on A549 cells after 
drug administration (Figure 7D–F). Compared with the control group, the expression of JUN, AURKA and MELK genes 
was significantly reduced after 24 hours, indicating that HCTMPPK could act on these three targets to exert oncogenic 
effects. To explore the pathway of action of HCTMPPK, we carried out in vivo validation. The qPCR results of tumor 
tissue that MELK could play a more critical role in the inhibition of the tumorigenesis and development process of 
HCTMPPK (Figure 8A–C).

Therefore, we further tested the effect of HCTMPPK on MELK expression. In the in vivo experiments, we performed 
immunohistochemical staining of mouse tumor tissues and quantified the MELK expression-positive regions. The results 
showed that HCTMPPK resulted in decreased MELK expression (Figure 8D and E). We also did Western bloting on 

Figure 7 Molecular docking and validation on A549 cells. (A–C) In the picture, the cyan part represents the drug molecule, the target protein structures show as white 
Cartoon Mode. (D–F) The rightmost bar graphs indicate the mRNA expression of the corresponding genes in A549 in group NC and HCTMPPK, respectively.; *P < 0.05, 
**P < 0.01, t-test.
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A549 cells for verification, and consistent with the IHC results, HCTMPPK downregulated MELK expression in A549 
cells (Figure 8F and G).

Discussion
Chemotherapy is a crucial therapeutic modality for solid cancers.6 Extensive evidence established the apoptosis- 
promoting effects of chemotherapeutic agents, such as 5-FU, on different tumors, however, their corresponding side 
effects are significant.35 The need for less toxic and more effective anticancer drugs for lung cancer patients has led to 
a search for the development of new antitumor drugs from the rich treasure trove of herbs.

Chalcones represent a significant class of anticancer agents with diverse biological activities, and their hydroxyl 
derivatives exhibit substantial anti-proliferative effects on cancer cells.12 TMP alleviates inflammation through inhibiting 

Figure 8 Validation of MELK expression in vitro and in vivo. (A–C) The mRNA expressions of AURKA, JUN, and MELK in tumor tissue. (D–E) Immunohistochemical 
staining of MELK in tumor tissue sections and the corresponding quantitative statistic graphs. (F and G) Representative Western blotting and quantification of MELK in 
A549. *P < 0.05, ***P < 0.001, t-test.
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TRAF6/c-JUN/NF-κB signaling pathway,36 enhances antitumor effects,37 and has also demonstrated its ability to reverse 
breast cancer by regulating pgp-mediated expression of multidrug resistance in breast cancer cells.38 In this study, we 
found that chalcone hybridized with TMP inhibited the growth of A549 cells, induced apoptosis, and showed little 
cytotoxicity to normal cell lines BEAS-2B.

Previous studies have shown that TMP exerts a dose- and time-dependent inhibitory effect on the proliferation of 
A549 cells by inhibiting cell cycle progression.37 HCTMPPK is a hybrid structure comprising of aromatic ketones and 
enones in conjunction with tetramethylpyrazine, which serves as the central core for diverse biologically significant 
compounds. A drug is considered to have no significant cytotoxicity if its inhibitory effect on proliferation is below 
10%.39 The results of our CCK-8 assay showed that the safety profile of HCTMPPK in BASE-2B cells within the range 
of 10–12.5 μmol/L, while significantly inhibiting the proliferative activity of A549 cells. Our plate cloning assay visually 
depicted the drug’s proliferative toxicity on A54 cells as well. This experimental evidence highlights that HCTMPPK 
exhibits antitumor effects by effectively suppressing lung cancer cell proliferation without inducing significant toxicity in 
normal cells.

Apoptosis plays a pivotal role in maintaining cellular homeostasis and represents a promising therapeutic target for 
cancer intervention.40 Wang et al41 showed that synthetic TMP-flavonoid derivative compounds induced apoptosis in 
hepatocellular carcinoma cell line Bel-7402. Then, can the HCTMPPK we studied induce apoptosis in lung cancer cells? 
In accordance with the findings of Wang et al, our flow results showed that HCTMPPK effectively induced apoptosis in 
A549 cells, as evidenced by a positive correlation between the drug concentration and the rate of apoptosis (including 
early and late stages). This suggests that HCTMMPPK can induce cell death through apoptotic pathways. To elucidate 
the underlying mechanism, Western blotting was employed to assess the levels of Bcl-2 family proteins and caspase 
family proteins. Bcl-2 forms a heterodimer with Bax when Bcl-2 is highly expressed, which inhibits apoptosis. 
Therefore, the Bax/Bcl-2 ratio is commonly used to assess the apoptotic status of cells.42 In the present study, treatment 
with HCTMPPK resulted in a decrease in Bcl-2 and an increase in Bax expression, leading to apoptosis in A549 cells. 
This pro-apoptotic property may be attributed to the compound’s ability to enhance cysteinase-3 activation while down- 
regulate Bcl-2 and up-regulate Bax expression.

Migration and invasion are critical processes in the metastasis of pre-cancerous cells.43 MMP-9, also known as 
gelatinase B, regulates tumor migration and invasion, and cancer metastasis. Rajasinghe LD44 found that δ T inhibited 
MMP-9 activity in a concentration-dependent manner, thereby reducing the migration and invasion of lung cancer cells. 
In this study, we observed that HCTMPPK downregulates MMP-9 protein expression and inhibits the invasion of A549 
cells at concentrations of 10 and 12.5 μmol/L. These findings suggest that HCTMPP has antitumor effects on lung cancer 
cells. HCTMPPK likely inhibits xenograft through a combination of its pro-apoptotic and anti-invasive/migratory effects 
tumor growth in mouse models. In our results, HCTMPPK promoted apoptosis of A549 cells and inhibited the migration 
of A549 cells, so we suggest that HCTMPPK may also inhibit the migration of lung cancer cells by inducing apoptosis. 
These new findings broaden our understanding of the anticancer pharmacology of HCTMPPK.

In this study, we predicted the interactions between HCTMPPK and its potential protein targets by integrating 
NSCLC-related information from publicly available databases. Additionally, a docking study was conducted to predict 
specific interactions between HCTMPPK and its predicted protein targets. Pathway analysis revealed that HCTMPPK 
regulates cell adhesion and migration processes, which are crucial for the proliferation and metastasis of lung carcinoma. 
Tumor metastasis is a complex process, with epithelia–mesenchymal transition (EMT) serving as the initial step. 
Therefore, we further analyzed the proteins associated with these two pathways. The results demonstrated that 
HCTMPPK can interfere with the progression of NSCLC through multiple targets and pathways. Among these, the 
top 15 targets included JUN, IL6, TOP2A, MMP9, UBE2C, KIF20A, ASPM, TPX2, CDC20, CCNB2, MELK, AURKB, 
TYROBP, AURKA, and CENPF.

Absolute values of affinity greater than 4.25 indicate some binding activity, greater than 5.0 indicate good binding 
activity, and greater than 7.0 indicate strong binding activity.45 Our molecular docking results showed that the affinity’s 
absolute values of MELK, AURKA, JUN, TOP2, MMP9 were 8.5, 8.4, 7.5, 7.9, 6.5, respectively. Which means 
HCTMPPK could adapt well to the active regions of MELK and AURKA and regulate their expressions at the 
transcriptional level. However, during in vivo validation, we observed a significant difference only in MELK. 
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Furthermore, MELK is an oncogenic kinase essential for metastasis, mitotic progression, and programmed cell death in 
lung carcinoma. It can enhance the migration and invasion of LUAD by upregulating MMPs, and N-cadherin.30 

Noticeably, the expression of MELK is increased in cancerous tissues, during cell transformation and in mitotically- 
blocked cells.46 MELK has indeed been implicated in numerous cellular events in tumorigenesis and malignant 
progression of human cancers. It achieves this through phosphorylation and regulation of several signaling molecules, 
including NF-κB47 and mTOR.48 Given its significance in these processes, a more detailed exploration of the down-
stream signaling pathways modulated by MELK in NSCLC is imperative. The current study provides evidence that 
HCTMPPK influences the developmental process of LUAD by influencing the expression of MELK, suggesting 
a potential target for therapeutic intervention in lung cancer. Future studies are needed to further elucidate the exact 
mechanism by which HCTMPPK regulates MELK and its downstream targets in NSCLC.

There are also some limitations in this study. Although we have found that HCTMPPK can inhibit MELK expression, the 
specific mechanisms remain unclear. Further research could involve labeling HCTMPPK with a fluorescent marker to 
determine its intracellular location or using immunoprecipitation to identify proteins that directly interact with HCTMPPK.

In conclusion, the HCTMPPK reported in this study could halt or delay the progression of tumor development by 
inhibiting the proliferation and invasion of lung cancer cells and promoting apoptosis. These findings offer promise for 
the potential application of chalcone compounds, or their derivatives as effective chemotherapeutic agents based on 
preclinical principles and molecular basis.
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