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Article history Objective To systematically elucidate the molecular mechanisms and core targets underly-
Received 25 June 2025 ing the anti-hepatocellular carcinoma (HCC) effects of icariin through integrated network
Accepted 24 December 2025 pharmacology and experimental validation.

Available online 25 March 2026 Methods Potential targets of icariin were screened using the PubChem database and Swis-

Keywords sTargetPrediction platform, followed by intersection analysis with HCC-related genes from
Icariin the Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO). Gene Ontology
Hepatocellular carcinoma (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses
Polo-like kinase 1 (PLK1) were performed to characterize the biological functions of candidate targets. Key genes were
Phosphorylation identified using the random survival forest algorithm, and their associations with the tumor
Molecular docking microenvironment were evaluated through immune infiltration analysis. Molecular docking

was employed to predict the binding affinity between icariin and its core targets, which was
subsequently validated by in vitro enzyme inhibition assays. Functional targets were deter-
mined through overexpression experiments in HepG2 cells, and mechanistic investigations
were conducted using Western blot and co-immunoprecipitation techniques. In vivo anti-tu-
mor efficacy was evaluated using a subcutaneous HepG2 xenograft mouse model by monitor-
ing tumor volume progression and endpoint tumor weight, and the impact of polo-like ki-
nase 1 (PLK1) overexpression on icariin-mediated tumor growth inhibition was assessed.

Results Network pharmacology analysis identified 36 common targets between icariin and
HCC, which were primarily enriched in hypoxia-inducible factor-1 (HIF-1), phosphatidyli-
nositol 3-kinase/protein kinase B (PI3K/AKT), and forkhead box O (FoxO) signaling path-
ways. Among these, PLK1, ATP binding cassette subfamily C member 1 (ABCCI), and matrix
metallopeptidase 3 (MMP3) were identified as key genes, with their high expression signifi-
cantly associated with poor patient prognosis (P < 0.0001, P = 0.004, and P = 0.03, respective-
ly). Immune infiltration analysis revealed significant correlations between these three genes
and various immune cell types, suggesting their involvement in modulating the tumor im-
mune microenvironment. Molecular docking predicted stable binding between icariin and
these targets, and in vifro enzymatic assays confirmed that icariin (20 pmol/L) exhibited the
highest inhibitory rate against PLK1 (49.67% * 4.19%), significantly greater than that against
ABCC1 (24.33% + 3.40%) and MMP3 (38.00% + 3.06%). Functional validation demonstrated
that PLK1 overexpression reversed icariin-mediated inhibition of HepG2 cell proliferation
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(P < 0.05), whereas ABCC1 or MMP3 overexpression showed no such effect, indicating PLK1
as the primary functional target of icariin. Mechanistic studies revealed that icariin specifical-
ly reduced PLK1 phosphorylation levels and disrupted its interaction with forkhead box M1
(FoxM1). In vivo experiments confirmed that PLK1 overexpression significantly attenuated
icariin-induced suppression of tumor growth in xenograft mice (P < 0.001).

Conclusion PLK1 is a critical target mediating the anti-HCC effects of icariin through inhibi-
tion of the PLK1-FoxM1 axis, providing a mechanistic basis for the clinical development of

icariin as an HCC therapeutic agent.

1 Introduction

Hepatocellular carcinoma (HCC) represents a major
global health burden, with limited effective therapeutic
strategies. In China, HCC poses a particularly severe
health challenge, accounting for approximately 366 000
new cases and 318 000 deaths annually, ranking as the
fourth most common malignancy and the second lead-
ing cause of cancer-related mortality !"'. Existing effective
therapies, including surgical resection, transcatheter ar-
terial chemoembolization, and systemic chemotherapy,
are constrained by poor curative efficacy, suboptimal pa-
tient tolerance, and significant side effects, particularly in
patients with underlying liver dysfunction !,

Naturally derived compounds from traditional Chi-
nese medicine (TCM) represent a compelling avenue for
anticancer drug discovery. Yinyanghuo (Epimedii Foli-
um), a well-established medicinal herb, has garnered
considerable interest for its multifaceted pharmacologi-
cal properties, including immunomodulatory and antitu-
mor activities P! Icariin, the principal bioactive flavonoid
component of Yinyanghuo (Epimedii Folium), exhibits
low toxicity and potent anticancer activity across diverse
malignancies, such as non-small cell lung cancer, breast
cancer, and gastric cancer .. Critically, beyond its docu-
mented effects of inhibiting proliferation and inducing
apoptosis in HCC cells, icariin has shown promise in
modulating key oncogenic pathways, such as phos-
phatidylinositol-3-kinase/protein kinase B (PI3K/AKT)
and Wnt/B-catenin ., This multi-target profile positions it
as a potential candidate for addressing the key challenge
of limited efficacy and acquired resistance associated
with single-target therapies in HCC [,

However, despite these preclinical findings, the pre-
cise molecular mechanisms underlying icariin’s anti-
HCC effects remain incompletely understood. This
knowledge deficit poses a substantial barrier to its clini-
cal translation and rational development as a targeted
therapeutic agent. The emergence of network pharmacol-
ogy provides a powerful framework to address this limita-
tion, by enabling systematic identification of drug-target
interactions and comprehensive analysis of underlying
pharmacological mechanisms, which is particularly
well-suited for studying multi-target natural products like
icariin 1°l,

Therefore, this study aims to integrate network phar-
macology with experimental validation to elucidate the
mechanism underlying the icariin-mediated anti-HCC ef-
fects. We hypothesize that icariin exerts its therapeutic ef-
fects through the specific targeting of key molecules in-
volved in HCC progression. Through bioinformatics anal-
ysis of public databases combined with rigorous in vitro
and in vivo validation, we aim to identify the molecular
targets of icariin and provide new insights into the devel-
opment of icariin-based treatment strategies for HCC.

2 Materials and methods
2.1 Icariin targets screening

The icariin target swere systematically screened using the
PubChem database (Compound Identifier: 5318997) !
and SwissTargetPrediction platform (https://www.swis-
stargetprediction.ch; based on molecular similarity and
pharmacophore models) '\, Potential targets were select-
ed with a probability threshold > 0.1. Pathological targets
associated with HCC were retrieved from the following
sources: the Online Mendelian Inheritance in Man
(OMIM) database using "hepatocellular carcinoma" as
the search term !'; the GeneCards database with the
same search term and a relevance score threshold of =
10 " and the Gene Expression Omnibus (GEO)
database, from which disease-related targets were identi-
fied based on differential expression analysis of HCC-re-
lated datasets "l The GEO datasets (accession number:
GSE112271) involved in this study contained mRNA ex-
pression profiles of HCC tissues and adjacent non-tumor
tissues. To elucidate the potential mechanisms of TCM
against HCC, icariin targets, and HCC-related pathologi-
cal targets were integrated with Venn diagrams in the R
package “VennDiagram” ¥, The overlapping targets from
the integration were considered as the potential icariin
targets for HCC treatment.

2.2 HCC datasets

HCC data were obtained from the Cancer Genome Atlas
(TCGA) and GEO, and the comprehensive molecular pro-
filing and clinical annotations were provided by these two
databases. Specifically, a total of 424 TCGA samples (50
normal and 374 tumor) with full mRNA sequencing data


https://www.swisstargetprediction.ch
https://www.swisstargetprediction.ch
https://www.swisstargetprediction.ch

132

and clinical annotations were incorporated. For
GSE112271, seven tumor samples meeting stringent qual-
ity thresholds were enrolled for data integrity and cell
type annotations to ensure robust tumor microenviron-
ment analysis ['%).

2.3 Gene Ontology (GO) analysis and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) function analysis

Functional annotation of the overlapping targets be-
tween icariin and HCC was performed using the R pack-
age “clusterProfiler” for GO analysis and KEGG pathway
enrichment analysis. The significance threshold was set
at a false discovery rate (FDR)-adjusted P < 0.05.

2.4 Random survival forest (RSF) algorithm

The RSF algorithm was implemented with the random
ForestSRC package to screen the feature genes from the
overlapping targets between icariin and HCC. These
genes related to prognosis were ranked using the RSF al-
gorithm (nrep = 1 000, indicating that the number of iter-
ations in the Monte Carlo simulation was 1 000). Genes
with a relative importance > 0.3 were identified as key
genes.

2.5 Immune cell infiltration analysis

The Characterizing Immune Cell Basis Expression Refer-
ence SORTing (CIBERSORT) algorithm using gene ex-
pression data was applied using the LM22 signature ma-
trix for the HCC patient data and relative proportions of
22 immune-infiltrating cells '*.. Spearman’s correlation
analysis was performed to assess the correlations be-
tween gene expression and immune cell content, and P <
0.05 was considered statistically significant.

2.6 Gene set enrichment analysis (GSEA) and gene set
variation analysis (GSVA)

Further analysis of the signaling pathway differences be-
tween the high- and low-expression groups of the key
genes for the specific targets were performed using GSEA.
The background gene set was obtained from the Molecu-
lar Signatures Database (MSigDB) 7.0 7 and annotated
gene sets were employed as subtype pathways. Differen-
tial expression analysis of pathways between subtypes
was performed, and significantly enriched gene sets (ad-
justed P value < 0.05) were ranked according to their en-
richment scores. The GSVA algorithm was employed to
assign comprehensive scores for each gene set and evalu-
ate potential biological function changes across various
samples.

2.7 Regulatory network analysis of key genes

Transcription factor prediction for the key genes was per-
formed using the R package “RcisTarget” based on motif
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enrichment analysis. All computations utilized the “rcis-
target.hgl9.motifdb.cisbpont.500bp” gene-motif rank-
ings database. The analysis procedure involved the area
under the recovery curve for each motif-gene set pair,
with the normalized enrichment score derived from the
area under the curve distribution across all motifs. Be-
yond the originally annotated motifs, additional annota-
tions were inferred through motif similarity and gene se-
quence analysis. These motifs were identified with the
database-recommended thresholds of normalized en-
richment score > 3.0 and FDR < 0.05 !"*!,

2.8 miRNA-mRNA network construction

To construct the miRNA-mRNA regulatory network, the
miRNA-target interactions for the key genes from the
miRcode database (V11) were first retrieved and experi-
mentally validated "". All interactions provided by the
database with a default confidence level were included.
The resulting interaction pairs were then imported into
Cytoscape software (V3.9.1) *” for network visualization
and analysis. In the generated network, nodes represent-
ed miRNAs or mRNAs, and edges represented predicted
regulatory relationships. The network layout was opti-
mized for clarity using the built-in Cytoscape layout algo-
rithms.

2.9 Molecular docking

The key target proteins were obtained from the Protein
Data Bank (PDB; https://www.rcsb.org/) for known struc-
tures and unavailable structures were predicted using Al-
phaFold 3. The molecular structure of icariin was re-
trieved from the PubChem database (https://pubchem.
ncbinlm.nih.gov). Protein structures were prepared
through water molecule removal, addition of hydrogen
atoms, and assignment of partial charges using PyMOL
(V2.5.4). Icariin was energy-minimized using the Merck
Molecular Force Field (MMFF94). Molecular docking was
performed using AutoDock (V4.2.6) with the Lamarckian
Genetic Algorithm. The grid box dimensions were set to
40 x 40 x 40 A with 0.375 A spacing, centered on the
known active site of each protein. Docking poses were
evaluated by binding energy, with complexes exhibiting
binding energies < 0 kcal/mol considered indicative of
binding between the ligands and receptors *). The most
favorable binding conformation for each target was se-
lected for further analysis based on both binding energy
values and cluster analysis.

2.10 In vitro inhibitory activities of icariin against the key
genes

To validate the three key genes [polo-like kinase 1 (PLK1),
ATP binding cassette subfamily C member 1 (ABCCI),


https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov

Wei Zhang, et al. / Digital Chinese Medicine 9 (2026) 130-143

and matrix metallopeptidase 3 (MMP3)] identified
through network pharmacology analysis as functional
targets of icariin, in vitro enzymatic inhibition assays
were performed. ADP-Glo™ PLKI1 kinase enzyme system
(Promega, USA) was used to determine PLK1 activity.
Calcein AM assay was performed to determine ABCC1
activity *. MMP3 inhibitor screening assay kit (Abcam,
UK) was employed to determine MMP3 activity. The in-
hibitory activity of icariin was assessed at two concentra-
tions (10 and 20 pumol/L) across three protein activity as-
say systems: PLK1, ABCC1, and MMP3. The selected con-
centrations were based on documented recommenda-
tions ?> %, An equivalent volume of phosphate-buffered
saline (PBS) served as the negative control group. The in-
hibitory effects of icariin at specific concentrations were
assessed by calculating the ratio of protein activity in the
icariin-treated groups to that of the negative control

group.
2.11 Cell culture

Wild-type (WT) HepG2 cells were obtained from the
American Type Culture Collection (ATCC, USA). Stable
PLK1-overexpressing HepG2 cells (sPLK1-OV) were es-
tablished through lentiviral transduction using the
pCDH-CMV-MCS-EF1-Puro vector (System Biosciences,
USA) containing the full-length human PLK1 cDNA se-
quence. Following transduction, cells underwent selec-
tion with 2 pg/mL puromycin (Thermo Fisher Scientific,
USA) for 14 d. Successful PLK1 overexpression was con-
firmed at both protein and mRNA levels through Western
blot and quantitative reverse transcription polymerase
chain reaction (QRT-PCR) analysis, respectively.

All HepG2 cell lines were maintained in Dulbecco’s
Modified Eagle Medium (DMEM, Thermo Fisher Scientif-
ic, USA) supplemented with 10% fetal bovine serum (FBS,
GIBCO, USA) and 1% penicillin-streptomycin (Thermo
Fisher Scientific, USA). Cells were cultured at 37 °C in a
humidified atmosphere containing 5% CO,. Regular sub-
culturing was performed every 3 - 4 d using 0.25%
trypsin-ethylenediaminetetraacetic acid (EDTA) (Ther-
mo Fisher Scientific, USA) upon reaching 80% - 90% con-
fluence.

2.12 Cell transfection

PLK1-, ABCC1l-, or MMP3- overexpressing plasmids
(named iPLK1-OV HepG2, iABCC1-OV HepG2, and
iMMP3-0V HepG2, respectively) were constructed by Fit-
gene (Guangzhou, China) and transiently transfected in-
to HepG2 cells using Lipofectamine 3000. Forkhead box
M1 (FoxM1) siRNA was purchased from Thermo Fisher
Scientific and transiently transfected into HepG2 cells si-
multaneously with PLK1- overexpressing plasmid (named
iPLK1-OV-FoxM1-KD HepG?2) using Lipofectamine 3000.
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2.13 Cell counting kit-8 (CCK-8) assay

After 24 h of adhesion, cells were collected and inoculat-
ed at a density of 1 x 10° cells/well in 96-well plates, with
blank controls (medium without cells) included on each
plate. After 24 h of adhesion, cells were treated according
to the respective experimental groups (e.g., vehicle con-
trol, icariin at various concentrations, and transfected cell
lines). The specific composition of each group is detailed
in the corresponding results section for each experiment.
Following 48 h of treatment, cell viability was measured
using the CCK-8 kit (Dojindo, Japan) according to the
manufacturer’s instructions, with absorbance recorded at
450 nm using a microplate reader. Cell viability was cal-
culated using the following formula: viability (%) =
[(A_treatment— A_blank)/(A_vehicle control — A_blank)] x
100%.

For experiments comparing drug responses across ge-
netically modified cell lines (e.g., PLK1-OV), data were
further normalized to isolate the drug-specific effect. For
each distinct cell line (e.g., WT, PLK1-OV), the viability of
its vehicle control group (0 pg/mL icariin) was defined as
the baseline control (set to 100%). The viability of its cor-
responding drug-treated group was then expressed as a
percentage relative to this internal baseline using the for-
mula: normalized viability (%) = (viability_treatment/
viability_vehicle control) x 100%. This baseline normal-
ization allows for the direct comparison of icariin’s in-
hibitory efficacy independent of the inherent prolifera-
tion differences among the cell lines.

2.14 Western blot and co-immunoprecipitation (Co-IP)
assays

Western blot and Co-IP assays were performed to evalu-
ate the expression and phosphorylation of PLK1 and to
examine the interaction between PLK1 and FoxM1 4,
For Co-IP, whole-cell lysates were incubated with anti-
PLK1 antibody (Abcam, UK) overnight at 4 °C, followed
by incubation with protein A/G agarose beads (Thermo
Fisher Scientific, USA). Normal rabbit IgG (Abcam, UK)
served as the negative control. For Western blot, proteins
were transferred to polyvinylidene fluoride (PVDF) mem-
branes (Merck, Germany) after electrophoresis and
blocked with 5% non-fat milk. Membranes were incubat-
ed with primary antibodies against PLK1 (Abcam, UK),
phosphorylation-PLK1 (p-PLK1, Abcam, UK), FoxM1
(Abcam, UK), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (Abcam, UK) overnight at 4 °C, fol-
lowed by incubation with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Abcam, UK) for 1 h at
room temperature.

2.15 Reverse transcription quantitative polymerase chain
reaction (RT-qPCR) analysis

Total RNA was extracted from cultured cells using TRIzol
reagent and treated with DNase I to remove genomic



134

DNA. cDNA was synthesized from 1 pg of total RNA using
a reverse transcription kit (PrimeScript™ RT reagent kit).
RT-qPCR was performed on a Bio-Rad CFX96 real-time
PCR system using SYBR Green chemistry. Each reaction
mixture contained cDNA template, gene-specific pri-
mers, and SYBR Green master mix. The primer se-
quences were as follows: GAPDH (forward, 5'-TGTGGG-
CATCAATGGATTTGG-3'; reverse, 5'-ACACCATGTATTC-
CGGGTCAAT-3'), PLK1 (forward, 5'-CAGTCACTCTC-
CGCGACAC-3'; reverse, 5-GAGTAGCCGAATTGCTGC-
TG-3'"), ABCCI (forward, 5'-GTGAATCGTGGCATCGACA-
TA-3'; reverse, 5'-GCTTGGGACGGAAGGGAATC-3'),
MMP3 (forward, 5'-AGTCTTCCAATCCTACTGTTGCT-3;
reverse, 5'-TCCCCGTCACCTCCAATCC-3'"). The amplifi-
cation conditions were as follows: initial denaturation at
95 °C for 30 s, followed by 40 cycles of denaturation at
95 °C for 5 s and annealing/extension at 60 °C for 30 s.
Relative gene expression levels were calculated using the
2-22¢ method, with GAPDH as the internal reference.

2.16 In vivo xenograft model and icariin treatment

A total of 24 specific pathogen-free (SPF) grade female
BALB/c nude mice (6 - 8 weeks old, 18 - 22 g) were ob-
tained from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Charles River, China). All animals were
acclimatized for 7 prior to experimentation and main-
tained under SPF conditions with controlled environ-
mental parameters: temperature of 22 + 2 °C, humidity of
55% + 10%, a 12-h light/dark cycle, and free access to food
and water. All animal experiments were conducted in the
animal facility of Beijing Langke Biotechnology Co., Ltd.
The experimental protocol was approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Bei-
jing Langke Biotechnology Co., Ltd. [Animal Ethics Ap-
proval No. IACUC-20230901-01; Facility License No.
SYXK (Jing) 2023-0004; Laboratory Animal Use License
No. 110324231104736913].

A subcutaneous xenograft model was generated by in-
jecting 2 x 10°® WT or sPLK1-OV HepG2 cells into the
flanks of 24 female BALB/c nu/nu mice (6 - 8 weeks old).
Mice were randomly allocated into four groups (n = 6 per
group): WT + vehicle, WT + icariin [40 (mg/kg-d)], sPLK1-
OV + vehicle, and sPLK1-OV + icariin [40 (mg/kg-d)]. The
vehicle consisted of normal saline containing 0.5% car-
boxymethylcellulose sodium (CMC-Na), and the icariin
dose was selected based on prior effective dosing report-
ed in reference *!. Treatment was initiated when tumors
reached approximately 100 mm?® (defined as day 0). Tu-
mor volumes were measured every 3 - 4 d, and volume
was calculated using the formula: volume = 0.5 x length x
width® Sample size was determined based on prelimi-
nary data, to detect a 30% difference in tumor volume
with 80% power at o = 0.05. Mice were excluded from

Wei Zhang, et al. / Digital Chinese Medicine 9 (2026) 130-143

analysis if tumor implantation failed (no palpable tumor
within 14 d after cell injection), body weight loss exceed-
ed 15% compared with the weight at the start of treat-
ment, injection-site infection occurred, or intercurrent
illness developed.

2.17 Statistical analysis

All statistical analyses were performed using R language
(V4.3.0). Data are presented as mean +* standard devia-
tion (SD). For comparisons between two groups, Student’s
t test was employed, while one-way analysis of variance
(ANOVA) with appropriate post-hoc testing was applied
for comparisons among groups. Two-way ANOVA was
performed to compare multiple mean values across con-
ditions. P < 0.05 was considered statistically significant.

3 Results

3.1 Network pharmacology elucidation of potential tar-
gets of icariin in HCC

Using the PubChem and SwissTargetPrediction data-
bases, a total of 84 icariin-target proteins were identified
(Figure 1A). Concurrently, 1 711 HCC-related disease tar-
gets were retrieved from the GeneCards and OMIM
databases. Intersection analysis of the 84 drug targets
with the 1 711 disease targets yielded 36 common targets
(Figure 1B), which were considered putative key media-
tors underlying the therapeutic action of icariin against
HCC. GO enrichment analysis of these 36 overlapping
targets, performed using the ClusterProfiler R package,
indicated predominant associations with cellular re-
sponses to chemical stress, oxidative stress, and circadi-
an rhythm processes (Figure 1C). KEGG pathway enrich-
ment further revealed significant involvement in the hy-
poxia-inducible factor-1 (HIF-1), phosphatidylinositol 3-
kinase/protein kinase B (PI3K/AKT), and forkhead box O
(FoxO) signaling pathways (Figure 1D). To illustrate the
integrative relationships among icariin, its predicted tar-
gets, and related pathways, a comprehensive network di-
agram was constructed with Cytoscape (Figure 1E).

To further identify key genes among the 36 intersect-
ing target genes, the RSF analysis was conducted. Genes
with a relative importance > 0.3 were determined as key
genes (Figure 2A). The PLK1, ABCCI, and MMP3 genes
were identified (Figure 2B). Additionally, survival analy-
sis of the three genes revealed statistically significant dif-
ferences in survival between the PLK1 high- and low-ex-
pression groups (P < 0.000 1, Figure 2C), the ABCC1 high-
and low-expression groups (P = 0.004, Figure 2D), and the
MMP3 high- and low-expression groups (P = 0.03, Figure
2E). Based on these results, PLK1, ABCC1, and MMP3
were prioritized as potential therapeutic targets for icari-
in.
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Figure 1 Identification and functional enrichment of icariin targets in HCC

A, Cytoscape network of icariin and its targets. B, overlap of icariin and HCC co-targets. C, GO enrichment analysis of target genes. D,
KEGG pathway enrichment analysis of target genes. E, Cytoscape network of icariin, pathways, and intersecting genes. Icariin is
flanked by an inner ring of enriched pathways (GO, pink; KEGG, green) and an outer ring of target genes.
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Figure 2 RFS analysis of the target genes on HCC patients

A, ranking of feature genes by random survival forest. B, identification of PLK1, ABCCI, and MMP3 as key genes. C - E, survival analy-
sis of three key genes (PLK1, ABCC1, and MMP3, respectively).



136

3.2 Correlation analysis between key genes and immune
infiltration in HCC

To systematically evaluate the immunomodulatory func-
tion of the key targets of icariin, we further analyzed the
correlations between PLK1, ABCC1, MMP3 and the im-
mune infiltration in HCC. The infiltration levels of im-
mune cells in HCC tissues were quantified using the
CIBERSORT algorithm (Figure 3A). Macrophages ac-
counted for relatively high proportions in both normal
and tumor samples. Significant differences in certain im-
mune cell subtypes were observed between normal and
tumor tissues (P < 0.001); for instance, naive B cells
showed lower infiltration levels in tumor samples com-
pared with normal samples. A correlation network among
the immune cells was constructed (Figure 3B), with red
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lines indicating potential positive regulatory relation-
ships, such as the strong positive correlation observed be-
tween naive CD4+ T cells and resting mast cells. Com-
pared with adjacent tissues, HCC tissues exhibited a sig-
nificant imbalance in immune cell proportions, with
marked increases in regulatory T cells, MO macrophages,
resting dendritic cells and mast cells (P < 0.001, Figure
30).

Correlation analysis between key targets and immune
characteristics revealed that high PLK1 expression was
significantly associated with increased infiltration of fol-
licular helper T cells and M0 macrophages, while show-
ing negative correlations with resting memory CD4+ T
cells and monocytes (P < 0.05, Figure 3D). ABCC1 expres-
sion positively correlated with M0 macrophages and
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Figure 3 Immune infiltration analysis of key genes in HCC tissues

A, relative proportions of 22 immune cell types in HCC tissues. B, Pearson correlation among immune cell types (blue: negative, red:
positive). C, immune cell differences between control and HCC samples. D - F, correlations between immune cell infiltration and

PLK1, ABCC1, and MMP3, respectively.
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activated memory CD4+ T cells, but negatively with rest-
ing NK cells andmemory CD4+ T cells (P < 0.05, Figure
3E). MMP3 demonstrated positive correlation with acti-
vated mast cells and negative correlation with resting
memory CD4+ T cells (P < 0.05, Figure 3F). These find-
ings indicated a regulatory correlation between icariin’s
targets and the immune microenvironment, suggesting a
potential immunomodulatory mechanism in its anti-
HCC activity.

Subsequently, correlations of PLK1, ABCCIl, and
MMP3 with various immune related factors were ana-
lyzed, including chemokines [Figure 4A; e.g., C-X-C motif
chemokine ligand 3 (CXCL3) showed a positive correla-
tion with all three targets, whereas C-C motif chemokine
ligand 14 (CCL14) was negatively correlated with them)],
immunoinhibitors [Figure 4B; e.g., galectin-9 (LGALS9)
was positively correlated with all three targets, while
adenosine Aza receptor (ADORA2A) correlated negative-
ly with PLK1 and ABCC1 but positively with MMP3], im-
munostimulators [Figure 4C; e.g., tumor necrosis factor
receptor superfamily member 8 (TNFRSF8) correlated
positively with all three targets, whereas interleukin-6 re-
ceptor (IL6R) correlated negatively with ABCC1], MHC
molecules [Figure 4D; e.g., C-X-C motif chemokine lig-
and 4 (CXCR4) showed positive correlation with all three
targets], and immune receptors [Figure 4E; e.g., trans-
porter associated with antigen processing 1 (TAP1) corre-
lated positively with all three targets). The strong associa-
tions of PLK1, ABCC1, and MMP3 with immune cell infil-
tration suggest that these targets may mediate the regula-
tory effects of icariin on the tumor immune microenvi-
ronment.

3.3 Pathway enrichment analysis of PLK1, ABCC1, and
MMP3 in HCC

The specific signaling pathways associated with PLK1,
ABCC1, and MMP3 were investigated to explore the po-
tential molecular mechanisms by which these key genes
may affect the HCC progression. GSEA indicated that
PLK1 was significantly enriched in the Fanconi anemia
pathway, mRNA surveillance pathway, and Notch signal-
ing pathway (Figure 5A and 5B). GSVA further demon-
strated its enrichment in the phosphatidylinositol 3-ki-
nase-protein kinase B-mechanistic target of rapamycin
(PIBK-AKT-mTOR) signaling pathway, apoptosis, and the
p53 signaling pathway (Figure 5C). For ABCCl, GSEA
showed enrichment in the Fc epsilon RI signaling path-
way, vascular endothelial growth factor (VEGF) signaling
pathway,andtumornecrosisfactor(TNF)signalingpathway
(Figure 5D and 5E). GSVA analysis revealed its associa-
tion with the interleukin-2-signal transducer and activa-
tor of transcription 5 (IL-2-STAT5) signaling pathway,
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PI3K-AKT-mTOR signaling pathway, and Wnt/p-catenin
signaling pathway (Figure 5F). Regarding MMP3, GSEA
results identified enrichment in the cytosolic DNA-sens-
ing pathway, nucleotide-binding oligomerization do-
main (NOD)-like receptor signaling pathway, and IL-17
signaling pathway (Figure 5G and 5H). Corresponding
GSVA confirmed its enrichment in the p53 signaling
pathway, interleukin-6-Janus kinase-signal transducer
and activator of transcription 3 (IL-6-JAK-STAT3) signal-
ing pathway, and reactive oxygen species (ROS) pathway
(all P <0.0001; Figure 5I).

3.4 In vitro validation of icariin targets

To further validate the therapeutic relevance of PLKI1,
ABCC1, and MMP3 as novel antitumor targets of icariin,
we employed an integrated approach combining molecu-
lar docking simulations with experimental validation.
Molecular docking analysis revealed that icariin formed
energetically favorable complexes with all three targets,
as evidenced by negative binding free energy values for
PLK1 (Figure 6A, — 2.32 kcal/mol), ABCC1 (Figure 6B,
- 2.94 kcal/mol), and MMP3 (Figure 6C, - 2.96 kcal/mol),
suggesting stable binding interactions.

To evaluate the in vitro inhibitory activity of icariin
against PLK1, ABCC1, and MMP3, kinase and enzyme as-
says were performed. As shown in Figure 6D, icariin at
concentrations of 10 and 20 pmol/L significantly sup-
pressed enzyme activities: PLK1 activity was reduced by
32.67% + 3.06% (P < 0.001) and 49.67% + 4.19% (P <
0.001), ABCC1 by 18.33% + 1.53% (P < 0.001) and 24.33% +
3.40% (P < 0.001), and MMP3 by 30.33% + 3.06% (P <
0.001) and 38.00% + 3.61% (P < 0.001), respectively. Mini-
mal inhibition was observed in the negative control
group, confirming the in vitro targeting specificity of
icariin toward PLK1, ABCC1, and MMP3. Subsequently,
HepG?2 cells were treated with icariin at different concen-
trations for 72 h. Icariin exerted a dose-dependent reduc-
tion in cell viability, with the IC;, value of approximately
100 pg/mL (92.21 pmol/L, Figure 6E).

To investigate the functional role of candidate targets,
HepG2 cells were transiently transfected with PLK1,
ABCC1, or MMP3 overexpression plasmids to generate
iPLK1-OV HepG2, iABCC1-OV HepG2, and iMMP3-OV
HepG2 cell lines, respectively. Transfection efficiency was
confirmed by RT-qPCR, with all comparisons showing
statistically significant upregulation (P < 0.001; Figure
7A). Using these models, icariin treatment markedly in-
hibited cell proliferation in parental HepG2 cells; howev-
er, this inhibitory effect was partially abrogated in iPLK1-
OV HepG2 cells (P = 0.0416), whereas no significant re-
versal was observed in iABCC1-OV HepG2 (P > 0.05) or
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Figure 6 Validation of PLK1, ABCC1, and MMP3 as tar-
gets of icariin and its inhibitory effects on HCC cells

A - C, binding modes of icariin with PLK1, ABCC1, and MMP3,
respectively. D, in vitro inhibition of PLK1, ABCC1, and MMP3
activities by icariin. E, viability of WT HepG2 cells assessed by
CCK-8 assay after 72 h of icariin treatment.

iMMP3-OV HepG2 cells (P > 0.05) (Figure 7B). These
findings suggest that PLK1, functionally mediates the an-
titumor effects of icariin against HCC, highlighting the
importance of PLK1 in icariin-induced growth suppres-
sion.

Treatment with 25 and 50 pg/mL icariin reduced
PLK1 phosphorylation levels in WT HepG2 cells, confirm-
ing the targeting specificity of icariin for PLK1 (Figure 7C
and 7D). FoxM1 has been reported as a substrate that
mediates the function of PLK1 ® and we found that
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Figure 7 Validation of PLK1 as the primary novel anti-
tumor target of icariin in HCC cells

A, transfection efficiency verified by RT-qPCR. NC, negative
control (cells transfected with empty vector). OV, overexpres-
sion (cells transfected with gene-specific overexpression plas-
mids. B, cell viability upon icariin treatment. C, Western blot
images of PLK1 and phosphorylated PLK1 (p-PLK1). D, quan-
tification of relative P-PLK1 levels. E, Co-IP analysis of PLK1-
FoxM1 interaction after icariin treatment. F, quantification of
FoxM1 binding to PLKI1. G, cell viability rescue by IPLK1-OV-
FoxM1-KD cells.
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PLK1 can bind to FoxM1, while icariin can significantly
inhibit this binding (P < 0.001, Figure 7E and 7F). Further-
more, the anti-proliferative effect of icariin was abolished
in iPLK1-OV HepG2 cells (P = 0.0193), indicating that
icariin acts through PLK1. Notably, this effect was re-
stored in iPLK1-OV cells upon FoxM1 knockdown
(iPLK1-OV-FoxM1-KD) (P = 0.0234), demonstrating that
PLK1 operates through FoxM1 to mediate the action of
icariin (Figure 7G).

3.5 In vivo validation of PLK1 as a novel anti-tumor tar-
get of icariin

To evaluate the in vivo functions of icariin and PLK1, tu-
mor-bearing mice were inoculated with sPLK1-OV
HepG2 cells. Compared with WT + vehicle group, sPLK1-
OV inoculation resulted in a marked increase in tumor
burden, as illustrated by progressive elevation of tumor
growth curves over time (P < 0.001, Figure 8A). At the ex-
perimental endpoint, macroscopic images of excised tu-
mors revealed larger size in sSPLK1-OV group relative to
vehicle (Figure 8B), and quantitative analysis confir-
med a significant increase in tumor weight (P < 0.001,
Figure 8C). Administration of icariin effectively sup-
pressed tumor growth derived from both WT HepG2 and
sPLK1-OV HepGz2 cells. However, the anti-tumor efficacy
of icariin was notably diminished in the sPLK1-OV
HepG2 group, as reflected by lower inhibitory rates on tu-
mor volume (P < 0.001, Figure 8D) and tumor weight
compared with the WT group (P < 0.001, Figure 8E). This
attenuation of icariin activity in vivo was consistent with
the corresponding in vitro findings. Collectively, these re-
sults indicated that icariin exerts antitumor effects both in
vitro and in vivo through targeted inhibition of PLK1.
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Figure 8 In vivo validation of PLK1 as a novel anti-
tumor target of icariin

A, tumor growth curves. B, representative tumor images at study
endpoint. C, tumor weight. D, relative values of tumor volume.
E, relative values of tumor weight.
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4 Discussion

4.1 Hierarchy of target discovery and validation: from
multi-target prediction to dominant target identification

Our study began with an unbiased network pharmacolo-
gy-based prediction, identifying 36 potential targets
shared by icariin and HCC. From this candidate pool,
PLK1, ABCC1, and MMP3 were prioritized for experimen-
tal validation based on objective computational screen-
ing: they ranked highest in the RSF algorithm analysis
and showed significant associations with HCC patient
prognosis in subsequent survival analysis. Their estab-
lished biological roles in HCC—PLK1 in cell-cycle regula-
tion ¥, ABCC1 in chemoresistance * and MMP3 in ex-
tracellular matrix degradation ©, provided supporting
rationale for their relevance, but the primary driver for
their selection was the computational prediction out-
come, not a mere repetition of prior findings.

Critically, the “multi-target” prediction required func-
tional prioritization through experimental interrogation.
While molecular docking suggested potential binding of
icariin to all three targets, subsequent enzymatic inhibi-
tion assays and cellular rescue experiments clearly
demonstrated that PLK1 acts as the primary and neces-
sary target mediating the anti-proliferative effect of icari-
in. In contrast, ABCC1 and MMP3, though possibly part
of icariin's broader pharmacological network, played sec-
ondary roles in the models examined here. This function-
al stratification—distinguishing the dominant target from
subordinate ones —underscores the essential role of ex-
perimental validation in translating computational pre-
dictions into biologically reliable conclusions, and cau-
tions against equating predicted interactions with equiva-
lent functional importance.

4.2 The central role of the PLK1-FoxM1 axis

Having established PLK1 as the dominant target, we
delved into its downstream mechanisms. The study
found that icariin specifically reduces the phosphoryla-
tion level of PLK1 at Thr210, a key switch for its kinase ac-
tivity. More mechanistically significant, we discovered for
the first time that icariin can disrupt the physical interac-
tion between PLK1 and its key substrate, the transcrip-
tion factor FoxM1. Our genetic rescue experiment—where
knockdown of FoxM1 restored icariin's inhibitory effect
on PLK1-overexpressing cells—provides strong evidence
that the PLK1-FoxM1 signaling axis is the core down-
stream pathway through which icariin exerts its effects.
FoxM1 has been confirmed as a crucial phosphorylation
substrate of PLK1, driving immune escape and metasta-
sis in HCC I, This finding of the current study further an-
chors icariin's mechanism of action to a well-defined
oncogenic module, significantly enhancing the precision
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of its mechanistic explanation and the theoretical basis
for its therapeutic targeting.

4.3 Limitations and future perspectives

This study has several limitations. First, the breadth of
network pharmacology prediction is constrained by the
coverage of the underlying databases. Second, pharma-
cokinetic properties are a key bottleneck for the drugga-
bility of natural products. Although this study demon-
strated the efficacy of icariin in cellular and animal mod-
els, its oral bioavailability, in vivo metabolic pathways,
and optimal dosing regimens require systematic investi-
gation, which is essential before advancing it to the pre-
clinical stage. Third, the in vivo experiments in this study
employed immunodeficient models, precluding an as-
sessment of icariin's impact on the tumor immune mi-
croenvironment.

Interestingly, our bioinformatic analysis suggested a
correlation between PLK1 expression and the degree of
immune cell infiltration in HCC tumors. Combined with
the reported roles of PLK1 and FoxM1 in regulating tu-
mor immunity *°, we speculate that icariin, by inhibiting
the PLK1-FoxM1 axis, may potentially remodel the im-
munosuppressive microenvironment. This highly com-
pelling hypothesis urgently awaits validation in future
studies using immunocompetent models.

Based on the current findings, future research can be
expanded in several directions: (i) combination therapy:
explore the combination of icariin with conventional
chemotherapeutic agents to reverse drug resistance,
leveraging its weak inhibitory effects on ABCC1; (ii) im-
munomodulatory mechanisms: comprehensively evalu-
ate the impact of icariin on tumor-associated immune
cells (e.g., T cells, macrophages) in immunocompetent
models; (iii) structural optimization and delivery: design
icariin derivatives with enhanced activity and improved
pharmacokinetic properties or develop novel delivery
systems to increase targeting and efficacy, based on the
PLK1 binding mode.

5 Conclusion

This study identifies PLK1 as the primary direct target of
icariin against hepatocellular carcinoma and elucidates
the molecular mechanism by which it exerts anti-cancer
effects through inhibiting PLK1 kinase activity and dis-
rupting the PLK1-FoxM1 interaction. This work not only
provides a solid theoretical foundation and a clear target
for the anti-HCC application of icariin but also offers an
integrative research model for rigorously studying multi-
target natural products, spanning from computational
prediction to in-depth mechanistic investigation.
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B ML 2H IR 5 5 LIGINIEIR R 1% 72 2 ¥ee) PLK1 37 +4) I 48 feL o 69 4V A L4

-

\

AR, e IR B

a. ;MNP EZEKFWETPIAREZIE EIZIREH, L) F &I 276003, F H
b. [E I AR E ARSI ) & 16 7 276003, F H

(H&) B8 LOMNBHRFE FTHBIE, 2AAMMAEEEZRFMIE (HCC) 05 FHH B Lok
3% . Fik 3T PubChem #» SwissTargetPrediction #x & & i ik i ¥ 78 2% de b, 440Em A H 4 E %
(TCGA) 5 A Rk k%443 % (GEO) ¥4 HCCARX A RB#ATRELH, B LR AIK (GO) 54
TAEARESEARAGHALH (KEGG) BR,HTAHIE LI S0 A F sk, RAMAAEFHENRLEHL £
AR, A RZASFELEMNBERIFEG X R, AT ERMNZEEFEZ Sk G5k
A1, FFBAEARIEEE IR K IEIE, 2 HepG2 o fig P B i i Rk R s 2 ek de s, B ARG RPEF
Tk R B ARRTAE RG] , BiEE I KT HepG2 s+ AP A4 SR, Wl pF g AR AR AL R L BN B &
BVAIEE R N AU 9B 9T 2K, FF 97 Polo A8 Bs 1 (PLK1 ) i & ik 3% 78 FA-F 09 b8 A& K 444 A 09 %
., R MBHBFHSMELREFELL HCC 36 MRy, 2% %E TKAHFHT-1 (HIF-
1) . BEASBLIUEL-3- 4 B /% & % 8 B ( PIBK/AKT) 5 X k4#E% & O (FoxO) F15 5%, L+, PLKI.
ATP £ 46 &4#i2% 8 CEF#%MNA 1 (ABCCI1) R4 %k a8 3 (MMP3) AT AXMEAR, LEHE
kPG EERRTFEREME (54 P<0.0001, P=0.004, P=0.03) ., £EZHEAIMRFTX=ALRAL
SA R IE IR EANE, TRALEIEMNE BRI, 2T ERnEEE LTS bk sfw2s, 1k
SN B E T IR AE 522 F 7 & (20 pmol/L) xF PLK1 #9474 &£ % & (49.67% + 4.19% ) , ¥ % & T ABCCl
(24.33% +3.40% ) #= MMP3 ( 38.00% + 3.06% ) . Zh#EI4E &, PLK1 if & iA 7T 1% 441 ¥ % % %+ HepG2
4 3G sH e 4R VE R (P<0.05) , 71 ABCCl 5 MMP3 it &k kst m, #7PLK1 22 FEZWMEI L4
o5 WU AT R R BLIE 5B 45 S BAK PLKL #4988 BR ALK B 5F sk 3R 5 XLk AE& G M1 ( FoxM1 ) #4948 %
YER . AR A I HES PLKL i3 & 1A 7T B % Kl 3572 F 78 A48 U B A K eg3pHl4EA (P<0.001) . &b
PLK1 &% ¥ 7% % # HCC /A oy X 4t ¥e b, HEHUH 5 494 PLK1-FoxM1 404 %, A2 FEZ W6 RILRE
JA AL T B IRIE

[ $439 ) 2 5% %, ez, Polo A% Bs 1 (PLKL) ; Bifiib; 5T 3+4




	1 Introduction
	2 Materials and methods
	2.1 Icariin targets screening
	2.2 HCC datasets
	2.3 Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) function analysis
	2.4 Random survival forest (RSF) algorithm
	2.5 Immune cell infiltration analysis
	2.6 Gene set enrichment analysis (GSEA) and gene set variation analysis (GSVA)
	2.7 Regulatory network analysis of key genes
	2.8 miRNA-mRNA network construction
	2.9 Molecular docking
	2.10 In vitro inhibitory activities of icariin against the key genes
	2.11 Cell culture
	2.12 Cell transfection
	2.13 Cell counting kit-8 (CCK-8) assay
	2.14 Western blot and co-immunoprecipitation (Co-IP) assays
	2.15 Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis
	2.16 In vivo xenograft model and icariin treatment
	2.17 Statistical analysis

	3 Results
	3.1 Network pharmacology elucidation of potential targets of icariin in HCC
	3.2 Correlation analysis between key genes and immune infiltration in HCC
	3.3 Pathway enrichment analysis of PLK1, ABCC1, and MMP3 in HCC
	3.4 In vitro validation of icariin targets
	3.5 In vivo validation of PLK1 as a novel anti-tumor target of icariin

	4 Discussion
	4.1 Hierarchy of target discovery and validation: from multi-target prediction to dominant target identification
	4.2 The central role of the PLK1-FoxM1 axis
	4.3 Limitations and future perspectives

	5 Conclusion
	Fundings
	Ethical statement
	Author contributions
	Competing interests
	参考文献

