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Abstract
Ganoderma lucidum (GL) is a prominent medicinal mushroom in traditional Chinese medicine, known for its potent anti-
tumor properties. This study aimed to illustrate the efficacy of GL extracts (GLE) on treating endometrial cancer (EC) and 
explore the underlying mechanisms via network pharmacology and experimental validation. Network pharmacological 
analysis was conducted to explore the therapeutic efficacy and mechanisms of GL on EC. In vitro experimental validation 
was performed on human endometrial cancer cell lines HEC-1-A and KLE. Network pharmacology revealed that key targets 
of GL against EC were primarily associated with the Rap1 signaling pathway. In in vitro experiments, GLE or GGTI-298 (a 
GTPase inhibitor) treatment inhibited cell proliferation and migration, promoted cell apoptosis, increased caspase-3 level, 
and arrested cell cycle in G1 phase in HEC-1-A and KLE cells. GLE increased the protein expression of Rap1-GTP, p-AKT, 
and p-ERK2 in HEC-1-A and KLE cells. Moreover, GGTI-298 enhanced the effects of GLE on suppressing the malignant 
progression of EC cells and on activating Rap1 signaling pathway. GLE inhibited the malignant progression of EC cells 
probably via activating the Rap1 signaling pathway.

Keywords  Ganoderma lucidum extracts · Endometrial cancer · Network pharmacology · GO and KEGG enrichment · Rap1 
signaling pathway

Introduction

Endometrial cancer (EC) ranks as the fifth most prevalent 
gynecological malignancy, constituting for approximately 
7% of all female cancers [1]. The global incidence of EC 
demonstrates an increasing trend, with nearly 417,000 new 
cases and 97,000 fatalities reported in 2020 [2]. Currently, 
surgery, chemotherapy, and endocrine therapy are the com-
mon strategies for EC treatment [3]. However, the therapeu-
tic effects are still unsatisfactory probably due to drug resist-
ance, metastasis, and recurrence. Hence, the identification 
of effective pharmaceutical agents and therapeutic targets is 
imperative for EC.

Ganoderma, also known as Lingzhi, is a highly esteemed 
herb in traditional Chinese medicine (TCM) and has been 
widely employed as a functional food and therapeutic agent 
[4]. Ganoderma lucidum (GL), a prominent species within 

the Ganoderma genus, exhibits a diverse array of pharma-
cological properties, including antiviral, anti-inflammatory, 
and antioxidative activities [5, 6]. Extensive research has 
revealed that GL displays remarkable antitumor effects 
against various types of cancers. Multiple studies have pro-
vided evidence supporting its efficacy in inhibiting tumor 
growth and proliferation [7–10]. Jin et al. [9] indicated that 
GL polysaccharide is a favorable therapeutic agent for cervi-
cal cancer via alleviating cell invasion and inducing apop-
tosis. A previous study demonstrated that a mixture of GL 
and Agaricus Blazi Murill exerts a repressive effect on the 
viability and proliferation of EC cells [11]. However, the 
effects and molecular mechanisms of GL extract (GLE) on 
EC are still needed to be deciphered.

Ras-associated protein-1 (Rap1) is a member of the Ras 
superfamily, which is a group of small GTPases. The activa-
tion of Rap1 and its downstream effectors has been associ-
ated with tumor progression, invasion, and the formation of 
metastatic lesions [12–17]. Understanding the mechanisms 
by which the Rap1 signaling pathway influences these pro-
cesses holds promise for developing targeted therapeutic 
strategies against cancer. For example, in breast cancer, 
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upregulation of Rap1 has been demonstrated to promote 
cell invasion and migration. Increased Rap1 activity pro-
motes the rearrangement of the cytoskeleton and formation 
of cellular protrusions, facilitating the movement of cancer 
cells. This effect is thought to contribute to the metastatic 
potential of breast cancer cells by enabling their invasion 
into surrounding tissues and dissemination to distant sites 
[12]. Rap1 depletion can impede the signaling pathways 
involved in cell cycle progression and proliferation, thereby 
inhibiting the growth of non-small cell lung cancer cells 
[14]. Overexpression of Rap1GAP, a Rap1 activating pro-
tein, impairs cell viability and migration in gastric cancer, 
pancreatic cancer, and thyroid cancer [15–17]. Until now, 
the Rap1 signaling pathway has been revealed as a regula-
tory target of diverse anticancer drugs, such as Cremastra 
appendiculata, ivosidenib, and asparanin A [18–20]. How-
ever, whether GLE can protect against EC via regulating the 
Rap1 signaling pathway is still unclear.

Network pharmacology is an effective approach to elu-
cidate the potential functions and mechanisms of TCM in 
treating diverse diseases by constructing compound-target-
pathway networks [21]. The study utilized network pharma-
cology to identify the hub targets and bioactive compounds 
of GL against EC. Enrichment analysis was then applied to 
predict the corresponding mechanisms associated with GL 
treating EC. Following this, we investigated the anticancer 
effects of GLE on the malignant progression in EC cells. 
Moreover, we verified the contribution of the Rap1 signaling 
pathway to the underlying mechanism of GLE against EC. 
Our findings may highlight a promising therapeutic drug for 
EC and lay the groundwork for further investigation into its 
underlying mechanisms.

Methods

Screening Active Compounds and Corresponding 
Targets of GL

To screen active compounds and their corresponding tar-
gets, chemicals from GL were collected from the Traditional 
Chinese Medicine Information Database (TCM-ID, http://​
bidd.​group/​TCMID/) [22], the Traditional Chinese Medicine 
Database and Analysis Platform (TCMSP, https://​tcmsp-e.​
com/) [23], and the Herb Ingredients’ Targets (HIT, http://​
lifec​enter.​sgst.​cn/​hit/) [24]. Final bioactive compounds 
were selected by evaluating their pharmacological proper-
ties, including Absorption, Distribution, Metabolism, and 
Excretion (ADME), and calculating their quantitative esti-
mate of drug-likeness (QED) value [25–27]. The Food and 
Drug Administration in the DrugBank set the QED threshold 
at 0.2 [28]. Furthermore, corresponding targets of bioactive 
compounds were searched from TCM-ID, TCMSP, HIT, 

and the Search Tool for Interactions of Chemical (STITCH) 
databases. Target information obtained was then normal-
ized to the National Center for Biotechnology Information 
(NCBI) database.

Screening Targets Related to EC

EC-related targets were sourced from GeneCards (https://​
www.​genec​ards.​org/), DisGeNET (https://​disge​net.​org/), and 
the Online Mendelian Inheritance in Man (OMIM, https://​
www.​omim.​org/) databases.

Interaction Network Construction

The intersection targets related to both GL and EC were 
obtained by establishing a Venn diagram. To create the 
compound-target network, we imported the data of bioac-
tive compounds and their intersecting targets into Cytoscape 
3.9.0 software. Moreover, the protein–protein interac-
tion (PPI) network of intersecting targets was constructed 
using the STRING database (https://​cn.​string-​db.​org/) and 
Cytoscape. The top 10 hub targets were obtained using the 
CytoHubba algorithm according to the degree values of PPI 
network in Cytoscape 3.9.0.

Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) Enrichment Analyses

The intersection targets of GL and EC were subjected to 
enrichment analysis using the GO and KEGG databases. A 
hypergeometric distribution model was utilized to estimate 
the significant correlation between the target gene set and the 
GO term/KEGG pathway [29, 30]. The P values, adjusted 
by Bonferroni correction, were used to assess the strength of 
association between the identified targets and the enriched 
GO terms/KEGG pathways. A P value less than 0.01 was 
considered statistically significant. The top 15 GO terms and 
KEGG pathways were visualized using bar plot diagrams. A 
target-biological process (BP)-pathway network, comprising 
intersecting targets, the top 15 GO-BP terms, and the top 15 
ranked KEGG pathways, was constructed using Cytoscape 
3.9.0.

GLE Preparation

The GL mushrooms underwent freeze-drying and ground 
into a fine powder. For extraction, 20 g GL powder was 
mixed with 400 mL of ethanol and then shook at 150 rpm for 
24 h using a rotating shaker (Aohua, China). The extracting 
solution was filtered using filter paper and the ethanol was 
evaporated. The obtained GLE was re-dissolved in ethanol 
to 200 mg/mL for subsequent cell experiments.

http://bidd.group/TCMID/
http://bidd.group/TCMID/
https://tcmsp-e.com/
https://tcmsp-e.com/
http://lifecenter.sgst.cn/hit/
http://lifecenter.sgst.cn/hit/
https://www.genecards.org/
https://www.genecards.org/
https://disgenet.org/
https://www.omim.org/
https://www.omim.org/
https://cn.string-db.org/
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Cell Culture and Treatment

Human EC cell lines (KLE and HEC-1-A) were obtained 
from the American Type Culture Collection (ATCC, VA, 
USA). Both HEC-1-A and KLE cells were cultured in Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12 
(DMEM/F-12, Gibco, NY, USA) supplemented with 10% 
fetal bovine serum (FBS, Gibco, NY, USA). The cells were 
maintained in an incubator with 5% CO2 at 37 °C. The cells 
were subjected to different treatments, including ethanol, 
0.1 mg/mL GLE, 0.5 mg/mL GLE, 1.0 mg/mL GLE, 15 
μM geranylgeranyltransferase I inhibitor (GGTI-298), and 
a combination of 1.0 mg/mL GLE and 15 μM GGTI-298.

Cell Counting Kit‑8 (CCK‑8) Assay

Cell proliferation was assessed using the Cell Counting 
Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan). HEC-
1-A and KLE cells (1 × 105 cells/mL) were seeded into a 

96-well plate (100 μL/well). After incubation for 12, 24, 36, 
and 48 h, the cells were incubated with 10 μL of CCK-8 rea-
gent for an additional 2 h at 37 °C. The absorbance of cells 
was measured using a DR-200Bs microplate reader (Diatek, 
China) at 450 nm.

Transwell Assay

Transwell migration assays were performed using the fol-
lowing procedure: HEC-1-A or KLE cells (2 × 104 cells) 
were seeded into the upper chambers of transwell inserts. 
In the lower chambers, 600 μL of Dulbecco’s Modified 
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) sup-
plemented with 10% FBS was added. The cells were then 
incubated for 24 h. After incubation, the cells on the lower 
chambers were fixed with methanol at 4 °C for 30 min and 
stained with crystal violet for 20 min. The migrated cells 
were visualized and imaged using a light microscope (Olym-
pus, Japan) in nine random fields.

Flow Cytometry

The apoptosis and cell cycle were evaluated using flow 
cytometry as previously described [31]. For the apoptosis 
assay, 3 × 105 cells were stained with Annexin V-FITC for 
15 min propidium iodide (PI) for 10 min. To assess the cell 
cycle, cells were fixed with prechilled 70% methanol for 4 h 
at 4 °C and then incubated with 50 µg/mL PI at 37 °C for 30 
min in the dark. The apoptosis and cell cycle were detected 
using a flow cytometer equipped with Cell Quest software 
(BD Biosciences, NJ, USA).

Enzyme‑Linked Immunosorbent Assay (ELISA)

The level of apoptosis-related protein caspase-3 in cells was 
determined using a caspase-3 ELISA kit (mlbio, China).

Fig. 1   GL extracts (GLE) inhibit EC cell proliferation in a dose-
dependent manner. The human EC cell lines (HEC-1-A and KLE) 
were treated with different dose of GLE (0.1, 0.5, and 1.0 mg/mL) 
for 12, 24, 36, and 48 h, and the cell proliferation was measured by 

CCK-8 assay. Data are presented as the mean ± standard deviation 
(SD) of three independent experiments. *P < 0.05 and **P < 0.01 vs. 
the control, #P < 0.05 and ##P < 0.01 vs. the 0.1 mg/mL GLE treat-
ment, and ^P < 0.05 vs. the 0.5 mg/mL GLE treatment

Table 1   Thirty-five bioactive compounds of GL

GL Ganoderma lucidum, QED quantitative estimate of drug-likeness

Chemical QED Chemical QED

Anethole 0.6262 Pentadecylic acid 0.4059
Caprylic acid 0.5818 Gamma-aminobutyric acid 0.3980
Nonanoic acid 0.5775 WLN: VH6 0.3957
Hexanoic acid 0.5687 Nonanal 0.3938
l-Carvone 0.5247 Lauric acid 0.3925
Ergosterol 0.5106 Decanal 0.3868
FUM 0.4992 Citral 0.3433
Ganoderic acid DM 0.4765 Stearic acid 0.3017
Nonane 0.4626 GCS 0.2966
Myristic acid 0.4490 EIC 0.2944
Beta-sitosterol 0.4354 MTL 0.2704
Ganoderic acid Df 0.4348 trans-2,4-Decadienal 0.2470
Hyacinthin 0.4290 Ganoderic acid T 0.2340
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Western Blotting

Western blotting was performed on cells according to the 
previously reported method [31]. Primary antibodies used 
for western blotting were anti-AKT, anti-phospho-AKT 
(p-AKT), anti-Rap1, anti-Rap1-GTP, anti-ERK2, anti-p-
ERK2, and anti-GAPDH (1:1000, Abcam, UK). GAPDH 
served as an internal control.

Statistical Analysis

The data were presented as mean ± standard deviation. 
Statistical analysis was performed using GraphPad Prism 
7.0, including a one-way analysis of variance (ANOVA) to 
compare the groups, followed by Tukey’s test to determine 
significance at P < 0.05.

Fig. 2   Compound-target net-
works of Ganoderma lucidum 
(GL) against endometrial cancer 
(EC). A Venn diagram of GL 
and EC-related targets. B Bioac-
tive compound-target network 
of GL in treating EC
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Results

GLE Inhibits the Proliferation of EC Cells

In order to determine the suppressive effect of GLE 
on EC development, we conducted an evaluation of 
the proliferation ability of HEC-1-A and KLE EC cell 
lines when treated with various concentrations of GLE 
(ranging from 0.1 to 1.0 mg/mL). Figure 1 reveals that 
the growth of both the HEC-1-A and KLE cells was 

suppressed in a dose-dependent manner following the 
administration of GLE, as compared to the control group 
(P < 0.05). Ethanol, the solvent used, had no impact on 
the proliferation of HEC-1-A and KLE cells. Among the 
various concentrations tested, 1.0 mg/mL GLE exhibited 
relatively superior efficacy in inhibiting the proliferation 
of EC cells (P < 0.05, Fig. 1). Consequently, the concen-
tration of 1.0 mg/mL GLE was employed to administer 
treatment to both HEC-1-A and KLE cells in all subse-
quent experiments.

Fig. 3   Protein–protein interac-
tion (PPI) network of potential 
targets for GL against EC. A 
PPI network of 83 potential 
targets for GL in treating EC. 
B PPI network of top 10 hub 
targets
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Bioactive Compounds and Related Targets in GLE

A total of 75 compounds were obtained in GLE, as per 
the information gleaned from the publicly available data-
bases TCM-ID, TCMSP, and HIT. These compounds 
were identified via ADME screening, and 26 out of the 
75 compounds satisfied the suggested criteria QED > 0.2. 
The final selected 26 bioactive compounds were listed in 
Table 1 and included for further study. Additionally, a 
total of 1078 targets related to 26 bioactive compounds 
were obtained from public databases (TCM-ID, TCMSP, 
HIT, and STITCH).

EC‑Related Targets

The targets associated with EC were identified via a compre-
hensive search of the GeneCards, DisGeNET, and OMIM data-
bases. The search resulted in a total of 237 genes in GeneCards, 
402 genes in DisGeNET, and 197 genes in OMIM. A total of 
679 EC-related targets were obtained by removing duplicates.

Identification of Potential Targets for GLE Against EC

A Venn diagram was utilized to visualize the intersection 
of selected targets related to GLE bioactive compounds 

Fig. 4   Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analyses of 83 potential targets for GL 
against EC. A Top 15 GO-molecular function (MF) terms. B Top 15 

GO-biological process (BP) terms. C Top 15 GO-cellular component 
(CC) terms. D Top 15 KEGG pathways
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and EC (Fig. 2A). A total of 83 overlapping targets were 
acquired as the potential targets for GL treating EC 
(Table S1). The compound-target network has been estab-
lished to illustrate the interaction between the bioactive 
compounds of GL and the potential targets. This network 
consists of 1 GL node, 26 compound nodes, 83 target 
nodes, and 165 edges (Fig. 2B). A PPI network comprising 
83 nodes and 446 edges was constructed to represent the 
potential targets. The average degree of the network was 
27.9, as shown in Fig. 3A. The hub targets of GL against 
EC were identified as INS, TP53, AKT1, SRC, MAPK3, 
MAPK1, ESR1, IL6, HRAS, and CASP3, which had high 
degrees in the PPI network (Fig. 3B).

GO and KEGG Analyses

In order to investigate the biological functions and mecha-
nisms underlying the efficacy of GL against EC, 83 poten-
tial targets were subjected to GO and KEGG enrichment 
analyses. Figure 4A illustrates the top 15 GO enrichment 
terms, highlighting the implication of numerous targets in 
various molecular functions (MFs) related to protein tyros-
ine kinase and receptor agonist activity. Biological pro-
cess (BP) results showed that many targets were involved 
in peptidyl-tyrosine modification, gland development, 
and response to lipopolysaccharide (Fig. 4B). Figure 4C 
depicts the localization pattern of targets in this study, 

Fig. 5   Target-BP-pathway network of GL in the treatment of EC. This network includes 83 potential targets (yellow circles), top 15 GO-BP 
terms (pink triangles), and top 15 KEGG pathways (dark grey quadrates)
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which were primarily found in the membrane microdo-
main, membrane region, and neuronal cell body according 
to the cellular component (CC) analysis. Figure 4D was 
created to illustrate the 15 most significant KEGG path-
ways in the form of a bar plot diagram, a visual aid com-
plemented by a table of the same pathways (Table S2). The 
findings revealed that these targets were predominantly 
associated with PI3K-Akt, MAPK, and Rap1 signaling 
pathways (Fig. 4D and Table S2). An intricate network 
(Fig.  5) was constructed, demonstrating the interplay 
between 83 potential targets, the top 15 BPs, and the top 
15 KEGG pathways.

Pathway Enrichment for Hub Targets

A chord plot was utilized to visually represent the dis-
tribution of the top 10 hub targets in the top 15 KEGG 
pathways. Figure 6 illustrates that the pathway of proteo-
glycans in cancer was enriched with eight hub targets, 
potentially having a significant impact on the treatment 

of GL on EC. Additionally, six targets were enriched in 
the Rap1 signaling pathway, which is a crucial player in 
tumor cell development (Fig. 6). Therefore, the KEGG 
maps of proteoglycans in cancer and the Rap1 signaling 
pathway were constructed to confirm the protein inter-
action and underlying mechanisms of GL against EC. 
The map of proteoglycans in cancer suggested that this 
mechanism was involved in multiple targets and pathways, 
including PI3K-Akt and MAPK pathways, thereby regu-
lating cancer cell proliferation, migration, and survival 
(Fig. 7A). The map of Rap1 signaling pathway indicated 
that this pathway was the upstream of PI3K-Akt and 
MAPK pathways (Fig. 7B).

GLE Activates the Rap1 Signaling Pathway in EC 
Cells

Based on the network pharmacological analysis, the Rap1 
signaling pathway may act as a crucial role in the treatment 
of GLE on EC. Figure 8 illustrates that the presence of GLE 

Fig. 6   The distribution of top 
10 hub targets in top 15 KEGG 
pathways



Reproductive Sciences	

Fig. 7   KEGG maps of proteo-
glycans in cancer (A) and Rap1 
signaling pathway (B)



	 Reproductive Sciences

resulted in a significant upregulation in protein expression 
of Rap1-GTP in HEC-1-A and KLE cells, as opposed to 
the control samples (P < 0.01). p-AKT and p-ERK are both 
downstream effectors involved in the Rap1 pathway, which 
were also upregulated by the treatment of GLE (P < 0.01). 
GGTI-298 is a geranylgeranyltransferase I inhibitor pre-
venting the prenylation of Rap1 and increases the level of 
activated Rap1-GTP. Our research revealed that the utiliza-
tion of GGTI-298 resulted in a substantial upregulation of 
Rap1-GTP, p-AKT, and p-ERK2 protein expression in EC 
cells when compared to the control group (P < 0.01). GGTI-
298 also potentiated the effect of GLE on activating Rap1 
signaling pathway (P < 0.05, Fig. 8).

GLE Suppresses the Malignant Features of EC Cells 
by Activating Rap1 Signaling Pathway

We further verified whether GLE retards the malignant progres-
sion of EC cells by affecting the Rap1 signaling pathway. Our 
findings indicate that treatment with GLE or GGTI-298 signifi-
cantly reduced the proliferation ability of HEC-1-A and KLE 
cells compared to the control cells (P < 0.05, Fig. 9A). On the 
other hand, treatment with GLE or GGTI-298 triggered a sig-
nificant increase in apoptosis of EC cells. This was manifested 
through increased levels of caspase-3, which acts as a regulator 
of apoptosis, as well as a higher rate of programmed cell death, 
as compared to the control cells (P < 0.01, Fig. 9B, C). Treatment 

with GLE or GGTI-298 led to the arrest of the cell cycle at the 
G1 phase in EC cells (P < 0.01, Fig. 9D). Treatment with GLE or 
GGTI-298 also resulted in a significant reduction in the migration 
of EC cells compared to the control group (P < 0.05, Fig. 9E). 
Furthermore, GGTI-298 enhanced the effects of GLE on inhib-
iting the malignant features of EC cells (P < 0.01, Fig. 9A–E).

Discussion

EC is a prevalent form of cancer in the female reproductive 
system that has a significant impact on women’s quality of 
life due to its high morbidity and mortality rates [32]. GL, 
a medicinal mushroom, owes exceptional antitumor activi-
ties towards cancers [33]. Through network pharmacological 
analysis, it was discovered that the therapeutic targets and 
molecular mechanism of GL in treating EC are potentially 
linked to the regulation of the Rap1 signaling pathway. Sub-
sequent in vitro experiments provided further validation that 
GLE effectively impedes the malignant traits of EC cells. 
Moreover, the action mechanism of GLE on inhibiting EC 
progression was involved in the activation of the Rap1 sign-
aling pathway.

Prior studies have indicated that GL demonstrates an anti-
neoplastic impact in various types of cancer by inhibiting the 
malignant advancement of neoplastic cells [34–36]. GL has 
been found to possess antitumor properties in glioblastoma 

Fig. 8   GLE activates the Rap1 signaling pathway in EC cells. The 
protein expression of Rap1, Rap1-GTP, AKT, p-AKT, ERK2, and 
p-ERK2 in HEC-1-A and KLE cells was determined by western blot-
ting. HEC-1-A and KLE cells were treated with 1.0 mg/mL GLE and/

or 15 μM GGTI-298 for 48 h. Data are presented as the mean ± SD 
of three independent experiments. *P < 0.05 and **P < 0.01 vs. the 
control, and #P< 0.05 and ##P < 0.01 vs. the GLE treatment
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cells by suppressing cell proliferation and migration, induc-
ing apoptosis, and causing cell cycle arrest in the S phase 
[34]. The proliferation of cells is repressed, apoptosis is 
promoted, and cell cycle is arrested in G2/M phase in liver 
cancer cells through the action of GLE [36]. Consistent with 
these findings of GLE on glioblastoma and liver cancer, our 
research demonstrated that GLE effectively suppresses cell 
proliferation and migration, while facilitating apoptosis and 
inducing cell cycle arrest in the G1 phase in EC cell lines. 
These results indicate that GLE is an effective antitumor 
drug for EC.

Network pharmacology is a systematic method that is 
widely applied to interpret potential interaction among 
disease, bioactive compounds of TCM, and biological 
mechanisms [37]. In the current study, drugs-active com-
pounds-targets network uncovered that 83 potential targets 
were closely associated with GL treating EC, in which INS, 
TP53, AKT1, SRC, MAPK3, MAPK1, ESR1, IL6, HRAS, 
and CASP3 were top 10 hub targets. It has been reported 
that TP53, AKT1, SRC, MAPK, ESR1, IL6, and CASP3 
are bound up with the pathogenesis of EC and are regarded 
as therapeutic targets for EC [38–43]. The tumor suppres-
sor TP53 is the most commonly mutated gene in EC [44, 
45]. High expression of AKT1, associated with poor prog-
nosis in EC, is reported to regulate progesterone receptor 
B-dependent transcription and angiogenesis [39]. Increased 
SRC expression has been observed in advanced EC tissues, 
contributing to tumor metastasis [38]. The presence of 
activated MAPK3/1 expression has been detected in nor-
mal proliferative phase endometria and EC, suggesting its 
involvement in actively proliferating endometrial tissues 
[46]. ESR1, the main mediator of estrogen effects in the 
endometrium, influences susceptibility and prognosis in EC 
[47]. Activation of the IL-6 pathway can promote EC cell 
viability, migration, and invasion [48]. A systematic pan-
cancer analysis demonstrated that CASP3 can be a potential 
target for immunotherapy in various cancers, including EC 
[49]. Moreover, the GO and KEGG enrichment analyses 
demonstrated that the hub targets were significantly enriched 
in proteoglycans in cancer and Rap1 signaling pathways. 
This provides evidence that these pathways may represent 
the key mechanisms through which GL exerts its therapeutic 
effects against EC.

The Rap1 signaling pathway is an essential factor in the 
mechanisms of tumor growth and metastasis [13]. Rap1 
is active when Rap1 binds to GTP (Rap1-GTP), which 
can be inactivated to Rap1-GDP form by Rap1GAP (a 
GTPase activating protein) [50]. Several previous studies 
have reported that increased Rap1-GTP regulated by its 
negative regulator Rap1GAP can impair the progression 

of cancers [13, 51, 52]. Activation of Rap1-GTP has been 
demonstrated to inhibit tumor cell proliferation, metasta-
sis, and angiogenesis in NSCLC [52]. Colorectal cancer 
cell proliferation, migration, and invasion can be effec-
tively suppressed by inhibiting the expression of Rap1GAP 
[51]. Our research findings demonstrate that GGTI-298, a 
GTPase inhibitor, can effectively inhibit cell proliferation 
and migration, promote apoptosis, and arrest the cell cycle 
in G1 phase in EC. The results indicate that elevation of 
Rap1-GTP hinders the malignant development of EC cells. 
Similar to the effects of GGTI-298, we also found that 
GLE upregulated the protein level of Rap1-GTP in EC 
cells, suggesting that GLE can activate the Rap1 signal-
ing pathway in EC cells. Meanwhile, the administration of 
GGTI-298 augmented the efficacy of GLE in impeding the 
malignant advancement of EC cells. These findings indi-
cate that GLE may suppress EC progression via activating 
the Rap1 signaling pathway.

Both AKT and ERK are downstream proteins of the Rap1 
signaling pathway. Jin et al. [53] suggested that activation 
of Rap1 can promote AKT phosphorylation in lung adeno-
carcinoma. Gao et al. [54] found that the activation of Rap1 
is accompanied by increased ERK activity in melanoma. In 
order to validate the mode of action of GLE in relation to the 
Rap1 signaling pathway, we assessed the activation of AKT 
and ERK2 in EC cells. The results demonstrate that GLE 
upregulates the protein expression of p-AKT and p-ERK2 
in EC cells. This result indicates that GLE can activate the 
AKT/ERK2 following the activation of the Rap1 signaling 
pathway. Previous studies have been reported that Rap1 can 
regulate AKT and ERK2 activation, thereby affecting the 
proliferation and survival of cancer cells [53, 54]. Conse-
quently, our hypothesis is that GLE can impede the malig-
nant advancement of EC by means of stimulating the Rap1 
signaling pathway and the subsequent activation of the AKT/
ERK2 pathway.

In conclusion, GLE has shown promising potential as a 
therapeutic option for EC treatment by inhibiting the prolif-
eration and migration of cells as well as inducing apoptosis. 
Our study has demonstrated that the activation of the Rap1 
signaling pathway, validated through experimental verifica-
tion and network pharmacology, is the underlying mecha-
nism by which GLE exerts its therapeutic effects against 
EC. These findings offer a promising therapeutic agent for 
EC treatment and shed light on the underlying mechanisms. 
However, further confirmation of the antitumor efficacy of 
GLE on EC requires in vivo experimentation. Addition-
ally, investigating other action mechanisms of GLE against 
EC, as suggested by network pharmacology, would also be 
valuable.
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