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Abstract
Endometrial cancer (EC) is a common malignant tumor that lacks any therapeutic tar-
get and, in many cases, recurrence is the leading ca use of morbidity and mortality 
in women. Widely known EC has a strongly positive correlation with abnormal lipid 
metabolism. Squalene epoxidase (SQLE), a crucial enzyme in the cholesterol synthesis 
pathway regulating lipid metabolic processes has been found to be associated with 
various cancers in recent years. Here, we focused on studying the role of SQLE in EC. 
Our study revealed that SQLE expression level was upregulated significantly in EC tis-
sues. In vitro experiments showed that SQLE overexpression significantly promoted 
the proliferation, and inhibited cell apoptosis of EC cells, whereas SQLE knockdown 
or use of terbinafine showed the opposite results. Furthermore, we found out that 
the promotional effect of SQLE on the proliferation of EC cells might be achieved by 
activating the PI3K/AKT pathway. In vivo, studies confirmed that the knockdown of 
SQLE or terbinafine can observably inhibit tumor growth in nude mice. These results 
indicate that SQLE may promote the progression of EC by activating the PI3K/AKT 
pathway. Moreover, SQLE is a potential target for EC treatment and its inhibitor, ter-
binafine, has the potential to become a targeted drug for EC treatment.
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1  |  INTRODUC TION

Endometrial cancer (EC) is a primary epithelial malignant tumor of the 
endometrium, and has the potential to infiltrate the uterine muscle wall 
and spread further. EC accounts for 20%–30% of female reproductive 
tract tumors, with ~320,000 new cases and 76,000 deaths each year 
globally.1 The specific pathogenesis of EC remains elusive yet it has 
been currently reported to be related to estrogen level, metabolic dis-
eases, early age of menarche, fertility, Lynch syndrome, and old age.2 
According to the Bokhman classification, EC can be clinically divided 
into two types. Type I (estrogen-dependent) is most common, account-
ing for 80% of EC patients with typically favorable prognosis. Type II 
(estrogen non-dependent) accounts for less than 10% of EC diagnoses 
and may have a poor prognosis.3 In 2013, the classification of EC into 
four subtypes based on multiple ’omic characteristics and prognostic 
associations was established by TCGA. This classification is used to 
evaluate patient prognosis and recurrence. Patients with recurrence 
after surgical treatment or with severe side effects of chemotherapy 
more often have a poor prognosis that seriously affects the patient's 
quality of life.4 Hence, it is imperative to discover new pathogenic 
mechanisms of EC to develop novel targeted therapies. Cancer cells 
undergo metabolic reprogramming to sustain the energy consumption 
and material required for cell growth, division, and survival. EC also 
causes many metabolic disorders in patients, such as glucose and lipid 
metabolism. More recently, studies have reported the dysregulation of 
lipid metabolism in EC. Lipid metabolism supports tumorigenesis and 
cancer progression in many ways, including membrane biosynthesis, 
energy production, and the generation of signal intermediates.5,6

In recent decades, numerous studies have shown that choles-
terol can promote tumor progression by regulating the proliferation 
and migration of tumor cells, inhibiting apoptosis, affecting tumor 
microenvironment, and activating tumor signal pathways, among 
others.7,8 This ultimately leads to the progression of malignant tu-
mors including liver cancer, oral squamous cell carcinoma, and 
cancers of kidney, prostate, and breast.9–14 Patients with EC often 
suffer from cholesterol metabolic disorders and abnormal expres-
sion of regulatory genes. A high cholesterol level also affects the 
insulin regulatory axis, thus promoting the progression of EC.15–17 
Fatostatin and BF175, cholesterol level regulator SREBP inhibitors, 
and commonly used cholesterol-lowering drugs have been proven to 
inhibit the growth of EC cells.18–22 Abnormal cholesterol metabolism 
is mainly manifested by the up-regulation of cholesterol synthesis 
levels, its increased intake, and the abnormal accumulation of a large 
number of metabolites.23 Therefore, we proposed a hypothesis that 
the key metabolic molecules, such as enzymes, participating in cho-
lesterol synthesis may play a role in the occurrence of EC.

Squalene epoxidase is an important cholesterol synthase en-
coding gene 8q22.1 in the human genome. It oxidizes squalene to 
2,3-epoxysqualene in the endoplasmic reticulum.24,25 Previous 
studies have suggested that SQLE was an oncogenic factor and was 
closely related to the development of malignant tumors such as lung 
squamous carcinoma, liver cancer, colon cancer, bladder cancer, oral 
cancer, and prostate cancer.26,27 SQLE inhibitors, such as terbinafine 
and NB-598, can significantly inhibit tumor growth.28-30 However, 

the biological mechanism of SQLE in EC has not been systematically 
elucidated. Therefore, the current study aimed to investigate the 
relationship between SQLE and the occurrence of EC using TCGA, 
clinical specimen analysis, and validation experiments. The PI3K/
AKT pathway is one of the classical tumor signaling pathways, it has 
been proven in many studies that the activation of this pathway will 
promote physiological mechanisms such as the proliferation and 
migration of tumor cells.31,32 Moreover, the PI3K/AKT pathway has 
been found to affect the progression of EC. A recent study has found 
that SQLE can activate PI3K/AKT pathway to promote the occur-
rence of nasopharyngeal carcinoma.29 Therefore, we hypothesized 
that the critical gene, SQLE, of the cholesterol pathway, might acti-
vate the PI3K/AKT pathway, thereby promoting EC progression.33,34

Here, we reported that the expression of SQLE was significantly 
elevated in EC. SQLE can promote the proliferation, migration, and 
the inhibition of apoptosis of EC cells by activating the PI3K/AKT 
signaling pathway. In addition, we found that terbinafine, an inhibitor 
of SQLE, could significantly inhibit the viability of EC cells and form 
a tumor-forming ability in nude mice. Therefore, we concluded that 
SQLE is an oncogenic factor of EC and that terbinafine has the po-
tential to be the targeted therapeutic drug for EC treatment.

2  |  MATERIAL S AND METHODS

2.1  |  Data source

The database was derived from a tumor TCGA SQLE and various 
tumor gene expressions (https://cance​rgeno​me.nih.gov/), down-
loading mRNA expression data and clinical information for 587 
patients, 552 of whom had EC, and 35 had normal endometrium 
tissues. The BioPortal for Cancer Genomics (https://cbiop​ortal.org) 
was used to download the gene data for the EC patient group, and 
the relationship between the SQLE expression level and EC was ana-
lyzed using R and Perl software.

2.2  |  Clinical samples

All experiments involving patients were approved by the Ethics 
Committee for Human Research, Lanzhou University (Ethics num-
ber: LDYYLL2021-241). Informed consent was obtained from all 
patients. Women diagnosed with EC were recruited for the study. 
No local or systemic treatments were administered to these pa-
tients before surgery. Matched tumor and its adjacent para-tumor 
tissues were extracted from eight EC patients at the Department of 
Gynecology, The First Hospital of Lanzhou University. The tissues 
were frozen and stored at −80°C.

2.3  |  Immunohistochemistry

Paraffin slides of tumors collected from humans were used. SQLE 
signal was assessed using an anti-SQLE Ab (ab833; Abcam). The 

https://cancergenome.nih.gov/
https://cbioportal.org
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percentage of positive staining cells in the total number of tumor 
cells was calculated using Image J software.

2.4  |  Cell culture and transfection

The Ishikawa and KLE cell lines were purchased from the China 
Center of the ATCC and cultured in DMEM/F12-DMEM (Service bio) 
with 10% FBS (Gibco) at 37°C in 5% CO2.

2.5  |  Plasmids and stable cell lines construction

A total of Ishikawa 2 × 106 cells were added to a 6-well plate, and 
2 mL of DMEM was added to each well. After 24 h, plex-EGFP-SQLE 
and shSQLE lentivirus (Table S2, ObiO Technology) were added to 
the plate, respectively. After the virus was introduced to the cells 
for 20 h, the medium was replaced. After 72 h of virus infection, the 
cells were observed under a microscope to confirm that the lentivi-
rus was successfully transduced into the target cells. After a 3-day 
puromycin (Gibco) treatment, the uninfected cells were removed. 
Transduction efficiency was determined using WB.

2.6  |  Cell proliferation assay

The CCK8 kit assay (Yeasen, 40206ES76) was used to measure cell 
proliferation of the KLE and Ishikawa cells. The cells were seeded 
onto the 96-well culture plates with a 5 × 103 cells/well density. After 
incubation for a given time, 10 μL of CCK8 solution was added to each 
well with 100 μL fresh medium and the cells were cultured for another 
1 h. Cell proliferation ability was determined by measuring the ab-
sorbance at 450 nm using a microplate reader. The experimental time 
intervals were 0, 1, 2, 3, and 4 days for the KLE and Ishikawa cells.

2.7  |  Colony formation assay

A colony formation assay was performed to assess the dimensions 
and numbers of colonies. The cells were seeded (1 × 103 cells/well, 
depending on the cell type) into 6-well plates. After being treated 
with different concentrations (0, 30, and 60 μM) of terbinafine hy-
drochloride for 14 days, drug-containing medium was removed, and 
the cells were washed twice with PBS. The colonies were fixed in 4% 
paraformaldehyde and stained with 0.5% crystal violet. Only colo-
nies with more than 50 cells per colony were counted.

2.8  |  Migration assay

The migration assay was performed using transwell inserts (Costar; 
8 mm pore size) in 24-well dishes. After treatment with terbinafine 
for 24 h, the cells were harvested and seeded into transwell inserts 

at 2 × 104 cells/well in serum-free medium and then incubated for 
24 h at 37°C in 5% CO2. Five random fields of each membrane were 
chosen to be photographed and counted using an inverted phase-
contrast microscope. All experiments were carried out in triplicates.

2.9  |  Cellular ACE inhibitory assay

CCK-8 kit assay was used to determine the cytotoxicity of terbin-
afine hydrochloride toward the KLE and Ishikawa cells. Terbinafine 
hydrochloride was dissolved in DMSO to make a 10 mM mother 
liquid. Cells with a density of 5 × 103 cells/well were counted and 
seeded onto 96-well plates. Outer wells were left unused to avoid 
edge effects. After adhering for 24 h, the medium was sterilely as-
pirated and replaced with 100 μL of fresh medium containing terbi-
nafine or DMSO serially diluted at concentrations ranging from 1 to 
400 μM. After 48 h, the medium was carefully removed, and 110 μL 
of freshly prepared CCK8 solution (10 μL of CCK8 premixed with 
100 μL of complete medium) was added to each well. After 1 h, the 
absorbance of each well was then measured at 450 nm using a mi-
croplate reader. IC50 values were calculated as the concentration of 
each compound required for 50% inhibition of cell growth relative to 
the no compound controls (GraphPad Prism 8.0).

2.10  |  Apoptosis assay

Cells were seeded into 12-well plates. After the cells were collected, 
the cells were strictly protected from light, dyes were added, and the 
apoptotic ability of the cells was detected by flow cytometry.

2.11  |  RNA extraction, quantitative real-time PCR

Total RNA was extracted from the cells using a TIANGEN RNAprep 
Pure Cell Kit or from EC tissue powders using TRIzol reagent, ac-
cording to the manufacturer's protocols. Reverse transcription was 
performed with a PrimeScript™ RT Master Mix using 1 μg total RNA. 
The qPCR reactions were run with EvaGreen Dye or Hieff qPCR 
SYBR Green Master Mix in triplicate on an MX3005P cycler. The 
specific primers used for qPCR were the same as those described 
previously. Relative mRNA levels were determined using the com-
parative Ct method and normalized against the β-actin mRNA level. 
A SYBR green assay was used for mouse genes: SQLE (primers: for-
ward 5′-CTCTC​CTA​CCG​CTG​TCGCC-3′ and reverse 5′-GGTTC​CTT​
TTC​TGC​GCCTCC-3′) and β-actin (primers: forward 5′-GTTGT​CGA​
CGA​CGA​GCG-3′ and reverse 5′-GCACAG AGCCTCGCCTT-3′).

2.12  |  Western blotting

The tissue powders and cultured cells were lysed with RIPA lysis 
buffer supplemented with 10 μL/mL PMSF and cocktail. Protein 
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concentrations were determined using a Bicinchoninic Acid (BCA) 
Protein assay kit. Equal amounts of protein were separated by 
SDS-PAGE and then transferred to PVDF membranes. Then, the 
membranes were blocked with 5% non-fat milk at room tempera-
ture for 1.5 h before being incubated with the appropriate primary 
antibodies at 4°C overnight. The membranes were subsequently 
incubated with the appropriate HRP-conjugated secondary antibod-
ies for 1 h at room temperature, then visualized using an Enhanced 
Chemiluminescence Detection kit and photographed under a Bio-
Rad Chemidoc MP imaging system.

2.13  |  In vivo tumorigenicity

Ncr-nu/nu-nude mice were provided by Shanghai SLAC Laboratory 
Animals company. The protocols were performed after approval by 
the Animal Ethics Committee of Lanzhou University, according to is-
sued guidelines. In total, 5 × 106 cells were injected subcutaneously 
into the armpit of 6-week-old female Ncr-nu/nu-nude mice. To ex-
plore the effect of the inhibitor terbinafine, nude mice were given 
terbinafine at a dose of 80 mg/kg per day for intragastric administra-
tion. Tumor sizes were monitored using digital vernier calipers, and 
tumor volumes were calculated using the formula (Volume = length 
× width2×0.5). Finally, the expression of SQLE and ki67 protein was 
detected in tumor tissues.

2.14  |  Statistical analysis

GraphPad Prism 8 was used for statistical analysis. Data are rep-
resented as the mean ± SEM of three independent experiments. 
Differences between groups were assessed through a one-way 
analysis of variance. A p-value of <0.05 was considered statistically 
significant.

3  |  RESULTS

3.1  |  SQLE is upregulated in EC tissues

To investigate the expression of SQLE in EC patients, we conducted 
a comparative analysis of 552 cases of EC tissues and 35 cases of 
normal endometrial tissues (including 23 pairs of cancer and adja-
cent normal tissues) from the TCGA database. Our findings revealed 
that the expression of SQLE mRNA in cancer tissues was signifi-
cantly higher compared with normal endometrial tissues (Figure 1A). 
Furthermore, the expression level of SQLE mRNA in cancer tissues 
was significantly higher than that in the adjacent normal tissues 
(Figure 1B). Our analysis of SQLE expression in various TCGA mo-
lecular subtypes revealed that its expression was the most elevated 
in the CN-high group, which is associated with poor prognosis 
(Figure 1C). To validate this finding, we conducted qPCR (Figure 1D), 
IHC (Figure 1E,F), and WB (Figure 1G,H) to detect SQLE mRNA and 

protein expression levels in cancer and adjacent normal tissues of EC 
patients. The results indicated that tumor tissues had significantly 
higher levels of SQLE expression than adjacent normal tissues, sug-
gesting that SQLE overexpression is a common occurrence in EC.

3.2  |  Overexpression of SQLE leads to increased 
proliferation and migration of EC cells, while 
simultaneously reducing apoptosis

To investigate the oncogenic effect of SQLE in EC cells, stable SQLE 
overexpression, and vector cell lines were generated in EC cell lines. 
The efficiency of stable overexpression was confirmed by qPCR and 
WB (Figure 2A,B). CCK8 assays revealed a significant increase in cell 
proliferation in SQLE cells compared with vector cells after 48 h of cul-
ture (Figure 2A,B). The colony formation assay showed a significant 
increase in cell cloning ability in SQLE cells compared with vector cells 
after 10 days of culture (p < 0.01) (Figure 2C). Additionally, the transwell 
experiment showed a significant increase in cell migration proportion 
in SQLE cells compared with vector cells (p < 0.001) (Figure 2D). The 
study conducted showed that overexpression of SQLE led to a signifi-
cant decrease in the apoptosis rate of EC cells. The western blot results 
also indicated an increase in the expression of the apoptosis-related 
protein BCL-2, while the expression of Bax and caspase-3 significantly 
decreased after SQLE overexpression (as shown in Figure 2E,F). These 
findings suggest that SQLE may promote the growth and migration of 
EC cells while simultaneously reducing apoptosis in vitro.

3.3  |  Knockdown of SQLE expression resulted 
in decreased proliferation and migration of EC cells 
while increasing apoptosis

To investigate the impact of SQLE knockdown on EC development, 
we created stable SQLE knockdown (shSQLE) and vector cell lines 
within EC cell lines. qPCR and WB confirmed the stable knock-
down efficiency (Figure  3A,B). CCK8 assays revealed a significant 
decrease in cell proliferation in shSQLE cells compared with vec-
tor cells after 48 h of culture (p < 0.05) (Figure  3A,B). Additionally, 
colony formation assays showed a significant reduction in cell clon-
ing ability in shSQLE cells compared to vector cells after 10 days of 
culture (Ishikawa, p < 0.001; KLE, p < 0.01) (Figure 3C). The transwell 
experiment also demonstrated a significantly reduced migration 
cell proportion in SQLE-KD cells compared with in SQLE-vector 
cells (Ishikawa, p < 0.001; KLE, p < 0.01) (Figure 3D). Moreover, the 
results of flow cytometry indicated that the knockdown of SQLE 
significantly increased EC cell apoptosis (Figure  3E). Western blot 
analysis revealed that the expression levels of apoptosis-related 
proteins Bax, Bcl-2, and cleaved caspase3 were affected by SQLE 
downregulation, with Bax and cleaved-caspase3 expression increas-
ing and Bcl-2 expression decreasing (Figure 3F). Overall, our findings 
suggest that the downregulation of SQLE inhibits the proliferation 
and migration of EC cells while promoting apoptosis.
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3.4  |  Pharmacological inhibitor of SQLE 
inhibits EC cell proliferation and migration while 
increasing apoptosis

To further support the significance of SQLE as a carcinogen in EC, 
we conducted an investigation on the impact of the SQLE enzyme 
inhibitor terbinafine on EC cells. Initially, we determined the IC50 
of terbinafine in EC cells, which was found to be 70.15 μM in the 
Ishikawa cells and 73.72 μM in the KLE cells, as demonstrated by 
CCK8 results (Figure  4A). The CCK8 assay also showed that the 
proliferation of EC cell lines was significantly inhibited in a dose-
dependent manner by terbinafine (0, 30, and 60 μM), with a notice-
able increase in concentration (p < 0.001) (Figure 4B), Meanwhile, 

the inhibitory effect on hEEC cells was significantly lower than that 
of EC cells (Figure S1). Furthermore, we evaluated the activity and 
migration of EC cells through clone formation and transwell assays. 
We observed that the activity and migration of EC cells were signifi-
cantly suppressed at 30 μM, with almost 100% inhibition at 60 μM 
(p < 0.001) (Figure 4C,D). Additionally, we utilized the flow cytom-
etry assay to identify apoptosis and observed that terbinafine could 
induce the apoptosis of EC cells (Figure 4E). Additionally, western 
blot analysis of apoptosis-related proteins revealed a decrease in 
Bcl-2 expression after terbinafine treatment, whereas the expres-
sion of Bax and cleaved caspase 3 increased (Figure 4F). Our find-
ings suggest that SQLE is a viable target in EC and that terbinafine 
can effectively inhibit the activity of EC cells.

F I G U R E  1  SQLE is upregulated in EC tissues. (A) SQLE mRNA expression in 552 EC patients and 35 normal tissues from TCGA data. (B) 
SQLE protein expression in 23 pairs of cancer and adjacent normal tissues from TCGA data. (C) SQLE mRNA expression in different TCGA 
molecular types. (D) SQLE mRNA expression in an EC sample. (E) IHC results of SQLE protein expression in cancer and adjacent tissues of 
EC patients (×200 and ×400 magnification). (F) Statistical diagram of IHC results. (G) Western blot results of SQLE protein expression in EC 
samples. (H) Statistical diagram of WB results. N, normal tissue; T, tumor tissue. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001.
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F I G U R E  2  Overexpression of SQLE promotes EC cell proliferation, and migration and reduces cell apoptosis. (A–C) qPCR and WB 
successfully confirmed the overexpression of SQLE in Ishikawa and KLE cells, and overexpression of SQLE promotes EC cell growth. (D) 
Overexpression of SQLE promotes EC cell migration. (E, F) Overexpression of SQLE inhibits EC cell apoptosis and quantitative grayscale 
analysis of all western blot bands using ImageJ software. *p < 0.05, **p < 0.01, ***p < 0.001.
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3.5  |  SQLE may promote EC cell viability and 
migration by activating the PI3K/AKT pathway

In order to investigate the molecular mechanism of the carcino-
genic effect of SQLE, we analyzed the protein expression of the 

PI3K/AKT pathway in tumor tissues. Our WB results showed that, 
compared with adjacent normal tissues, the expression level of p-
AKT was higher in the tumor tissues of four patients (Figure 5A). 
Additionally, we treated EC cells with the AKT activator SC79 after 
SQLE knockdown and observed that SC79 reversed the effect of 

F I G U R E  3  Knockdown of SQLE significantly reduces EC cell proliferation, and migration and promotes cell apoptosis. (A–C) qPCR and 
WB successfully confirmed the knockdown of SQLE in Ishikawa and KLE cells, and knockdown of SQLE suppresses EC cell growth. (D) 
Knockdown of SQLE suppresses EC cell migration. (E, F) Knockdown of SQLE promotes EC cell apoptosis and quantitative grayscale analysis 
of all western blot bands using ImageJ software. *p < 0.05, **p < 0.01, ***p < 0.001.
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shSQLE on EC cell viability (Figure 5B, Figure S2A). Conversely, the 
addition of the PI3K inhibitor LY294002 to SQLE overexpressed 
EC cells significantly inhibited the enhanced effect of SQLE on cell 
proliferation (Figure 5C, Figure S2B). Next, we examined the impact 
of SQLE overexpression on PI3K/AKT pathway protein expression 
in vitro. Our findings indicated an increase in p-AKT levels follow-
ing SQLE overexpression, while the knockdown of SQLE resulted 

in a decrease in p-AKT levels (Figure 5D,E). Additionally, we evalu-
ated the effects of terbinafine treatment on PI3K/AKT pathway 
protein levels in EC cells, which revealed a significant reduction in 
the expression of P-PI3K and P-AKT after terbinafine treatment 
(Figure 5F,G). These results suggested that SQLE may play a role 
in promoting EC progression through the activation of the PI3K/
AKT pathway.

F I G U R E  4  Terbinafine significantly inhibited EC cell proliferation, and migration and promotes cell apoptosis. (A) The results of CCK8 
reflected the IC50 of terbinafine in EC cells. (B) The results showed that terbinafine significantly inhibited the proliferation of EC cells. (C) 
Clone formation experiment showed that the activity of EC cells was significantly inhibited by terbinafine. (D) Transwell experiment showed 
that the migration of EC cells was significantly inhibited by terbinafine. (E) Flow cytometry analysis found that terbinafine can promote the 
apoptosis of EC cells. (F) SQLE inhibitor terbinafine can alter the expression of apoptosis-related proteins. Quantitative grayscale analysis of 
all western blot bands using ImageJ software. *p < 0.05; **p < 0.01; ***p < 0.001.
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3.6  |  Knocking down SQLE significantly inhibits 
tumor growth in nude mice

Tumors were cultured in nude mice using Ishikawa cells stably trans-
fected with shSQLE or vector for a period of 30 days. The change in 
tumor volume was recorded and, after 30 days, the mice were sac-
rificed and the weights of the tumors were measured. The results 
showed that tumor sizes and weights of mice injected with shSQLE 
were smaller, and the growth rate was slower than the vector-
injected mice (Figure 6A–C). Immunohistochemistry (IHC) indicated 
that SQLE protein expression in mice injected with shSQLE was 
lower when compared with mice injected with vector (Figure 6D,E). 
Additionally, Ki-67 staining showed that the tumors in the mice in-
jected with shSQLE had significantly lower levels of Ki-67-positive 
cells compared with vector-injected mice (Figure  6D,E). Next, 
to evaluate the efficacy of terbinafine, the xenograft model was 

utilized and it was found that it significantly inhibited tumor growth 
(Figure 6F–H). Further analysis of the tumor showed that terbinafine 
reduced the expression of SQLE and ki67, but there was no statisti-
cally significant difference in ki67 reduction (Figure 6I,J). These find-
ings suggest that SQLE could be a potential target for EC treatment.

4  |  DISCUSSION

As a malignant disease, EC is a leading cause of death in women, yet 
its pathogenesis is largely unknown. In this study, we examined the 
underlying mechanisms of SQLE in the pathogenesis of EC. We ana-
lyzed the expression of SQLE in TCGA data and clinical patient sam-
ples. Our study found that, compared with POLE, MSI, and CN-low 
groups, the CN-high group with the worst prognosis had the highest 
SQLE expression (Figure 1). In our in vitro study, we observed that 

F I G U R E  5  Mechanism study of SQLE-mediated EC cell proliferation. (A) WB results of AKT and P-AKT protein expression in tumor 
tissue. N, normal tissue; T, tumor tissue. (B) Activation of PI3K/AKT promotes the proliferation of EC cells. (C) Inhibition of the PI3K/AKT 
pathway inhibits the proliferation of EC cells. (D) WB results of the AKT/PI3K pathway protein expression in SQLE overexpression EC cells. 
(E) WB results of the AKT/PI3K pathway protein expression in SQLE knockdown EC cells. (F, G) Effect of terbinafine on the PI3K /AKT 
pathway. Quantitative grayscale analysis of all western blot bands using ImageJ software. *p < 0.05; **p < 0.01; ***p < 0.001.



3604  |    MA et al.

F I G U R E  6  Knocking down SQLE significantly inhibits tumor growth in nude mice. (A–C) Tumor growth in the SQLE knockdown group 
was significantly slower than that in the vector group. (D, E) Expression of ki67 and SQLE proteins in the vector group or the shSQLE group. 
Bars, 100 μm. (F–H) Terbinafine significantly inhibits xenograft tumor growth in nude mice. (I, J) Expression of ki67 and SQLE proteins in the 
DMSO group or the terbinafine group. Bars, 50 μm. *p < 0.05; **p < 0.01; ***p < 0.001.
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overexpression of SQLE had a significant impact on the proliferation, 
migration, and apoptosis of EC cells. Our findings also suggest that 
SQLE activates the PI3K/AKT pathway, leading to increased p-AKT 
levels. This indicates that SQLE may influence the viability of EC cells 
through this pathway, thereby promoting the development of EC. 
Furthermore, our experiments with shSQLE EC cells implanted in 
nude mice revealed that the knockdown of SQLE resulted in signifi-
cant inhibition of tumor growth and a reduction in ki67 expression. 
These results suggest that SQLE plays a crucial role in the physiolog-
ical activity of EC cells and may have an impact on the progression 
of tumors in EC patients. Therefore, to investigate whether SQLE 
can be a potential target for treating EC, we used the SQLE inhibitor 
terbinafine in cell experiments and found that it significantly inhib-
ited EC cell proliferation and migration, while increasing apoptosis. 
Additionally, terbinafine was able to inhibit tumor growth in nude 
mice. Terbinafine is a clinical drug used to treat fungal infections and 
is reasonably priced with few adverse effects, making it a safe op-
tion for EC treatment.35,36 Moreover, previous studies have shown 
that terbinafine may also be effective in treating liver, prostate, and 
nasopharyngeal carcinoma.37–39 In a word, terbinafine could be a po-
tential drug for treating EC.

Previous studies have highlighted the significance of choles-
terol as a crucial component of the cell membrane and a precursor 
for steroid hormone synthesis. Any disorder in cholesterol metab-
olism or an increase in its levels can potentially impact the produc-
tion of downstream products.40,41 Malignant tumors are known for 
their high-energy consumption and elevated signal transduction 
levels, which often lead to metabolic disorders, including abnormal 
cholesterol metabolism. This dysregulation can affect the activa-
tion of proto-oncogenes and lead to abnormalities in the synthesis 
of downstream steroid hormones.42 The incidence and develop-
ment of EC are closely related to persistent estrogen exposure, 
making it important to consider the patient's cholesterol metabo-
lism. Research has shown that taking cholesterol-lowering drugs or 
using cholesterol pathway gene inhibitors can significantly inhibit 
the progress of EC. However, the molecular mechanism behind 
this remains unclear. SQLE plays a crucial role in the cholesterol 

synthesis pathway by oxidizing squalene to 2,3-epoxysqualene and 
is primarily regulated by SREBP2. SQLE has become a molecule of 
particular interest in cancer research in recent years. For instance, 
researchers have discovered that SQLE can promote cancer cell 
metastasis and proliferation, and is a regulator of Ferroptosis in 
breast cancer.43,44 Additionally, high expression of SQLE in colon 
cancer is significantly correlated with lymphatic vessel invasion, 
tumor budding, invasion depth, regional lymph node metastasis, 
and TNM pathological stage.28 SQLE has also been found to pro-
mote invasion, metastasis, and drug resistance of PA in prostate 
cancer.37,45 Our research has shown that SQLE plays an essential 
role in EC, providing further evidence of cholesterol's cancer-
promoting effect.

The incidence rate in the European Community is increasing at 
an alarming rate. Women who are not diagnosed early or relapse 
after treatment often have a poor prognosis, which seriously affects 
their quality of life.4628 Cancer patients often seek medical help 
after their symptoms are clear, which often misses the best window 
of time for early detection and treatment.47  37Our study showed 
that SQLE accelerates EC progression by activating the PI3K/AKT 
pathway, and its inhibitor terbinafine significantly inhibits this effect 
(Figure 7). At the same time, we also found that SQLE promotes EC 
progression not through cholesterol or 2,3-epoxysqualene. In future 
studies, we plan to explore downstream mechanisms to validate 
SQLE as a therapeutic target for EC patients.
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