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Introduction
Lung cancer is the most common type of primary tumor, 
and it is estimated to be newly diagnosed in more than 
2  million people each year, according to Global Cancer 
Statistics [1]. Among them, non-small cell lung cancer 
(NSCLC) accounts for 80-85%. The majority of patients 
with early NSCLC miss the best treatment opportuni-
ties due to the lack of clinical manifestations, so it still 
has a high mortality rate [2]. In addition, studies have 
shown that many cancer patients become overweight or 
obese due to excessive nutritional supplementation after 
diagnosis or successful treatment [3]. There is growing 
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Abstract
Background  Inhibiting cholesterol metabolism has shown great potential in non-small cell lung cancer (NSCLC). 
However, the regulatory mechanism of the lipid metabolism key factor Sect. 14-like lipid binding 2 (SEC14L2) in 
NSCLC remains unclear. This study investigates the effects of differentially expressed genes related to cholesterol 
metabolism on the development of NSCLC.

Methods  Cox regression and survival analysis were performed to screen cholesterol metabolism-related genes and 
predict survival prognosis in NSCLC patients. The proliferation and migration of NSCLC cells were assessed by CCK-8, 
EdU, colony formation and wound-healing assay. Cholesterol depletion and rescue trials were used to evaluate the 
effect of SEC14L2 on cholesterol transport in NSCLC cells. IF and Co-IP were used to analyze the targeting relationship 
between SEC14L2 and scavenger receptor class B member 1 (SCARB1).

Results  SEC14L2 was a key gene related to prognosis in NSCLC patients and was highly expressed in A549 and 
Calu-1 cells. Subsequent studies demonstrated that knockdown of SEC14L2 significantly reduced the proliferation 
and migration of NSCLC cells, resulting in inhibited tumor growth. Furthermore, both in vitro and in vivo experiments 
indicated that SEC14L2 regulated cholesterol uptake. Silencing SEC14L2 partially counteracted the promotion of 
cholesterol content by MβCD-chol in A549 and Calu-1 cells. We then verified that there was a protein interaction 
between SEC14L2 and SCARB1.

Conclusion  SEC14L2 promoted cholesterol uptake in NSCLC cells by up-regulating SCARB1 expression, thereby 
promoting NSCLC development.
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concern that inappropriate diets may have a signifi-
cant impact on impairing treatment outcomes in cancer 
patients [4]. This implies that consuming large amounts 
of cholesterol may affect the survival of cancer patients.

Cholesterol serves as a critical component of lipids 
and is important for the proliferation and survival of 
cancer cells [5]. During the process of cancer cell prolif-
eration, an excess of cholesterol is required to support 
rapid membrane biogenesis [6]. Cholesterol metabolism 
can generate tumor-promoting substances [7]. Regu-
lating cholesterol metabolism may impact cancer cell 
proliferation [8]. Studies have shown that genes in the 
cholesterol-related pathways can predict the survival of 
NSCLC [9]. Alterations in the cholesterol biosynthesis 
pathway induce cell death in NSCLC [10]. The reduction 
of plasma membrane cholesterol contributes to enhanced 
anticancer activity in NSCLC [11]. Recent studies have 
shown that cholesterol depletion can reduce NSCLC 
adhesion, thereby regulating NSCLC cell metastasis [12]. 
Lung cancer accumulates cholesterol through local and 
distal lipid transport reprogramming, and interventions 
to eliminate cholesterol may offer a promising therapeu-
tic strategy [13]. Therefore, we focused on the impact of 
differentially expressed genes associated with cholesterol 
metabolism on the development of NSCLC.

The SEC14p protein is the prototype of a family of 
eukaryotic proteins carrying the Sect.  14-lipid-binding 
domain and plays a role in lipid metabolism, signaling, 
and membrane transport [14]. Section 14-like lipid bind-
ing 2 (SEC14L2) is one of the members of the Sect.  14 
family, which encodes lipid-binding proteins, includ-
ing α-tocopherol transporter and contributes to vitamin 
E uptake [15]. Previous studies have demonstrated that 
hTAP1/ SEC14L2-mediated lipid exchange regulates the 
phosphorylation of tocopherol and phosphatidylinositol 
[14]. α-tocopherol and α-tocopherol phosphate induce 
VEGF expression through PI3Kγ/PKB and hTAP1/
SEC14L2 mediated lipid exchange [16]. These reports 
indicate that SEC14L2 is closely related to lipid exchange. 
Moreover, numerous studies have demonstrated that 
SEC14L2 is connected with the development of pros-
tate cancer [17], liver cancer [18], breast cancer [19], 
and other cancers. Still, the regulatory mechanism of 
SEC14L2 in NSCLC is unclear.

STRING database showed that there might be a protein 
interaction between SEC14L2 and scavenger receptor 
class B member 1 (SCARB1). It has been suggested that 
SCARB1 plays an important role in cholesterol metabo-
lism [20, 21]. In the study, we used NSCLC cell lines 
A549 and Calu-1 to construct in vitro and in vivo NSCLC 
models to investigate whether SEC14L2 regulates choles-
terol metabolism and tumor growth by interacting with 
SCARB1.

Materials and methods
Source of data set
The gene set related to cholesterol metabolism was 
sourced from MSigDB. RNA-seq data and clinical infor-
mation pertaining to NSCLC were obtained from the 
Cancer Genome Atlas (TCGA, ​h​t​t​​p​s​:​/​​/​p​o​​r​t​​a​l​.​g​d​c​.​c​a​n​c​
e​r​.​g​o​v​/​​​​​) database. Additionally, the NSCLC GSE50081-
related chip data set was downloaded from the Gene 
Expression Omnibus (GEO, ​h​t​t​​p​s​:​/​​/​w​w​​w​.​​n​c​b​i​.​n​l​m​.​n​i​h​
.​g​o​v​/​g​e​o​/​​​​​) database. TCGA and GEO belong to public 
databases. The patients involved in the database have 
obtained ethical approval. Our study is based on open 
source data, so there are no ethical issues, and the Clini-
cal Trial Number is not applicable.

Bioinformatics analysis
In terms of abs (logFC) > log2 (1.5) and significant 
P < 0.05 was used as the screening condition for differen-
tial gene analysis, and the differentially expressed genes 
in the combined MsigDB and TCGA NSCLC data were 
screened out. To visualize the results, the “ggplot2” soft-
ware package was utilized to generate a volcano plot, 
while the “heatmap” package was employed to create a 
heatmap illustrating the differential gene expression. Uni-
variate Cox analysis was performed on the TCGA dataset 
to analyze the differentially expressed genes further. The 
forest map was drawn for genes with p ≤ 0.05, and 5 prog-
nostic-related genes were obtained. Survival analysis of 
these key genes was conducted using the “survival” pack-
age and the “survminer” package. Additionally, GSEA 
analysis was performed using clusterProfiler based on 
SEC14L2 related genes. The enrichment plot for GSEA 
analyses were generated using the “ggplot2” package in R 
software [22]. Prediction of a protein interaction between 
SEC14L2 and SCARB1 by the STRING database.

Cell culture and transfection
NSCLC cell lines A549 (AW-CCH011), Calu-1 (AW-
CCH019), NCI-H1299 (AW-CCH038), HCC827 (AW-
CCH208), NCI-H157 (AW-CCH102) and NCI-H358 
(AW-CCH297) were obtained from Changsha Abiowell 
Biotechnology Co., LTD. Among, A549 cells were cul-
tured in F12K medium supplemented with 10% fetal 
bovine serum (FBS, 10099141, Gibco, Grand Island, NY, 
USA) and 1% penicillin-streptomycin (AWH0529a, Abio-
well). On the other hand, Calu-1 cells were cultured in 
F12K and McCOY’s 5  A medium, supplemented with 
10% FBS + 1% penicillin-streptomycin.

Logarithmic cells were transfected using Lipofectamine 
2000 (11668019, Invitrogen, Carlsbad, CA, USA) as 
described in the kit after cell adhesion. Cells were 
transfected or co-transfected with si-SEC14L2-1 (HG-
shHO456571, HonorGene, 5’-​A​G​G​A​A​G​G​T​G​G​A​G​A​C​
C​A​T​C​A​C​C​A​T​A​A-3’), si-SEC14L2-2 (HG-shHO456571, 
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HonorGene, 5’-​G​A​G​G​C​C​T​A​T​G​G​A​G​A​G​T​T​T​C​T​C​T​G​
C​A-3’), si-SEC14L2-3 (HG-shHO456571, HonorGene, 
5’-​G​A​G​G​A​A​G​G​T​G​G​A​G​A​C​C​A​T​C​A​C​C​A​T​A-3’), si-
SCARB1 (HG-shHO710270, HonorGene, 5’-​G​C​C​A​A​
G​A​G​A​A​A​T​G​C​T​A​T​T​T​A​T-3’), and oe-SCARB1 (HG-
HO710270, HonorGene). Cells were transfected for 48 h 
before subsequent experiments were performed.

In order to assess SEC14L2 effects on cell proliferation 
and migration, and the regulatory relationship between 
SEC14L2 and SCARB1, A549 and Calu-1 cells were 
randomly assigned to Control, si-NC and si-SEC14L2 
groups. To investigate the SEC14L2 regulation func-
tion of cholesterol transport, we randomly divided A549 
and Calu-1 cells into MβCD-chol, MβCD-chol + si-NC 
and MβCD-chol + si-SEC14L2 groups. Additionally, 
A549 and Calu-1 cells were randomly divided into the 
MβCD-chol + si-NC, MβCD-chol + si-SCARB1, MβCD-
chol + oe-NC and MβCD-chol + oe-SCARB1 groups, to 
verify whether SEC14L2 regulated cholesterol metabo-
lism through SCARB1.

Real-time quantitative polymerase chain reaction 
(RT-qPCR)
According to the Total RNA Extraction (Trizol, 15596026, 
Thermo, Waltham, MA, USA) method specification, total 
RNA was extracted from tissues and cell culture. Then, 
the absorbance values of total RNA were measured by an 
ultraviolet spectrophotometer. The subsequent experi-
ments will continue when the OD260/OD280 conforms 
to 1.8-2.0. β-actin was used as an internal standard con-
trol for mRNA in RT-qPCR. RT-qPCR was performed 
using the SYBR method in a Quantstudio1 (ABI, Foster, 
CA, USA). Primer sequences are shown in Table 1. Gene 
levels were analyzed by the 2−ΔΔCt method.

Cell counting Kit-8 (CCK-8) assay
A549 and Calu-1 cell viability were detected by a CCK-8 
kit (NU679, Tongren, Japan). In the logarithmic growth 
phase, the cells were seeded at a density of 5 × 103 cells/
well in a 96-well plate, and 10 µL CCK8 was added to 
each well for the corresponding time. After continued 
incubation at 37℃ and 5% CO2 for 4 h, the absorbance 
value at 450  nm was analyzed with a microplate reader 
(MB-530, HEALES, Shenzhen, China), and the mean 
value was taken as a bar graph.

Ethynyl-20-deoxyuridine (EdU) incorporation assay
A549 and Calu-1 cells were seeded in 96-well plates 
until normal growth. An EdU assay kit (C10310, RIBO-
BIO, Guangzhou, China) was utilized for the experi-
ment. The EdU solution was diluted 1:1000 to prepare an 
appropriate 50 µM EdU medium. Subsequently, 100 µL 
EdU medium was added and incubated overnight. After 
discarding the medium, the cells underwent Apollo and 
DNA staining, followed by a wash with PBS for 5  min. 
Finally, cell proliferation was observed using a fluores-
cence microscope (AE31E, Motic, Xiamen, China).

Colony formation assay
Firstly, the cells were digested with 0.25% trypsin. These 
cells were then suspended with 10% FBS. Each group 
of cell suspensions was seeded at 200 cells per well in 
6-well plates containing 1 mL culture medium to make 
the cells evenly dispersed and cultured for 2 weeks. Once 
the clones were observed, the cultures were terminated. 
To fix the cells, 1 mL of 4% paraformaldehyde was added, 
and the cells were allowed to incubate for 15 min. Subse-
quently, cells were stained with crystal violet for 30 min. 
After drying naturally, it was photographed for recording.

Wound-healing assay
Once the A549 or Calu-1 cells had completely adhered to 
the culture dish, the spear’s tip was compared with the 
ruler and scratched vertically. After scratching, floating 
cells were removed, and serum-free McCoy’s 5 A/MEM 
medium was added. The progress of cell healing was 
recorded by capturing photographs at 0 h, with three dif-
ferent fields of view captured at each time point. Images 
were captured at 24 h and 48 h time points during the cell 
culture process for documentation.

Transwell assay
A549 and Calu-1 cells were digested by trypsin and sus-
pended in a serum-free culture medium. The cells with 
a density of 2 × 106/mL (100 µL/well) were inoculated 
into a Transwell chamber (3428, Corning, USA) coated 
with Matrigel matrix gel (356234, Biocoat, USA). Then 
culture medium containing 10% FBS was added to the 
lower chamber of the 24-well plate and incubated in a 
humidified atmosphere of 5% CO2 at 37℃ for 4 h. After 
removing the chamber, cells were fixed with 4% parafor-
maldehyde for 20 min. After cells were stained for 5 min 
with crystal violet solution (G1062, Solarbio). Stained 
cells were observed and counted under a microscope.

Animal models
Referring to previous studies [23, 24], we purchased a 
total of 15 athymic BALB/c nude mice (4–6 weeks). These 
mice were randomly divided into three groups: Con-
trol, sh-NC, and sh-SEC14L2. Mice were anesthetized 

Table 1  Primer sequences used in the study were listed
Targets F (5’-3’) R (5’-3’)
H-SEC14L2 ​G​G​C​C​A​T​G​C​T​C​C​G​G​A​A​G​T​T ​A​A​G​A​C​G​C​T​T​C​

A​G​T​G​T​T​T​C​G​G
H-SCARB1 ​T​C​A​C​T​T​C​C​T​C​A​A​C​G​C​T​G​A​C​C ​T​C​C​A​A​T​G​C​C​T​

G​C​G​A​C​A​G​A​T​T
H-β-actin ​A​C​C​C​T​G​A​A​G​T​A​C​C​C​C​A​T​C​G​A​G ​A​G​C​A​C​A​G​C​C​T​

G​G​A​T​A​G​C​A​A​C
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after one week of adaptive feeding and then subcutane-
ously injected with A549 cells. The cell concentration was 
5 × 106/mL, and 200 µL was injected. After 7 days, intra-
tumoral injection of sh-NC and sh-SEC14L2 (1 × 1010 
PFU/mouse, injected every 14 days) [25]. The growth of 
the transplanted tumors was then monitored, with neo-
plasia defined as tumors with a diameter ≥ 0.5  cm. The 
following formula was used to calculate tumor volume: 
Tumor volume = (short axis × short axis × long axis) / 2. 
Tumor size was measured twice a week after tumor seed-
ing. After 24 days, the tumors were photographed and 
harvested.

All experimental procedures and animal handling were 
performed with the approval of the Animal Care and 
Use Committee of the Second Xiangya Hospital, Central 
South University (Approval No. 2023867), in accordance 
with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals, and studies involving 
laboratory animals followed the ARRIVE guidelines.

All experimental procedures and animal handling were 
performed with the approval of the Animal Care and 
Use Committee of the Second Xiangya Hospital, Central 
South University (Approval No. 2023867), in accordance 
with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals, and studies involving 
laboratory animals follows the ARRIVE guidelines.

Immunohistochemistry (IHC)
Tumor specimens were collected from nude mice, fixed, 
dehydrated, and embedded in paraffin. The paraffin sec-
tions were subjected to baking at 60℃ for 12 h. After that, 
they were deparaffinized using xylene and dehydrated 
through an ethanol gradient. Antigen thermal repair was 
performed after dipping it in distilled water for 5 min. 
To inactivate the endogenous enzyme, 1% periodate was 
added. Then, the cells were incubated overnight at 4℃ 
with SEC14L2 (AWA12665, 1:200, Abiowell) and Ki67 
(ab16667, 1:200, Abcam, Cambridge, MA, USA). After 
incubating with secondary antibodies, color development 
was terminated after 3,3’-Diaminobenzidine (DAB, ZLI-
9018, ZSGB-BIO, Beijing, China) coloration for 1–5 min, 
followed by hematoxylin counterstaining for 5–10  min. 
Finally, it was dehydrated, transparent, and sealed. After 
capturing the image, it is analyzed with Image-Pro-Plus 
6.0.

Western blot (WB) analysis
The cells and tissues in each group were rinsed with 
precooled PBS buffer and then added with RIPA lysate 
(AWB0136, Abiowell) to lyse them. After the pro-
tein concentration was measured using a BCA kit 
(AWB0104, Abiowell), the corresponding volume of pro-
tein was added to a 5×loading buffer (AWB0055, Abio-
well) for mixing. Electrophoresis was terminated when 

bromophenol blue electrophoresis reached the bottom 
of the glue. The membrane transfer current was 300 mA, 
and the transfer time was adjusted for different antibod-
ies. After the membrane was transferred, it was rinsed 
once in 1×PBST, and then the membrane was completely 
immersed in the blocking solution and shaken on the 
shaker for 90  min at room temperature. These primary 
antibodies were diluted with 1×PBST at a ratio: low-
density lipoprotein receptor (LDLR, AWA49839, 1:1000, 
Abiowell), SCARB1 (ab217318, 1:2000, Abcam), ATP-
binding cassette transporter A1 (ABCA1, AWA41977, 
1:1000, Abiowell), β-actin (AWA80002, 1:5000, Abiowell). 
The membrane was incubated with the primary antibody 
overnight at 4℃. Finally, the membrane was incubated 
with ECL chemiluminescence solution (AWB0005, Abio-
well) for 1 min and observed with a chemiluminescence 
imaging system (ChemiScope6100, Clinx Science Instru-
ments, Shanghai, China).

Cholesterol depletion and rescue assay
Cells with a 70 to 80% fusion rate were subjected to cho-
lesterol depletion. 1% methyl-β‐cyclodextrin (MβCD) 
was added to DMEM for 30  min, followed by 20  μm 
pravastatin.

For cholesterol rescue experiments, after cholesterol 
depletion, cells were incubated with 100  μm soluble 
cholesterol-MβCD complex (MβCD-chol) for 1  h and 
40  μm pravastatin was added to DMEM. When assays 
were completed, cells were lysed and subjected to 
immunoblotting. MβCD-chol was added to the culture 
medium to supplement cholesterol in cell growth at a 
final concentration of 10 µg mL− 1.

Cellular cholesterol extraction and quantification
To extract cellular cholesterol, we referred to the method 
described by Zheng et al. [26]. Firstly, chloroform, meth-
anol, and 0.9% NaCl were used for the extraction process. 
Then, we spotted 5 µL of the extracted sample onto silica 
gel thin-layer chromatography plates. The plates were 
developed using a petroleum-ether ethyl-acetate mixture 
(1:2). Finally, we utilized ImageJ to quantify cholesterol 
content intensity.

Immunofluorescence (IF)
The slides were first fixed for 30  min. Subsequently, 
0.3% Triton X-100 was used to permeate for 30  min. 
After washing, 5% BSA-PBS was applied to the block for 
60  min. The primary antibody SCARB1 (Bsm-52283R, 
1:50, Bioss, Beijing, China) was added and incubated 
overnight at 4℃. Next, the slides were incubated with 
HRP secondary antibody for 30  min and then reacted 
with TSA-520 fluorescent dye (AWI0688, Abiow-
ell) for 10  min. At the end of the reaction, the previ-
ous round of antibody was eluted, and an endogenous 
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peroxidase-blocking agent was added. The cells were 
then blocked for 60 min. The primary antibody SEC14L2 
(AWA12665, 1:50, Abiowell) was added and incubated 
overnight at 4℃. After incubation with HRP second-
ary antibody, TSA-570 fluorescent dye was added to the 
reaction for 10 min and then eluted. DAPI staining solu-
tion (AWI0429, Abiowell) was dropped and incubated for 
10 min in the dark. Finally, they were observed by fluo-
rescence microscopy.

Co-immunoprecipitation (Co-IP) analysis
The cells were rinsed using PBS and IP cell lysate 
(AWB0144, Abiowell). Total proteins were obtained by 
centrifugation of the lysate and subsequently incubated 
overnight with SCARB1 antibodies. 20 µL of Protein A/G 
agarose beads were added to capture antigen-antibody 
complexes, and the antigen-antibody mixture was incu-
bated on a shaker at 4℃ for 2  h. After co-immunopre-
cipitation, the expressions of SEC14L2 and SCARB1 were 
detected using WB [27].

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 
8.0 software. Data were represented as mean ± standard 
deviation (SD). If the data followed a normal distribution, 
we performed pairwise comparisons between the two 
groups using the T-test. Comparisons between multiple 
groups were performed using the one-way or two-way 
analysis of variance, and then Tukey’s multiple compar-
isons test was used. The level of significance was set at 
P < 0.05.

Results
Cholesterol metabolism-related gene SEC14L2 predicted 
the prognosis of NSCLC patients
106 cholesterol metabolism genes were screened from 
the MsigDB database and combined with the TCGA 
NSCLC dataset for differential analysis. We visualized 
the differential expression of 35 candidate genes, includ-
ing 5 differentially up-regulated genes and 30 differen-
tially down-regulated genes, in the form of a volcano 
plot and heat map (Fig. 1A and B). To further screen the 
prognostic relevance of differentially expressed genes in 
NSCLC patients, we performed a univariate Cox analy-
sis and drew the forest plot. Five genes were associated 
with the prognosis of NSCLC patients, among which 
VDAC1, MSMO1, SEC14L2 and PCSK9 were high-risk 
genes, and MYLIP was a low-risk gene (Fig.  1C). Previ-
ous studies showed that SEC14L2 was closely related to 
lipid exchange [14, 16]. Therefore, we selected SEC14L2 
for subsequent analysis. Our study examined the 
SEC14L2 expression using RT-qPCR in six different cell 
lines: A549, Calu-1, NCI-H1299, HCC827, NCI-H157, 
and NCI-H358. Our results demonstrated that SEC14L2 

expression was higher in A549 and Calu-1 cells (Fig. 1D). 
Consequently, A549 and Calu-1 cells were selected for 
subsequent in vitro experiments. Then, a single-gene 
survival analysis of SEC14L2 was performed by combin-
ing the TCGA dataset and the survival data of NSCLC 
patients from GEO (GSE50081) data. The results showed 
that the SEC14L2 low-expression group had a bet-
ter prognosis than the high-expression group (Fig.  1E). 
Taken together, these findings suggested that SEC14L2 
was a key gene affecting the prognosis of NSCLC 
patients.

The inhibition of SEC14L2 expression suppressed the 
proliferation and migration of A549 and Calu-1 cells
Subsequently, SEC4L2 expression was silenced in A549 
and Calu-1 cells and target screening was performed. 
The results showed that si-SEC14L2-3 exhibited a lower 
expression level compared with si-SEC14L2-1 and si-
SEC14L2-2 in A549 and Calu-1 cells (Fig. 2A and B). This 
result indicated that si-SEC14L2-3 had the best silencing 
effect, leading to its selection for the subsequent experi-
ments. Following this, we detected the cell viability using 
the CCK-8 method. As illustrated in Fig.  2C, the cell 
viability of the si-SEC14L2 group was decreased com-
pared with the si-NC group. To further assess cell prolif-
eration, we conducted EdU and colony formation assays, 
which demonstrated a markedly lower proliferation rate 
in the si-SEC14L2 group compared with the si-NC group 
(Fig.  2D-F). The migration ability of A549 and Calu-1 
cells was also assessed by the wound-healing and tran-
swell assay, which revealed a significantly reduced migra-
tion ability in the si-SEC14L2 group as compared to the 
si-NC group (Fig.  2G and H). These results collectively 
indicated that inhibiting SEC14L2 expression could effec-
tively inhibit the proliferation and migration activity of 
A549 and Calu-1 cells.

SEC14L2 promoted the development of NSCLC
To investigate the role of SEC14L2 in NSCLC develop-
ment further, we performed in vivo tumor formation 
experiments in nude mice. The results revealed that the 
tumors’ survival rate and volume were decreased in the 
sh-SEC14L2 group compared with the sh-NC group 
(Fig. 3A-C). IHC detection of the expression of SEC14L2 
and Ki67 demonstrated a significant reduction in 
SEC14L2 and Ki67 expression levels in the sh-SEC14L2 
group, indicating that the proliferation of tumor cells 
was significantly reduced after knocking down SEC14L2 
(Fig. 3D). These findings suggested that SEC14L2 had the 
potential to promote tumor growth.

SEC14L2 targeted SCARB1 to regulate cholesterol uptake
Based on the TCGA database, we performed a GSEA 
analysis of functional pathways associated with SEC14L2 



Page 6 of 13Zhou et al. Lipids in Health and Disease          (2024) 23:407 

gene expression. The GSEA analysis indicated a cor-
relation between SEC14L2 and cholesterol metabo-
lism (Fig.  4A). Further analysis through the online 
software STRING revealed the relationship between 

SEC14L2 and proteins related to cholesterol metabo-
lism. The prediction showed that SEC14L2 directly inter-
acts with SCARB1 to regulate cholesterol metabolism 
(Fig.  4B). Subsequently, the expression of cholesterol 

Fig. 1  Cholesterol metabolism-related gene SEC14L2 predicted the prognosis of NSCLC patients. (A and B) A volcano plot and heat map were used to 
visualize the differentially expressed genes related to cholesterol metabolism. (C) We employed univariate Cox analysis to assess the prognostic impact of 
these genes in NSCLC patients. (D) The expression of SEC14L2 in human NSCLC cell lines was detected using RT-qPCR. (E) The survival data from the TCGA 
datasets and GEO (GSE50081) data were combined to perform a single-gene survival analysis of SEC14L2 in NSCLC patients
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Fig. 2  The inhibition of SEC14L2 expression suppressed the proliferation and migration of A549 and Calu-1 cells. (A and B) si-SEC14L2-1, si-SEC14L2-2, 
si-SEC14L2-3 and si-NC were transfected into A549 and Calu-1 cells, SEC14L2 expression was detected using RT-qPCR and WB. (C) CCK-8 assay was used 
to assess the viability of A549 and Calu-1 cells. (D-F) Cell proliferation was evaluated using EdU and colony formation assays. (G and H) The wound-healing 
and transwell assay were used to detect cell migration ability. *P < 0.05 vs. si-NC

 



Page 8 of 13Zhou et al. Lipids in Health and Disease          (2024) 23:407 

transport-related indicators was detected using WB. 
As described in Fig.  4C, the expression of cholesterol 
uptake-related proteins LDLR and SCARB1 was sig-
nificantly decreased in the sh-SEC14L2 group compared 
with the sh-NC group. However, the expression of cho-
lesterol efflux-related protein ABCA1 did not exhibit 
significant changes. In addition, we also used related kits 
to detect the cholesterol content in tumors. The results 
demonstrated that the cholesterol content in tumors 
was significantly reduced after knocking down SEC14L2 
(Fig.  4D). In order to further explore the impact of 
SEC14L2 on cholesterol uptake in A549 and Calu-1 cells, 
we supplemented the cells with cholesterol. WB results 
showed that the expressions of LDLR and SCARB1 were 
notably diminished in both A549 and Calu-1 cells fol-
lowing silencing SEC14L2, while there were no signifi-
cant changes in the expression of ABCA1 (Fig.  4E). At 
the same time, the cholesterol content was significantly 
reduced (Fig. 4F). To make the comparison of results sig-
nificant, we first subjected cells to cholesterol depletion 
followed by cholesterol rescue. After the intervention 
with MβCD-chol, the intracellular cholesterol content 
of A549 and Calu-1 cells showed a significant increase. 
On this basis, knocking down the expression of SEC14L2 
found that the intracellular cholesterol content was sig-
nificantly reduced (Fig.  4G). In order to further con-
firm the regulatory relationship between SEC14L2 and 
SCARB1, IF co-localization was applied to analyze the 
spatial localization of SEC14L2 and SCARB1 (Fig.  4H 
and I). Co-IP results provided evidence of an interaction 

between SEC14L2 and SCARB1 (Fig.  4J). These results 
indicated that SEC14L2 targeted SCARB1 to regulate 
cholesterol uptake in A549 and Calu-1 cell lines.

SEC14L2 regulated cholesterol metabolism through 
SCARB1
To investigate the role of SCARB1 in cholesterol metab-
olism, A549 and Calu-1 cells were treated with MβCD-
chol and transfected with si-SCARB1 and oe-SCARB1 
and their negative control. The RT-qPCR and WB 
results verified the success of cell transfection (Figure 
S1). Subsequently, we examined the cholesterol content 
of the cells in each treatment group. Compared with 
the MβCD-chol + si-NC group, the cholesterol levels in 
the MβCD-chol + si-SCARB1 group were significantly 
decreased. Then, the cholesterol levels in the MβCD-
chol + oe-SCARB1 group were significantly increased 
compared with the MβCD-chol + oe-NC group (Fig. 5A). 
These results showed that SCARB1 positively regulated 
cholesterol levels in A549 and Calu-1 cells. Moreover, 
overexpression of SCARB1 partially counteracted the 
inhibitory effect of silencing SEC14L2 on cholesterol 
intake. Conversely, silencing SCARB1 partially attenu-
ated the promoting effect of overexpressing SEC14L2 
on cholesterol intake (Fig. 5B and C). In conclusion, our 
results suggested that SEC14L2 participates in choles-
terol metabolism by regulating SCARB1.

Fig. 3  SEC14L2 promoted the development of NSCLC. (A-C) Tumor formation experiments were used to measure tumor size, growth, and weight. (D) 
IOD/Area of SEC14L2 and Ki67 positive cells were detected by IHC. *P < 0.05 vs. sh-NC
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Fig. 4 (See legend on next page.)
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Discussion
Cholesterol is a crucial lipid constituent in mamma-
lian cell membranes, which could maintain the integrity 
and fluidity of the cell membrane. It also contributes to 
the formation of the microstructure of the cell mem-
brane [28, 29]. The role of dietary cholesterol and high 
serum cholesterol in cancer is still controversial. Stud-
ies reported that high serum cholesterol levels increase 
natural killer cells’ antitumor function and reduce mouse 
liver tumor growth [30]. However, other studies demon-
strated the contribution of intracellular cholesterol accu-
mulation to tumor formation or growth [31, 32]. Firstly, 
we conducted bioinformatics analysis to identify differ-
entially expressed genes related to cholesterol metabo-
lism and selected SEC14L2 as the key gene for this study. 
Subsequently, we conducted both in vitro and in vivo 
experiments to verify our findings, demonstrating that 
SEC14L2 promoted cholesterol uptake in NSCLC cells, 
which promoted NSCLC development.

In this study, we identified the cholesterol metabolic-
related gene SEC14L2 as a high-risk gene by Cox and 
survival analysis. Specifically, our findings revealed a 
significant difference in survival rates between the low-
expression and high-expression groups, with the former 
exhibiting a notably higher survival rate. Therefore, we 
hypothesized that SEC14L2 could promote the growth of 
NSCLC cells. We further showed that silencing SEC14L2 
inhibited cell proliferation and migration and suppressed 
the tumorigenic potential of A549 cells in nude mice. 
However, SEC14L2 seemed to play different roles in dif-
ferent tumor cells. In a study conducted by Li et al., it was 
demonstrated that SEC14L2 played an inhibitory role 
in the proliferation of liver cancer cells. Further, signifi-
cant inhibition of tumor growth was observed in mouse 
models [18]. Additionally, silencing SEC14L2 was found 
to promote cell proliferation, migration, invasion, and 
cell cycle progression in castration-resistant prostate 
cancer cells. It was related to the invasiveness and poor 
prognosis of prostate cancer [17]. These results suggested 
that SEC14L2 could be both a tumor promoter and 
suppressor.

The intracellular balance of cholesterol metabolism is 
tightly controlled through a complex network that gov-
erns processes such as cholesterol biosynthesis, uptake, 
efflux, conversion, esterification, and transport [33, 34]. 
However, tumor cells exhibited abnormal cholesterol 
metabolism to meet the high energy and biosynthetic 

requirements associated with rapid growth [35]. There-
fore, strategies to reduce cholesterol synthesis or inhibit 
cholesterol uptake were suggested as potential antitu-
mor therapies [36, 37]. In our study, GSEA enrichment 
analysis revealed that the low expression phenotype of 
SEC14L2 was mainly concentrated in the cholesterol 
metabolism pathway. Moreover, silencing of SEC14L2 
inhibited the expression of cholesterol uptake-related 
proteins LDLR and SCARB1 but had no significant effect 
on cholesterol efflux-related protein ABCA1. These 
results indicated that SEC14L2 might affect cholesterol 
uptake in NSCLC cells. In addition, studies showed that 
some tumor cells were more inclined to sacrifice syn-
thetic pathways to avoid consuming ATP during biosyn-
thesis [35]. Otherwise, abundant exogenous cholesterol 
could be obtained by promoting the expression of lipo-
protein receptors such as LDLR and SCARB1 [38]. In 
humans, several SNPs in the SCARB1 gene were found to 
affect cholesterol metabolism and fertility [39]. SCARB1 
was essential for cholesterol uptake, and blocking 
SCARB1 led to clear cell renal cell carcinoma cell-cycle 
arrest and apoptosis [20]. Skin cutaneous melanoma 
exhibited SCARB1-mediated cholesterol-dependent 
metabolism [21]. Moreover, previous studies reported 
that SCARB1 was closely related to the development of 
cancer. SCARB1 was positively associated with metas-
tasis and poor prognosis of nasopharyngeal carcinoma 
[40]. SCARB1 exhibited high expression levels in specific 
subsets of lung large-cell carcinoma and small-cell lung 
cancer patients. Further investigations revealed that inhi-
bition of SCARB1 expression effectively suppressed the 
growth of lung cancer cells [41]. Our study represented 
the first report on the involvement of SCARB1 in regulat-
ing cholesterol metabolism in NSCLC.

However, some limitations should be acknowledged 
in this study. Firstly, the results of our study were based 
on NSCLC cell lines and nude mouse models, which 
might not fully reflect the complexity and dynamic char-
acteristics of human NSCLC patients. Therefore, it was 
necessary to include human samples or clinical data. 
Secondly, due to the lack of animal models overexpress-
ing or knocking out SEC14L2, the functional character-
ization of SEC14L2 in vivo was challenging. The lack of 
specific activators for the SEC14L2/SCARB1 signaling 
pathway also hindered a comprehensive understanding 
of how SEC14L2 regulated these pathways in vitro and 
in vivo. By addressing these issues, the reliability and 

(See figure on previous page.)
Fig. 4  SEC14L2 targets SCARB1 to regulate cholesterol uptake. (A) GSEA analysis was used to enrich functional pathways of the SEC14L2 gene. (B) STRING 
predicted the protein-protein interaction between SEC14L2 and SCARB1. (C) The expressions of cholesterol transport-related proteins LDLR, SCARB1, 
and ABCA1 were detected by WB. (D) The cholesterol content in the tumor was detected by a cholesterol detection kit. *P < 0.05 vs. sh-NC. (E and F) WB 
and the kit were used to detect the expressions of LDLR, SCARB1, ABCA1, and cholesterol content, respectively. *P < 0.05 vs. MβCD-chol + si-NC. (G) The 
content of cholesterol in A549 and Calu-1 cells after cholesterol depletion was detected using the kit. *P < 0.05 vs. Control, #P < 0.05 vs. MβCD, &P < 0.05 
vs. MβCD + MβCD-chol. (H and I) The spatial localization of SEC14L2 and SCARB1 was analyzed by IF. *P < 0.05 vs. si-NC. (J) Co-IP was used to confirm the 
targeting relationship between SEC14L2 and SCARB1
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persuasiveness of the research can be further improved, 
leading to a better understanding of the role and mecha-
nisms of SEC14L2 in NSCLC.

Conclusion
The present study revealed SEC14L2 as a crucial gene in 
predicting the prognosis of NSCLC patients. It validated 
SEC14L2 as a potential tumor-promoting gene in NSCLC 
in vitro and in vivo. Therefore, we could inhibit the cho-
lesterol uptake of NSCLC cells by silencing the SEC14L2/
SCARB1 signaling pathway, thereby suppressing NSCLC 

development. Our findings suggested that SEC14L2 
could serve as a promising therapeutic target for NSCLC.

Abbreviations
NSCLC	� Non-small cell lung cancer
SEC14L2	� Sect. 14-like lipid binding 2
CCK-8	� Cell Counting Kit-8
IHC	� Immunohistochemistry
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LDLR	� Low-density lipoprotein receptor
SCARB1	� Scavenger receptor class B member 1

Fig. 5  SEC14L2 regulated cholesterol metabolism through SCARB1. (A-C) The intracellular cholesterol content was detected by the kit. *P < 0.05 vs. 
MβCD-chol + si-NC or MβCD-chol + si-NC + oe-NC, #P < 0.05 vs. MβCD-chol + oe-NC or MβCD-chol + si-SEC14L2 + oe-NC
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