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Identification of a novel endocytosis-associated gene signature
for prognostic prediction in lung adenocarcinoma
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Abstract. Lung cancer is one of the most common malig-
nant solid tumors and the leading cause of cancer-associated
mortality worldwide. Endocytosis is an essential physiological
activity for cells to maintain membrane homeostasis, and has
been reported to serve an important role in tumorigenesis and
progression. In the present study, the aim was to construct a
prognostic prediction model of endocytosis-associated genes
for patients with lung adenocarcinoma (LUAD). The endocy-
tosis-associated gene signature was established using Lasso
Cox regression analysis using the training set of the LUAD
cohort from The Cancer Genome Atlas (TCGA) database,
and verified using two datasets from the Gene Expression
Omnibus (GEO) database. Kaplan-Meier survival curves were
used to evaluate the effectiveness of the prognostic evaluation
of patients with LUAD. Differentially expressed genes were
screened in the tumor tissue of patients compared with paired
paracancerous tissues. A series of candidate genes associ-
ated to the prognosis of patients with LUAD was obtained
using univariate Cox's regression analysis. Using the Lasso
Cox regression analysis, an appropriate risk model with 18
endocytosis-associated genes was established. A high-risk
score was positively correlated with a higher tumor stage and
pathologic grade. Patients with LUAD and high-risk scores
had shorter survival times, increased intratumor heterogene-
ities and immune cell infiltration into tumor tissues, compared
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with those patients with LUAD and low-risk scores. The
endocytosis inhibitor chloroquine could repress proliferation
and increase the apoptosis of lung cancer cells. In summary, a
novel endocytosis-associated gene signature was constructed
using TCGA and GEO datasets. Patients with LUAD and
high-risk scores, as calculated by the signature, had a poor
prognosis and short survival time.

Introduction

As the malignant tumor with fast growth in incidence (28.3
per 100,000) and mortality rate (23.0 per 100,000), lung
cancer poses a threat to human health (1,2). According to
the histological origin, lung cancer is usually divided into
small cell lung cancer (SCLC) and non-SCLC (NSCLC) (3).
NSCLC is the most common pathological type of lung cancer,
accounting for ~85%, including lung adenocarcinoma (40%),
lung squamous cell carcinoma (25%), large cell carcinoma and
other subtypes (4,5). Lung cancer prognosis is improved if it is
detected and treated at an early stage. However, patients often
miss the optimal treatment period due to late diagnosis and
the advanced stage of the disease. Although patients receive
a series of treatments, including radiotherapy and chemo-
therapy, targeted therapy, and immune checkpoint therapy, the
prognosis is poor (6). Therefore, effective biomarkers/signa-
tures for the early diagnosis of lung cancer are important for
patients with lung cancer.

Endocytosis is an important physiological function in cell
activity that engulfs extracellular substances into cells in a
membrane-dependent manner, maintaining cell-cell interac-
tions via molecule exchange (7). Endocytosis mainly includes
the ingestion of two types of molecules, namely large particles
and small vesicles. In cancer cells, receptor-mediated and
vesicle-dependent endocytosis not only provides sufficient
energy and substances for promoting the malignant progres-
sion of tumors and activates important signaling pathways
for tumorigenesis, but also affects the activation state of the
intracellular signaling pathway for cell-cell communication
and acquired chemoresistance (8,9). Emerging evidence
indicated that endocytosis contributed to signaling via its
‘canonical’ and ‘noncanonical’ mechanisms (10). For example,
inhibition of endocytosis blocked H-Ras-mediated cell differ-
entiation and Raf-1 activation (11). In addition, tumor cells
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can drive a microenvironment suitable for tumorigenesis and
metastasis via interaction with surrounding cells including
stromal, immune and vascular cells. For example, clathrin
light chain b, the essential isoform of the clathrin receptor
in clathrin-mediated endocytosis, enhances the epidermal
growth factor receptor (EGFR)/AKT/glycogen synthase
kinase 3p (GSK-3p) signal transduction, contributing to tumor
progression and metastasis in lung cancer (12). Therapeutic
strategies targeting endocytosis have been demonstrated to
have the potential to inhibit tumor growth and sensitize lung
cancer to conventional chemotherapeutic drugs (12-14). For
example, the clathrin-mediated endocytosis inhibitor PAO
combined with gefitinib resulted in tumor regression and
increased apoptosis in NSCLC (12). The aforementioned
in vitro studies, carried out using lung cancer cell lines such as
H358, Calu-3, SNU-1327, H1299, HCC4017, H441 and H522,
and in vivo experiments involving xenografts established in
nude mice, revealed that inhibition of clathrin-mediated endo-
cytosis decreased the malignant progression and enhanced the
anti-tumor effect of tyrosine kinase inhibitors (TKIs) against
lung cancer (15-18). However, studies focusing on lung cancer
prognostic prediction models based on endocytosis-associated
genes have not been reported.

In the present study, the differentially expressed genes
(DEGsSs) in tumor samples compared with paracancerous
tissues from the lung adenocarcinoma (LUAD) cohort in
The Cancer Genome Atlas (TCGA) database were screened,
and these DEGs were integrated with endocytosis-associated
genes. To investigate the effect of these endocytosis-associated
genes on the prognosis prediction of patients with LUAD, a
novel endocytosis-associated gene signature was constructed,
and its prognostic value was examined using TCGA and Gene
Expression Omnibus (GEO) databases. Based on the experi-
mental verification of the expression patterns of these genes
in vitro, the endocytosis inhibitor chloroquine (CQ) was used
to investigate changes in the expression of the aforementioned
genes and their anti-tumor effect.

Materials and methods

Acquisition of LUAD transcriptome data in TCGA and GEO
databases. The RNA sequencing data of LUAD in TCGA
database were downloaded from the UCSC Xena online server
(https://xenabrowser.net/). The gene expression matrices
of GSE30219 and GSE31210 were obtained from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/). Data were
transformed as follows: i=2'-1 for subsequent analysis.

Collection of endocytosis-associated genes. Endocytosis-
associated genes were collected from the Gene Ontology (GO)
(https://geneontology.org/), Kyoto Encyclopedia of Genes and
Genomes (https:/www.kegg.jp/) database and the Reactome
Knowledgebase (www.reactome.org). The search term ‘endo-
cytosis’ was used. In total, 24 gene sets were obtained, and
were intersected for endocytosis-associated genes.

DEG analysis in TCGA-LUAD cohort. Based on the clinical
information of the LUAD cohort from TCGA, the RNA
sequencing data of 60 tumor and paired paracancerous tissues
were used for differential expression analysis via the DESeq2

R package (version 1.30.0) (19). DEGs were identified using
the criteria of absolute value of Log fold-change (FC) >1.2,
adjusted P<0.05 and visualized as volcano plots. The intersec-
tion between DEGs and endocytosis-associated genes was
used as a candidate for univariant Cox regression analysis.

Cox regression and Kaplan-Meier survival analyses. Cox
regression and Kaplan-Meier survival analyses were performed
against candidate genes using the Survival R package (version
3.5-5; https://github.com/therneau/survival) to measure the
association between expression level and overall survival
in TCGA-LUAD, GSE30219 and GSE31210 cohorts. Genes
with significant P-values were selected for Lasso Cox regres-
sion analysis using the glmnet R package (version 4.1-3;
https://glmnet.stanford.edu/), and the refined prognostic
model was constructed. The risk scores of each patient were
calculated using the following formula: RiskScore=Zexp; x f;,
where exp, was the expression of gene i and f3; referred to the
coefficient calculated by univariate Cox regression analysis of
gene i.

GO analysis. Metascape (https://metascape.org) is an online
tool for gene function annotation analysis, and it was used
to analyze the GO enrichment of the 18 genes in the novel
signature. Results were visualized as network plots.

Detection of tumor purity and immune cell composition. The
tumor purities of TCGA-LUAD, GSE30219 and GSE31210
cohorts were calculated using the ESTIMATE R package
(version 1.0.13; https://r-forge.r-project.org/projects/esti-
mate/) (20). Briefly, gene symbols and their corresponding
expression levels were used as input data. After transformation
and calculation by the ‘filterCommonGenes’ and ‘estimate-
Score’ functions, purity data were obtained. The Pearson's
correlation coefficient was used for investigating the correla-
tion between the riskScore and tumor purity was visualized as
scatter plots.

Immune cell compositions were acquired via the
CIBERSORTx (https://cibersortx.stanford.edu/) online
analytical tool. By performing a series of steps to input the
signature matrix file and expression file with default settings,
the results were downloaded after the analysis was finished.
The risk score distributions of each patient in the high and low
groups were visualized as boxplots.

Cell culture. The human lung epithelial cell line BEAS-2B, and
the NSCLC cell lines A549, H1299 and H1975 were obtained
from the American Type Culture Collection. The NSCLC
cell line PC9 was purchased from the National Collection of
Authenticated Cell Cultures. The BEAS-2B and A549 cell
lines were cultured in Dulbecco's Modified Eagle Medium
(Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.).
The H1299, H1975 and PC9 cell lines were cultured in Roswell
Park Memorial Institute-1640 (Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS. All cells were cultured at 37°C
and 5% CO,.

Cell viability assay. Cells were trypsinized to a single-cell
suspension and counted. A total of 3,000 cells per well



ONCOLOGY LETTERS 26: 511, 2023 3

were seeded into 96-well culture plates. CQ (cat. no. S6999;
Selleck Chemicals) was dissolved in DMSO to a storage
concentration of 10 mM and diluted in culture media to a
working concentration of 20 uM. After either 24, 48, 72, 96
or 120 h of CQ treatment, Cell Counting Kit-8 (cat. no. CK04;
Dojindo Laboratories, Inc.) reagent was added, followed by a
2 h-incubation. The OD450 absorbance was measured using a
microplate reader.

5-ethynyl-2'-deoxyuridine (EAU) assay. Cultured cells were
seeded into glass bottom culture dishes. After 48 h of treatment
with 20 yuM CQ, EdU (cat. no. C0078S; Beyotime Institute of
Biotechnology.) incorporation and staining were performed
according to the manufacturer's protocol. Briefly, after
pretreatment with 10 M EdU for 2 h, cells were fixed with
4% paraformaldehyde solution for 10 min at room temperature
and permeated using PBS with 0.2% Triton X-100 for 10 min
at room temperature. Subsequently, Azid Alexa Fluor 594
was used to label EdU, and Hoechst 33342 was employed to
stain nuclei for 10 min at room temperature protected from
light. Samples were imaged using a laser confocal microscope
(Olympus Corporation). The proportion of EdU-positive cells
was calculated by counting the EdU-positive cells and the total
number of cells using ImagelJ (version 1.53; National Institutes
of Health).

Reverse transcription-quantitative PCR (RT-qPCR). After 48 h
of 20 uM CQ treatment, total RNA was isolated from cells using
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.) reagent
according to the manufacturer's protocol, and reverse-tran-
scribed to cDNA by using the RevertAid First Strand cDNA
Synthesis Kit (cat. no. K1622; Thermo Fisher Scientific, Inc.)
at 42°C for 60 min, 70°C for 5 min, and then stored at 4°C. The
SYBR Green Mix (cat. no. Q711; Vazyme Biotech Co., Ltd.)
was used in a thermocycler instrument (QuantStudio 3; Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions as follows: Predenaturation at 95°C for 5 min, followed
by 40 cycles of denaturation at 95°C for 15 sec, and annealing
and extension at 60°C for 30 sec. GAPDH served as the internal
control. Primer sequences are summarized in Table SI. The
mRNA levels were quantified using the 2244 method (21).

Apoptosis assay. Cell apoptosis was stained using Annexin
V-FITC apoptosis detection kit (cat. no. C1062M; Beyotime
Institute of Biotechnology) according to the manufacturer's
protocol. Briefly, after 48 h of 20 uM CQ treatment, total cells
in the supernatant medium and on the plate, were harvested
and centrifuged at 500 x g for 10 min at room temperature.
Cell pellets were resuspended in PBS buffer and counted.
A total of 1x10° cells were centrifuged at 500 x g for 10 min
at room temperature, and resuspended in binding buffer (cat.
no. C1062M; Beyotime Institute of Biotechnology) containing
Annexin V-FITC and propidium iodide and incubated for
15 min at room temperature in the dark. Subsequently, cell
apoptosis was detected using an Agilent NovoCyte flow cytom-
eter (Agilent Technologies, Inc.). The data were analyzed using
FlowJo (version 10.6.2; FlowJo LLC).

Statistical analysis. All statistical analyses were performed
using GraphPad Prism (version 8, Dotmatics) and R (version

4.0.2; https://www.r-project.org/about.html). A paired Student's
t-test was used for the analysis of two paired groups, and an
unpaired independent-sample Student's t-test was used for the
comparison of two experimental groups. One-way analysis of
variance was performed to compare =3 groups, and Dunnett's
post hoc test was used for multiple comparisons. The Pearson's
correlation coefficient was used to investigate the correlation
between risk score and either stromal or immune score, or
tumor purity. Statistical results are presented as mean + stan-
dard deviation. Univariate and multivariate Cox regression
analysis were used to analyze the effect of risk factors on
survival. Kaplan-Meier plots were used to assess the correla-
tion between risk score and survival. P<0.05 was considered to
indicate a statistically significant difference.

Results

Identification of differentially expressed endocytosis-associ-
ated genes correlated with the survival rate of patients with
LUAD. The analysis flow chart of the present study is presented
in Fig. 1. First, LUAD data were downloaded from TCGA
database via the UCSC XENA online server, and the tran-
scriptome sequencing data of paired cancerous and adjacent
normal samples were selected for the identification of DEGs
using the DESeq2 R package. A total of 2,324 upregulated and
1,409 downregulated DEGs were identified using the filtering
criteria of absolute value of LogFC >1.2 and P-adjust <0.05
(Table SII), and were visualized as a volcano plot (Fig. 2A).
To select the DEGs correlated with the function of endocy-
tosis, the list of DEGs and the endocytosis-associated gene set
were intersected (Table SIII), and 138 candidate genes were
obtained (Fig. 2B). Subsequently, a univariate Cox regression
analysis was performed to evaluate the association between
the expression levels of these genes and the overall survival of
patients. A total of 33 genes were indicated to be significantly
correlated with survival times, of which the expression levels
of five genes were associated with poor prognosis, and the
others were associated with a favorable prognosis (Fig. 2C
and Table SIV). The expression levels of these genes in tumor
tissues (n=525) and normal tissues (n=60) in the LUAD cohort
from TCGA containing a total of 585 samples were compared
and visualized as boxplots (Fig. 2D). Compared with the
normal tissues, the expression levels of RAB27B, ATP6V0A4,
LOXL2,HTR2B,SYT2,F2RL1 and IGHM were significantly
increased in tumor tissues, whereas the expression levels of the
other genes, excluding EREG, were significantly decreased in
the tumor tissues.

Construction of a novel gene signature to predict prognosis
in TCGA-LUAD cohort. Based on the aforementioned iden-
tified candidate genes, Lasso Cox regression analysis was
used to screen the optimal genes to construct the refined
prognostic model. The coefficient results calculated by Lasso
Cox regression analysis are presented in Fig. 3A. According
to the calculation of risk factors using Cox regression, and
Kaplan-Meier survival analyses, a novel gene signature of
18 genes, including CFTR, RAB27B, ADRBI, DPYSL2,
ATP6VO0A4, EREG, SFTPD, LOXL2, HTR2B, SYT2,
ALOX15, F2RLI1, IL7R, PCSK9, ADRB2, GATA2, IGHM
and MRCI1, was involved (Fig. 3B and Table SV). The GO
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60 tumor and paired paracancerous tissues

Endocytosis associated gene sets
Gene Ontology, KEGG and Reactome
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ESTIMATE i CIBERSORT

Tumor purity and infiltrated immune cells prediction

Figure 1. Scheme of the novel prognostic signature construction of lung adenocarcinoma. TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma;
KEGG, Kyoto Encyclopedia of Genes and Genomes; OS, overall survival; T/N/M, tumor/nodal/metastasis; adj, adjusted.

analysis results revealed the enriched signaling pathways and
molecular events, among which the functions associated with
‘endocytosis’ and ‘regulation of vesicle-mediated transport’
were the most significantly enriched (Fig. 3C and D).

The risk score of every patient in the LUAD cohort
from TCGA was calculated based on the expression of 18
genes and the distributions in the clinical information were
examined. As indicated in Fig. 3E-H, the risk score of the
novel signature in different pathologic tumor (T)/nodal
(N)/metastasis (M) grades and tumor stages in LUAD was
significantly increased compared with that in normal tissues.
As the grades or stages increased, the risk score also had an
upward trend. Furthermore, univariate and multivariate Cox
regression analyses were performed to evaluate the prognostic

value of the novel gene signature. As presented in Table I,
the pathologic M [M1 vs. MO; hazard ratio (HR), 2.112; 95%
confidence interval (CI), 1.235-3.612], pathologic N (N1 vs.
NO; HR, 2.392; 95% CI, 1.700-3.365; N2 vs. NO; HR, 3.046;
95% CI, 2.084-4.452), pathologic T (T2 vs. T1; HR, 1.491; 95%
CI, 1.046-2.125; T3 vs. T1; HR, 2.971; 95% CI, 1.765-4.999;
T4 vs. T1; HR, 3.004; 95% CI, 1.547-5.834; TX vs. T1; HR,
4.794; 95% CI, 1.153-19.939) and tumor stage (stage II vs.
stage I; HR, 2.451; 95% CI, 1.710-3.513; stage III vs. stage I;
HR, 3.492; 95% CI, 2.390-5.102; stage IV vs. stage [; HR,
3.813; 95% (I, 2.203-6.599) indicated statistical significances
in the univariant Cox regression analysis, whereas these were
not statistically significant in the multivariant Cox regression
analysis. Both univariant and multivariant Cox regression



ONCOLOGY LETTERS 26:

Tumor vs Normal

1
|
1
|
I
|
|
|
|
|
|
1
|
1
|
1
1
)

T
g

a Change
E - Down
El Mot
=Y *Up
E

7

511, 2023

DEGs
2,324 upregulated genes
1,409 downregulated genes

EAGs
728 genes

________________ 138 genes
-5 0 5
Log2 fold-change
C Univariant COX analysis
Gene HR 95% Cl  P-value Gene HR 95%Cl  P-value
RAB27B 1100 1.010-1.210  0.037 . AVPR2 0894 0.813-0.984 0022 .
ATPGVOA4  0.943  0.890-1.000  0.049 . SFTPD 0916  0.87-0.865  0.001 .
EREG 1.060  1.020-1.100  0.006 . ARRB1 0798  0.696-0.916 0.001 .
LOXL2 1200  1.090-1.320 <0.001 . FCN3 0917  0.846-0.994 0.036 -
HTR2B 0916 0.846-0991 0.029 - AGTR1 0918 0.843-0.999 0048 .
SYT2 0.901 0.841-0.965 0.003 - GPC3 0.892 0.823-0.966 0.005 .
F2RL1 1150 1.040-1.280  0.005 . ALOX15 0.919  0.867-0.974 0.004 .
IGHM 0.822  0.868-0.980  0.009 . IL7R 0883 0802-0.973 0.012 -
CFTR 0.904  0.857-0.954  <0.001 . PCSK9 1070 1,010-1.140 0.018 .
ADRB1 0.899 0.841-0.961  0.002 . ASPO1 0894 0.826-0.969 0.006 .
FGFR2 ~ 0.890 08140972 0.010 . ADRE2 0863 0787-0.945 0.002 .
SCARF1  0.856 0.754-0.972 0.016 . GATAZ 0897 0.805-1.000 0.050 .
FCN1 0911 0.839-0.989  0.025 . DMBT1 0952 0913-0.992 0.018 .
DZ‘:{SPL’? g-:gf g-;;?ﬁg;; g-g?; . MVB12B 0812 07120927 0002 .
- SOTH : . AGER 0917  0.861-0.977 0.007 .
GHR 0.897  0.809-0.994  0.039
. MRCH 0921  0.854-0.993 0.033 .
C4BPA 0921 0877-0.967 0.001 . e —
0708091.01.11.21.3
0.708091.01.11.21.3
D Group e Normal & Tumor
BEE FEE FF wEE L L] BHE LLL] BEE wE $% WEE ns LL ] wEEF HEEF whE
5 i ;
= 15 4 -
7 R » % ) $. =+ ‘
= i ' .
Bojeal | Ty sgeal | * ;B
T 54 !
E : . . i ! $
=] ¢ .
= D- T : T T - T T T T T T T T z T T z T T T :
o« m - o - - o o < o« 0] ) a o @
us] [1e) w = =l = o -
5 F & £ & 5 2z & 5 & F g & F g g
= < g g o g o < ] - T
Gere
Group & Normal & Tumor
FhE whE FH4 whE FhE Hkd T w B4k HhE ki HEE HEE FH4 P Hk Ak
o 204
k=]
w -
8 154 . . . # #
[=% $ . -
5 10; % %—I MHesl # A
k: ! .y = = ‘He - !
@ . .
g 54 % . ! .
04 . . .
m - - x m =
e ¢ 5 F 8 5 g 53§ 858§ & ;@
< < © = w a s < © =t 2 < - =
Gene

Figure 2. DEGs selected and correlated with overall survival in The Cancer Genome Atlas-LUAD cohorts. (A) Volcano plot of DEGs; red indicates upregulated
genes, and blue indicates downregulated genes. (B) Intersection of DEGs and EAGs. (C) Forest plots of a total of 33 genes significantly correlated with overall
survival. (D) Expression levels of 33 genes in LUAD and normal tissues were visualized as boxplots. “"P<0.01; ““P<0.001. DEGs, differentially expressed
genes; LUAD, lung adenocarcinoma; ns, not significant; EAGs, endocytosis-associated genes; HR, hazard ratio; CI, confidence interval.
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Table I. Cox regression analysis in The Cancer Genome Atlas-lung adenocarcinoma cohort.

Univariant Multivariant

Characteristics Total, n HR 95% CI P-value HR 95% CI P-value
Age, years 526 1.007 0.992-1.022 3.521x10"a 1.014 0.998-1.030 8.802x102%
Sex

Male 244 Reference Reference

Female 282 0.958 0.717-1.279 7.694x101 1.101 0.808-1.500 5412x101
Pathologic M

MO 354 Reference Reference

MI 25 2.112 1.235-3.612 6.305x10° 0.233 0.014-3.910 3.111x10"2

MX 142 0.854 0.596-1.222 3.879x1012 0.923 0.637-1.340 6.726x1012
Pathologic N

NO 341 Reference Reference

N1 95 2392 1.700-3.365 5.556x107 1.583 0.878-2.850 1.263x101

N2 74 3.046 2.084-4.452 8.752x10° 1.212 0.510-2.880 6.635x1012

N3 2 0.000 0.000-Infinite 9.943x1012 0.000 0.000-Infinite 9.920x10"2

NX 13 1.417 0.519-3.868 4.959x10"2 1.392 0.337-5.750 6.474x101
Pathologic T

Tl 172 Reference Reference

T2 284 1.491 1.046-2.125 2.705x10% 1.001 0.683-1.470 9.973x10!2

T3 48 2971 1.765-4.999 4.124x107% 1.397 0.723-2.700 3.198x10!

T4 19 3.004 1.547-5.834 1.163x10® 0.844 0.378-1.880 6.789x10"

TX 3 4.794 1.153-19.939 3.113x102 0.936 0.076-11.560 9.587x101
Tumor stage

Stage 1 286 Reference Reference

Stage 11 122 2451 1.710-3.513 1.050x10°% 1.372 0.734-2.560 3.217x10"2

Stage 111 84 3492 2.390-5.102 1.030x10°% 2.291 0.884-5.940 8.810x10%

Stage IV 26 3.813 2.203-6.599 1.738x10% 11.619 0.632-213.470 9.865x10%
RiskScore 526 1.476 1.336-1.630 2.072x1014 1418 1.272-1.580 3.394x1071%

M, metastasis; N, nodal; T, tumor; HR, hazard ratio; CI, confidence interval. “P=0.05; °P<0.05; P<0.01.

analyses of the risk score of the novel gene signature exhibited
poor survival for patient prognosis (univariant; HR, 1.476; 95%
ClI, 1.336-1.630; multivariant; HR, 1.418,95% CI, 1.272-1.580),
demonstrating that this novel gene signature could be an inde-
pendent prognostic marker.

Estimation of the novel gene signature for independent prog-
nostic prediction in training and validation sets. To further
validate the efficacy of the risk score in the prognostic predic-
tion of patients with LUAD, TCGA-LUAD cohort (training
set) was divided into two groups according to the median value
of the risk score. The patients in the high-risk score group
had a shorter survival time and an increased ratio of ‘DEAD’
status compared with the patients in the low-risk score group
(Fig. 4A). The same results were illustrated in the two inde-
pendent validation sets, GSE30219 and GSE31210, obtained
from the GEO database (Fig. 4B and C). Heatmaps of the 18
genes in the training set and validation sets are presented in
Fig. 4D-F.

Furthermore, Kaplan-Meier plots were used to examine the
ability of the novel signature to predict prognosis. As presented

in Fig. 5A-C, an increased probability of a longer survival time
was positively correlated with a low-risk score of the novel
gene signature in the training set and the two validation sets.

Correlation between the novel gene signature and tumor-infil-
trating immune cells. Tumor cells interact with tumor-infiltrating
immune cells such as macrophages to induce the immunoin-
hibitory phenotype (22,23). Considering that these genes were
endocytosis-associated genes, the present study attempted to
investigate the association between the novel signature and
tumor-infiltrating immune cells of LUAD. The ESTIMATE
algorithm was used to calculate tumor purity scores, and these
were compared with the risk scores of the novel signature in
TCGA-LUAD cohort. As presented in Fig. 6A-C, the risk score
was negatively correlated with the stromal and immune scores,
but positively correlated with tumor purity, indicating that
patients with a low-risk score had a more complicated immune
microenvironment. Immune cell compositions in different
groups with high or low risk scores were further examined
using the CIBERSORTX algorithm. B cells, plasma cells, CD4*
T cells, monocytes, dendritic and mast cells had an increased
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composition in the low-risk score group compared with the
high-risk score group; however, the NK cells and MO and
M1 macrophages were increased in the high-risk score
group compared with the low-risk score group (Fig. 6D). In

addition, the correlation between the risk score and marker
genes of different immune cells was calculated. As presented
in Table II, the majority of genes were negatively associated
with these genes. These findings indicated that the novel gene
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Table II. Correlation analysis between riskScore and marker genes of immune cells in The Cancer Genome Atlas-lung adeno-

carcinoma cohort.

Immune cell Marker gene Correlation P-value
T cell CD3G -0.372 1.19x10°"%
CD3D -0.296 2.80x10°!0
CD3E -0.362 1.05x10°"%
CD2 -0.362 1.17x10°"%
Monocyte CD86 -0.342 6.57x1014
CSFIR -0.393 1.08x10°!8
Tumor-associated macrophage CCL2 -0.211 4.02x10
CD68 -0.233 3.13x10°%
IL10 -0.338 1.44x10"%
M1 macrophage INOS -0.200 1.34x10*
IRF5 -0.255 1.53x107
COX2 -0.109 2.80x10°"®
M2 macrophage CD163 -0.314 1.41x10'"
VSIG4 -0.308 3.88x10
MS4A4A -0.355 4.68x1071
MRC1 -0.439 6.14x102%
Dendritic cell HLA-DPBI -0.492 4.07x1031a
HLA-DQBI -0414 5.30x1072"
HLA-DRA -0.442 2.83x102%
CDIC -0.531 3.13x10%"
NRP1 -0.238 1.58x10°6
ITGAX -0.424 3.25x10%
Regulatory T cell FOXP3 -0.295 3.52x10710
CCRS -0.315 1.16x10""
STATSB -0.406 3.50x10%
TGFBI1 -0.247 4.66x107
T cell exhaustion PD-1 -0.196 2.00x10
CTLA4 -0.315 1.24x10!"
LAG3 -0.151 1.40x10*
TIM-3 -0.303 9.39x10!"
GZMB 0.027 5.41x10"

P<0.001; °P=0.05; “P<0.05. Pearson's correlation coefficient was determined.

signature could hint at the complexity of the tumor microenvi-
ronment.

Inhibition of endocytosis by CQ reduced proliferation and
increased apoptosis in lung cancer. To further investigate the
expression levels of endocytosis-associated genes in the novel
signature, total RNA was isolated from the lung epithelial cell
line BEAS-2B and the lung cancer cell lines A549,H1975,H1299
and PC9, and then reverse transcribed for qPCR assays. The
result was visualized as a heatmap in Fig. 7A. Compared with
the levels in BEAS-2B cells, the expression levels of RAB27B,
ATP6VOA4, LOXL2, HTR2B, SYT2, F2RL1 and IGHM were
increased in lung cancer cells, and the other genes had decreased
expression levels in tumor cells, which was consistent with the
expression patterns in TCGA-LUAD dataset (Fig. 2D).

CQ is a conventional drug for treating amebiasis. CQ
has been reported to induce a blockade of endocytosis via

pH changes in lysosomes in cells (24). Given the roles of
endocytosis in LUAD progression and the value of the
endocytosis-associated signature in the prognostic prediction
of patients with LUAD, CQ was used to treat lung cancer cell
lines as well as normal lung epithelial cell lines. CQ treat-
ment decreased the expression levels of the genes that were
positively correlated with poor prognosis, and increased the
expression levels of genes that were negatively associated
with short survival time in lung cancer cells such as A549,
H1299, H1975 and PC9 (Fig. 7B). However, the CQ-induced
expression level changes in these genes were not consistently
observed in BEAS-2B (Fig. 7B), indicating that CQ had a
preferential effect on tumor cells. In addition, CQ treatment
decreased the viability of A549, H1975, H1299 and PC9 cells,
but no such effect was observed in BEAS-2B cells (Fig. 8A).
EdU staining indicated reduced proliferation of lung cancer
cell lines in the CQ treatment group compared with that in
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cells. (B) Relative expression levels of the aforementioned genes were detected after CQ treatment. CQ, chloroquine.

the DMSO group (Fig. 8B). Additionally, the level of apoptosis
after stimulation with CQ was examined in these cells. Flow
cytometry results revealed that the percentage of apoptotic cells
was increased, and that of live cells was decreased after CQ

treatment (Fig. 9). Taken together, these results suggest that CQ
treatment resulted in an inhibited proliferation and increased
apoptosis of lung cancer cells, presumably due to the reversal of
gene expression patterns in tumors, demonstrating that targeting
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endocytosis could benefit the clinical treatment of patients with
lung cancer, including patients with a high-risk score.

Discussion

Endocytosis is one of the essential functions of cell biology
and serves an extensive role in the development of tumors (25).
Uptake and excretion are mediated by endocytosis and exocy-
tosis maintains the integrity and kinetics of the cell membrane,
supporting the rapid proliferation of tumor cells (26).
Furthermore, endocytosis can seize the majority of nutrients
from the surroundings to promote energy metabolism and
lead to nutrient deficiency of ambient stromal cells and infil-
trated immune cells, thus regulating the immunosuppressive
microenvironment construction (27). In the present study,
the focus was on an endocytosis-associated gene set used to
screen candidate genes that not only promote the malignant
progression of LUAD, but are also associated with a poor
prognosis. Subsequently, a novel prognostic gene signature

“P<0.001.

consisting of 18 genes was further refined and established,
and the association between this signature and tumor grade
and stage was examined. Finally, it was also confirmed that a
high score of the gene signature was positively correlated with
lower tumor purity and more complex immune cell infiltra-
tion. Since no endocytosis-associated gene signature has been
reported in LUAD for prognosis prediction, the findings of the
present study are expected to further confirm the key roles of
endocytosis in tumorigenesis, and provide a powerful strategy
for early diagnosis and prognosis determination of LUAD.
Receptor tyrosine kinases (RTKSs) are a type of transmem-
brane protein that transduce stimulatory signals to downstream
proteins in a ligand-dependent manner (28). Aberrant activa-
tion of the RTK pathway usually occurs in tumorigenesis and
malignant progression (29). EGFR is an important RTK, and
its oncogenic mutation accounts for ~20% of patients with
LUAD (30). TKIs target kinase receptors, such as EGFR,
fibroblast growth factor receptor, platelet-derived growth
factor receptor and vascular endothelial growth factor receptor,
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Figure 9. CQ treatment increased apoptosis of lung cancer cells. (A) Scatter plots demonstrating the distributions of live and apoptotic cells after CQ treatment
in BEAS-2B, A549, H1975, H1299 and PC9 cells. (B) Quantification of the results of flow cytometry. “P<0.01; “"P<0.001. CQ, chloroquine.

which block activation of the downstream cascade. Currently,
first-generation (gefitinib and erlotinib), second-generation
(afatinib) and third-generation (osimertinib) TKIs have been

approved for clinical LUAD treatment (31-33). A number of
patients can benefit from TKI treatment, while others will
still suffer from recurrence (34). It has been reported that
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internalization of EGFR mediated by endocytosis is one of
the direct reasons for TKI treatment failure (35). In addition,
tumors can also become drug resistant through a bypass
activation mechanism, leading to poor prognosis (36). The
findings of the present study classified patients with LUAD
using an endocytosis-associated signature. CQ treatment could
reduce the proliferation of lung cancer cells. Considering the
correlation between endocytosis and RTK activation, the
combined treatment strategy of TKIs and endocytosis blockers
is expected to result in a better prognosis for patients with
high-score LUAD.

In recent years, tumor immunotherapy has demonstrated
strong antitumor effects, but a number of patients have devel-
oped drug resistance to this therapy (37). Chew et al (38)
revealed that inhibition of endocytosis can effectively improve
the killing effect of monoclonal antibodies against tumor
immunotherapy. Through retrospective analysis, it was
confirmed that the score based on the endocytosis-associated
signature was correlated with immune infiltration. Therefore,
patients with high scores might benefit from improved
therapeutic effects through treatment with immunotherapy
affiliated with endocytosis inhibitors.

Currently, various studies have explored prognostic
prediction of lung cancer from different perspectives, the
majority of which focus on the area of tumor immunity.
Sun et al (39) established a long non-coding RNA signature
associated with the immune infiltration of LUAD. Another
study identified 10 genes associated with immune infiltra-
tion and constructed a prediction model for SCLC (40).
Li et al (41) integrated multiple cohorts to develop and vali-
date an immune signature composed of 25 genes predicting
early-stage NSCLC. A study used Lasso Cox regression
analysis to identify four immune-associated gene signatures
that could adequately predict the prognosis of patients
with LUAD (42). In addition, a number of studies have
also established models for crucial biological processes of
tumors, such as anoikic (43) and glycolysis (44), which were
reported to be associated with the prognosis of patients. In
the present study, a univariate/multivariate Cox regression
analysis combined with Lasso Cox regression analysis was
used to identify 18 genes that were significantly associated
with patient outcomes, and a novel signature in terms of
tumor endocytosis was established. Subsequently, treatment
with the endocytosis inhibitor CQ significantly inhibited
proliferation, and increased apoptosis levels of LUAD cells.
The present study not only provided a prognostic prediction
model for clinical patients with LUAD, but also an alterna-
tive treatment for patients with high scores.

In the present study, the novel endocytosis-associated gene
signature established by the LUAD cohort of TCGA database
and verified by two GEO datasets included the following 18
genes: CFTR, RAB27B, ADRBI1, DPYSL2, ATP6V0OA4,
EREG, SFTPD, LOXL2, HTR2B, SYT2, ALOX15, F2R1,
IL7R, PCSK9, ADRB2, GATA2, IGMH and MRCI.
Considering that these genes belong to the gene set of
endocytosis, a number of them are membrane localization
proteins, including CFTR, ADRBI1, ATP6V0OA4, EREG,
SFTPD, HTR2B, ALOX15, F2RLI, IL7R, ADRB2, IGMH
and MRCI1. Notably, the functional importance of a number
of the genes in LUAD has been reported. CFTR mutations

are closely associated with cystic fibrosis and tumorigen-
esis of lung cancer (45,46). EREG induces EGFR/ErbB2
heterodimer formation to phosphorylate AKT and block
TKI-mediated apoptosis in NSCLC (47), whereas SFTPD
inhibits the dimerization and activation of EGFR (48).
LOXL2 induced by the microRNA-200/ZEB1 axis mediates
extracellular matrix reprogramming to promote the invasion
and metastasis of lung cancer (49). IL7R not only activates
the JAK/STATS signaling pathway to sensitize NSCLC
to chemotherapeutics (50), but also acts as a transmitter
for IL-7-induced sensitization to cisplatin by activating
the PI3K/AKT pathway and enhancing ABCG2 expres-
sion (51). GATA2 was proven to be essential for RAS-driven
NSCLC (52). The expression levels of RAB27B (53),
DPYSL2 (54), ALOX15 (55) and PCSK9 (56) were reported
to be closely associated with the prognosis of patients with
lung cancer. In addition, the functional roles of HTR2B,
F2RL1 and SYT2 in lung cancer remain unclear, suggesting
that a number of mechanisms require further investigation.

The present study has certain limitations which need to
be carefully addressed. The endocytosis-associated signature
established was based on data from TCGA and two other
cohorts originating from RNA sequencing. The expression
profiles of signature genes under the treatment of CQ were
validated by qPCR in LUAD cell lines. However, the levels
of proteins involved in this signature remained unclear
after CQ treatment, and a number of proteins might serve
important roles in malignant behavior of lung cancer, the
mechanism of which requires further investigation. In addi-
tion, it is hypothesized that if verified using a larger dataset,
a PCR-based diagnostic kit according to this signature could
be developed for accurate prognostic prediction of patients
with LUAD.

In conclusion, a novel endocytosis-associated prognostic
signature was depicted using TCGA and GEO datasets. High
risk scores of patients with LUAD, calculated according to
the signature, indicated poor prognosis and short survival
time. The gene signature helped to identify the immu-
nosuppressive tumor microenvironment, suggesting that
anti-endocytosis therapy could significantly improve the
prognosis of patients with LUAD. Additionally, targeting
endocytosis via CQ could repress tumor proliferation
in vitro. Based on the aforementioned findings, personalized
diagnosis and targeted combinational therapeutic strategies
for patients with LUAD could be provided.
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