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Overexpression of ERCC6L correlates with poor prognosis
and confers malignant phenotypes of lung adenocarcinoma
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Abstract. Excision repair cross-complementation group 6 like
(ERCC6L) has been reported to be upregulated in a variety
of malignant tumors and plays a critical oncogenic role.
However, the role and molecular mechanism of ERCC6L in
lung adenocarcinoma (LUAD) remain unclear, and were there-
fore investigated in the present study. Clinical data of patients
with LUAD were obtained and bioinformatics analysis was
performed to investigate the expression characteristics, prog-
nostic value, and biological function of ERCC6L. In addition,
cell function experiments were performed to detect the effect
of ERCC6L silencing on the biological behavior of LUAD
cells. The results revealed that ERCC6L expression was
significantly higher in LUAD tissues vs. normal lung tissues
and closely associated with nodal invasion, advanced clinical
stage and survival in LUAD. Overexpression of ERCC6L
was an independent prognostic biomarker of overall survival,
progression-free interval, and disease-specific survival in
patients with LUAD. DNA amplification and low methylation
levels of ERCC6L suggested regulation at both the genetic
and epigenetic levels. The most significant positive genes
co-expressed with ERCC6L were mainly enriched in the cell
cycle signaling pathway. The major functions of ERCC6L in
LUAD cells were positively correlated with the cell cycle,
DNA damage, DNA repair, proliferation, invasion and epithe-
lial-mesenchymal transition (EMT). Knockdown of ERCC6L
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inhibited the proliferative, migratory and invasive abilities
of A549 and PC9 cells. It also promoted cell apoptosis, and
led to cell cycle arrest in the S phase. ERCC6L may regulate
the EMT process through the Wnt/p-catenin and Wnt/Notch
3 signaling pathways, thus regulating the tumorigenesis and
progression of LUAD. The overexpression of ERCC6L may
be a biological indicator for the diagnosis and prognosis of
LUAD. ERCC6L may be a novel molecular target for the treat-
ment of lung cancer.

Introduction

Lung cancer has the highest rates of morbidity and mortality
among cancers worldwide (1). Lung adenocarcinoma (LUAD)
is the most common pathologic type and a highly invasive and
lethal type of cancer. Early-stage LUAD can easily invade
blood vessels and lymphatic vessels. Clinically, patients with
early-stage cancer do not have obvious symptoms, often, the
tumor has metastasized prior to causing the corresponding
symptoms. Therefore, most patients with LUAD miss the
optimal time for treatment. In recent years, great improve-
ments have been achieved in the diagnosis and treatment of
LUAD. However, the long-term survival rate of patients with
LUAD remains low (2), and the local progression, recurrence,
and metastasis of tumors are the main reasons for poor prog-
nosis. Therefore, it is of great significance to further investigate
biomarkers related to the diagnosis and prognosis of LUAD in
order to improve the overall efficacy of treatment against lung
cancer (3).

Excision repair cross-complementation group 6 like
(ERCC6L) is a newly discovered DNA helicase (4), also
termed polo kinase 1 interaction checkpoint helicase (PICH).
It has been demonstrated that ERCC6L is a member of the
ERCC6 subfamily, SNF2 (5). Previous research has revealed
that the ERCC6L protein is related to embryonic develop-
ment, indicating that ERCC6L may play an important role in
maintaining growth (6). In addition, Baumann et al revealed
that ERCCOL binds to a mitogen-regulated kinase [polo-like
kinase 1 (PLK1)] and is involved in remodeling centromeric
chromatin (7). PLK1 regulates cell division and proliferation,
and is considered a genetic marker for tumor development (8,9).
Dysfunction of ERCC6L induces DNA damage that affects the
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cell division and cycle, potentially promoting the development
of cancer (10,11). Inrecent years, continuous research has shown
that ERCC6L appears to play a critical role in tumorigenesis
and progression (12). For example, ERCCOL is overexpressed
in breast and kidney cancers and is significantly associated
with poor prognosis. ERCC6L was found to be upregulated
in hepatocellular carcinoma, neuroblastoma, gastric cancer
and colorectal cancer, and silencing of ERCC6L inhibited
cancer cell growth, invasion, metastasis and the EMT process.
Furthermore, aberrant expression of ERCC6L promotes tumor
progression via the PI3K/AKT and NF-«kB pathways. This
evidence has demonstrated that ERCC6L may be a valuable
biomarker of tumors and may act as an important mediator in
the malignant biological behavior of tumors. However, the role
of ERCC6L in the development of LUAD and its underlying
molecular mechanism remain unknown. In the present study,
the expressions profiles and clinical significance of ERCC6L
in LUAD were investigated. In addition, the biological func-
tions and molecular mechanism of ERCC6L, involved in the
tumor progression of LUAD were explored in vitro and in vivo.

Materials and methods

Materials. Paraffin tissue specimens were obtained from the
People's Hospital of Guangxi Zhuang Autonomous Region
(Nanning, China) from October 2010 to September 2012.
The clinicopathological data of 85 patients with LUAD were
obtained from the Department of Pathology of the hospital.
The extracted information included age, sex, tumor size,
lymph node metastasis, TNM stage, pathological grade and
life status. The histological staging was based on the 2018
edition of the World Health Organization (WHO), and the
tumor staging was based on the 8th edition of the American
Joint Committee on Cancer (AJCC) (13). Patients with LUAD
included in the present study did not receive any antitumor
treatment preoperatively, develop infectious diseases, or expire
within one month after surgery. Follow-up data, including
outpatient follow-up and telephone follow-up, were collected
from the electronic follow-up system established by the depart-
ment; data collection was initiated one month after surgical
treatment of the patient and ended in mid-2019. Cancer tissue
was defined as the solid non-necrotizing tissue of the tumor;
normal lung tissue adjacent to the cancer was defined as the
lung tissue 5 cm away from the edge of the tumor. The tissue
samples were fixed with 10% neutral formalin for 24 h at room
temperature (RT), embedded in paraffin, and then serially
sectioned at 5 ym. All sections were preserved by the scien-
tific research laboratory following standard procedures. The
present study was approved (approval no. KY-KJT-2021-125)
by the Ethics Committee/Institutional Review Committee of
the People's Hospital of Guangxi Zhuang Autonomous Region
and all participants provided written informed consent in
accordance with the Declaration of Helsinki. The histopatho-
logical results were reviewed by two experienced pathologists.

Methods

Immunohistochemical assay. Grilled paraffin slices at 60°C
for 2 h; For dewaxing and hydration, the sections were placed
in xylene lotion and soaked for 20 min in 100, 95, 90, 85, and
80% ethanol. For antigen repair, 1X citric acid repair solution

(pH 6.0) was boiled in a pressure cooker for 3 min, and cooled
with water for 10 min. To eliminate endogenous peroxidase
activity, 3% H,0O, (50 ul) was added, and the sections were
incubated at RT for 10 min. The sections were blocked in goat
serum (1:10; product code SLO038; Beijing Solarbio Science
& Technology Co., Ltd.) and incubated at RT for 15-20 min.
Following washing with phosphate-buffered saline (PBS),
the sections were incubated with 50 pl of rabbit anti-human
ERCC6L polyclonal antibody (1:200; cat. no. PA5-62199;
Invitrogen; Thermo Fisher Scientidic, Inc.) at 4°C overnight. To
display antigen distribution, the sections were incubated with
50 ul of ready-use Max Vision™ HRP-polymer anti-rabbit
reagent (cat. no. KIT-5001; Fuzhou Maixin Biotech Co., Ltd.)
for 15 min at RT, closed with a warm box, and rinsed with
PBS. Subsequently, freshly prepared 3,3'-diaminobenzidine
solution was added for color development. The sections were
then incubated in hematoxylin dye for 2 min at RT, and excess
dye was removed by rinsing. Subsequently, the sections were
differentiated in hydrochloric acid for 5 sec, submerged
in ammonia solution for 5 min, and rinsed with water. The
slices were dehydrated in gradient alcohol (80, 85, 90,95, and
100%) for 10 min and soaked in xylene lotion for 10 min. After
sealing with neutral gum, the sections were observed and
photographed under a light microscope(magnification, x200;
Olympus MX51; Olympus Corporation).

Clinical sample analysis. To identify potential biomarkers of
LUAD, the association between the expression of ERCC6L,
malignant pathological features, and overall survival (OS) in
85 clinical LUAD samples were analyzed. The clinical samples
were divided into two groups, namely high- and low-ERCC6L
expression groups, according to the median expression of
ERCC6L mRNA.

Data mining. Normal samples from the tumor database of
The Cancer Genome Atlas (TCGA; https://cancergenome.nih.
gov/) were integrated to identify the expression characteris-
tics of ERCC6L mRNA. From TCGA database, 514 cases
of primary LUAD and 59 cases of normal controls were
collected. ERCC6L mRNA expression and clinicopatho-
logical characteristics were analyzed. Of the 514 patients, 505
had complete clinical and follow-up information. The role
of ERCCOL mRNA expression in patients with LUAD was
determined through analysis of TCGA clinical data of those
505 patients. The extracted data included age, sex, smoking
history, tumor size, lymph node infiltration, distant metastasis,
TNM stage, residual tumor, recurrence status, life status, OS,
progression-free interval (PFI), disease-free interval (DFI)
and disease-specific survival (DSS).

Two lung cancer gene microarray datasets (GSE31210 and
GSE30219) (14,15) were downloaded from the Gene Expression
Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/), to
validate the expression and clinical significance of ERCC6L.

Genetic and epigenetic analysis. To investigate the mechanism
of ERCC6L dysregulation in LUAD, its gene-level threshold
Gistic2.0-processed copy number variation (CNV) (16) (n=511)
and DNA methylation status (n=453, methylation 450K) were
concurrently collected from TCGA. Data on ERCC6L mRNA
expression, copy number, and DNA methylation in LUAD cell
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lines were obtained from the Cancer Cell Line Encyclopedia
(CCLE) (https://dashela.broad institute.org/ccle) (17,18). This
is an online database that provides public access, analysis,
and visualization of genomic data (e.g., gene expression, gene
methylation, and mutation data) for >1,100 cell lines. UALCAN
Network (http://ualcan.path.uab.edu) (19) was used to analyze
the level of ECRR6L promoter methylation in tumor tissue and
normal tissue.

Identification of differentially expressed genes associated with
ERCC6L in LUAD. LinkedOmics (http://www.linkedomics.
org) (20) is a new open portal offering multiple omics data
analysis of all 32 types of cancer included in TCGA. In the
present study, it was used to identify differentially expressed
genes related to ERCC6L in LUAD. A Benjamini-Hochberg
false discovery rate (FDR) <0.01 and P-value <0.05 were set
as critical criteria. The top three factors that were positively
correlated with ERCCOL were selected for further analysis.
Pearson's correlation was conducted to analyze the expres-
sion between ERCC6L and selected genes. Gene Expression
Profiling Interactive Analysis 2 (GEPIA2; http://gepia2.
cancer-pku.cn) (21) is an online interactive web server that
obtains RNA sequencing data from tumor and normal samples
in TCGA and the Genotype-Tissue Expression Project for
analysis of the expression profile and prognostic value of
selected genes. Patients with LUAD were grouped according
to the median mRNA expression. P-values <0.05 denoted
statistically significant differences.

Functional and pathway enrichment analysis. Gene set
enrichment analysis (GSEA) using the LinkInterpreter module
of LinkedOmics (22) was performed for ERCC6L and its
co-expressed genes using TCGA RNA-sequencing (RNA-seq)
data. Analysis of Kyoto Encyclopedia of Genes and Genomes
(KEGG) (23) and Gene Ontology (GO) (24) pathways (e.g.,
cellular components, molecular functions, and biological
processes) identified potential pathways of ERCC6L. FDR
<0.05 and P-value <0.05 denoted statistically significant
differences.

Single-cell level analysis. The cancer single-cell state atlas
(CancerSEA; http://biocc.hrbmu.edu.cn/CancerSEA/) (25)
was used to investigate the function of cancer cells of different
states at the single-cell level. This analysis was conducted to
reveal significant differences in enrichment using data from
the Molecular Signatures Database (MSigDB) (https://www.
gsea-msigdb.org/gsea/msigdb) and analyze the function of
ERCC6L. For each single-cell dataset derived from circulating
tumor cells, the Spearman rank correlation test was used to
analyze the significant correlation between gene expression
and functional status; multiple comparisons were corrected
for FDRs.

Cell culture. Human LUAD cell lines (A549, PC9, and H1975)
and 293T cells were obtained from the Typical Culture
Preservation Committee of the Chinese Academy of Sciences
(Shanghai, China). The culture conditions of the three cell
lines were: 10% Fetal bovine serum, 1% streptomycin, and
RPMI-1640 medium. The cells were cultured at 37°C in
5% CO,. The reagents were purchased from Thermo Fisher

Scientific, Inc. (GIBCO-BRL; Invitrogen; Thermo Fisher
Scientific, Inc.).

Lentivirus design and cell transfection. Suzhou GenePharma
Co., Ltd. was commissioned to design and construct a
lentiviral vector for the target gene. The lentivirus RNAi
vector was LV-3 of a four-plasmid system. The LV3
(H1/GFP-Puro) vector was synthesized for the lentivirus-short
hairpin-ERCC6L (Lv-shRNA-ERCC6L). RNA interference
target (sh-ERCC6L) was designed according to the sequence
of the ERCCOL gene and a GV248-GFP-lentiviral vector was
used as a negative control (sh-NC). The sh-ERCC6L sequence
was 5-GGTGGTGTCGGTTTAACATTA-3', while that of the
sh-NC sequence was 5-TTCTCCGAACGTGTCACGGT-3".
A total of three lentivirus packaging plasmids were used to
transfect into 293T cells. The released virus was harvested
and concentrated by ultracentrifugation at 40,000 g for 2 h
at 4°C. The titer of the lentivirus was 5x10® TU/ml. A549 and
PCO cells were transfected with the lentivirus at a multiplicity
of infection (MOI) of 10 with 5 pug/ml polybrene (product
no. H9268; Sigma-Aldrich; Merck KGaA). The enhanced GFP
gene was integrated into the transfected plasmid to distinguish
the successful transfection of cells. The stable expressing cells
were screened by treating with 4 yg/ml puromycin (product
no. P8833; Sigma-Aldrich; Merck KGaA) for 2 weeks.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Collected transfected
A549 and PC9 cells were added with an appropriate amount
of TRIzol reagent (Beijing Solarbio Science & Technology
Co., Ltd.). Total RNA extraction was performed according
to the instructions provided by the manufacturer. After the
RNA was diluted with RNase-free water, 1 pl was added to
the NanoDrop-2000 micro-nucleic acid detector to determine
the absorbance, and the samples were stored at -80°C. cDNA
was synthesized according to the manufacturer's instructions
using a reverse transcription kit [PrimeScript™ RT reagent
Kit with gDNA Eraser (Perfect Real Time), cat. no. RR0O47A;
Takara Bio, Inc.]. Real-time PCR was then performed using
SYBR-Green qPCR Master Mix (Takara Bio, Inc.) on an ABI
7500 real-time quantitative fluorescence PCR system (Applied
BioSystems; Thermo Fisher Scientific, Inc.). Briefly, the gPCR
cycling condition were an initial denaturation step at 95°C for
30 sec, followed by an annealing with 40 cycles at a melting
temperature of 95°C for 5 sec, and an extension with 40 cycles
at a temperature of 60°C for 34 sec. The RT-qPCR primers for
ERCCOL and GAPDH were purchased from Sangon Biotech
Co., Ltd. The specific primers used were as follows: ERCC6L
forward, 5'-tcctcctcacaggaaccceca-3' and reverse, 5'-ccag-
cagggacccttgacaa-3'; GAPDH forward, 5'-CATGAGA AGTAT
GACAACAGCCT-3' and reverse, 5-AGTCCTTCCACGATA
CCAAG-3'. GAPDH was used as the internal control, and the
results were analyzed using the 2*2°4 method (26).

Western blot analysis. Radioimmunoprecipitation (RIPA) assay
protein extraction reagent and 10 g/l benzene methyl sulfonyl
fluoride (both from Beyotime Institute of Biotechnology) were
used to lyse H1975, PC9, and A549 cells. A BCA protein
detection kit was used to determine the protein concentration
(Beyotime Institute of Biotechnology). Appropriate samples and
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molecular weight standard marker were absorbed and slowly
added into the glue hole. An equal volume of 1X loading buffer
was added to the swimming lanes on both sides of the sample.
Electrophoresis was performed at 80 V for approximately
20 min and at 120 V for approximately 90 min. The proteins
(10 pug) were separated using 10% SDS-PAGE and transferred
to polyvinylidene difluoride membranes. The membranes were
blocked with 5% skim milk (high-protein skim high-calcium
milk powder; Yili Co.,Ltd.,Inner Mongolia, China) for 2 h atRT.
Subsequently, the membrane was incubated with Tris-buffered
saline containing 0.5% Tween-20 (TBST) (Beyotime
Institute of Biotechnology) solution containing anti-ERCC6L
antibody (1:1,000; cat. no. 15688-1-AP), neural-cadherin
(N-cadherin; 1:2,000; cat. no. 22018-1-AP), epithelial cadherin
(E-cadherin; 1:5,000; cat. no. 20874-1-AP), vimentin (1:2,000;
cat. no. 10366-1-AP), snail family transcriptional repressor 1
(Snail; 1:500; cat. no. 13099-1-AP), snail family transcriptional
repressor 1 (Snai2; 1:500; cat. no. 12129-1-AP), notch receptor
3 (Notch 3; 1:500; cat. no. 55114-1-AP), B-catenin (1:5,000;
cat. no. 51067-2-AP), GAPDH (1:5,000; cat. no. 10494-1-AP)
at 4°C for 12 h. All antibodies were purchased from Wuhan
Sanying Biotechnology. Subsequently, after washing with
TBST, the membrane was incubated with horseradish peroxi-
dase-labeled anti-rabbit antibodies (1:5,000; bs-80295G-HRP;
BIOSS) at RT for 2 h. The proteins were visualized using the
Odyssey FC imaging system (LI-COR Biosciences).

Cell proliferation assay. Transfected A549 and PC9 cells were
cultured in 96-well plates (1,500 cells/well) and transfected
for 0, 24, 48, 72 and 96 h, respectively. A total of 20 ul Cell
Counting Kit-8 (CCK-8) reagent (Dojindo Laboratories, Inc.,
Japan) was added to part of the cells in darkness. Following
incubation for 2 h, the optical density value for each well
at 450 nm was detected using a microplate instrument (Thermo
Fisher Scientific, Inc.).

Colony formation assay. Suspended transfected A549 and
PC9 cells were seeded into a six-well plate at a density of
500 cells/ml. The culture was terminated when white clones
in the plate were visually observed. The cells were cultured
at 37°C and 5% CO, for 14 days. Next, 1 ml of 0.5% crystal
violet solution (Beijing Solarbio Science & Technology Co.,
Ltd.) was added to each well after cells were fixed by pure
methanol at RT, and then the cells were stained for 30 min
at RT. Subsequently, the number of clones was recorded. The
number of cells per clone consisted of >50 cells.

Apoptosis and cell cycle assay. In this study, the
Annexin V-fluorescein isothiocyanate/propidium iodide
(Annexin V-FITC/PI; Nanjing KeyGen Biotech Co., Ltd.)
method was used to detect cell apoptosis by flow cytometry.
Transfected A549 and PCO cells were collected, and 3-5x10°/ml
resuspended cells were placed in a centrifuge tube. Following
centrifugation at 300 x g for 5 min at RT, binding buffer
(500 pl) was added to resuspend the cells. After adding 5 ul
of Annexin V-allophycocyanin, the cells were incubated for
5-10 min. Next, PI dye solution (5 ul) was added and mixed.
The solution was incubated at RT for 5-15 min in the dark.
Flow cytometry (BD FACSCanto™ II) was performed, and the
data were analyzed using FlowJo VX software (FlowJo LLC).

Similarly, transfected A549 and PC9 cells were collected
and fixed with anhydrous ethanol until the final concentra-
tion was 75% at 4°C overnight. The cells were then incubated
overnight at 4°C. The following day, PI/RNase Staining Buffer
(0.5 ml; BD Biosciences) was added. Following incubation
at RT for 15 min in the dark, the cells were fully mixed and
examined using flow cytometry (BD FACSCanto™ II). The
results of the cell cycle were analyzed using the Modfit LT 3.1
software (Verity Software House, Inc.).

Wound healing assay. Approximately 8x10° transfected
A549 and PC9 cells were added into each well of a six-well
plate, allowed to reach a density >90%, and then cultured in
serum-free medium. Horizontal lines were marked evenly
at the back of the six-well plate (every 0.5-1 cm), crossing
the wells. At least five lines crossed each well. Images were
captured at 0, 24 and 48 h using a fluorescence microscope
(magnification, x200; Olympus IX71; Olympus Corporation).
The Imagel software (version 1.8.0; National Institutes of
Health) was used to analyze the wound healing. The experi-
ment was performed thrice.

Cell migration assay. Transfected A549 and PC9 cells were
collected and their density was adjusted to 2-3x10°/ml. The
cell migration assay was carried out using an 8.0-um pore size
Transwell chamber (product number 3422; Corning, Inc.). In
the lower chamber, complete medium containing 15% fetal
bovine serum (600 ul) was added. In the upper chamber, cell
suspension (100 ul) was added. Following incubation with 5%
CO, at 37°C for 18-24 h, the compartment was removed using
tweezers. The fluid in the upper compartment was drained, and
the cells on the surface of the basement membrane of the upper
compartment were gently removed using a wet cotton swab. The
chamber was moved to the well containing 600 1 of methanol;
the cells were fixed at RT for 30 min and stained with 600 ul of
0.1% crystal violet dye for 20 min at RT. The bottom membrane
of the chamber was gently cut with a razor blade and allowed to
dry. Following transfer to a slide, one drop of neutral resin was
added, and the slide was covered with a cover glass. Five visual
fields were randomly selected for counting under a fluorescence
microscope (magnification, x200; Olympus 1X71).

Cell invasion assay. A 24-well plate with a small chamber
containing an 8.0-ym pore size Matrigel-coated membrane
(product number 354480; BioCoat™ Matrigel®; BD
Biosciences) was used for the A549 and PC9 cells invasion assay.
The BioCoat Matrigel invasion chambers were rehydrated with
warm (37°C) serum-free medium for 30 min at RT according
to the manufacturer's instructions. Following rehydration, the
medium was carefully removed. Cells were collected and their
density was adjusted to 2-3x10° cells/ml. Serum-free medium
(200 ul) was added to the upper chamber of the 24-well plates
for activation for 30 min; complete medium with 15% serum
(600 ul) was added to the lower chamber. Subsequently, cell
suspension (100 ul) was added to the upper chamber, and the
cells were incubated with 5% CO, for 30-34 h at RT. The upper
compartment fluid was blotted, and the cells on the surface of
the upper compartment substratum were gently removed using
a wet cotton swab. The subsequent operations were analogous
to the cell migration assay.
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Figure 1. Expression profile of ERCC6L in pan-cancer and LUAD. (A) The expression of ERCC6L gene in pan-cancers based on the TCGA database. (B and
C) ERCC6L protein expression was detected by immunohistochemical detection. Representative images of ERCC6OL protein staining in (B) normal lung tissue
and (C) LUAD tissue. (D) Survival analysis of ERCC6L protein expression and overall survival in 85 patients with LUAD. “P<0.01 and "“P<0.01. ERCC6L,
excision repair cross-complementation group 6 like; LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas; OS, overall survival.

Establishment of a mouse xenograft model of LUAD. A
mouse xenograft model of LUAD was performed under the
guidance of the Ethics Committee, combining methods
previously described (27-29). The animal experiment of this
study was approved (approval no. 202103009) by The Animal
Care and Welfare Committee of Guangxi Medical University
(Nanning, China). The BALB/c nude mice were raised at the
Experimental Animal Center of Guangxi Medical University
under specific-pathogen free (SPF) conditions, with a constant
temperature (20-24°C) and humidity (45-65%) and a 12-h
light-dark cycle. All nude mice were provided with food and
sterile water ad libitum. A total of 14 female mice (four weeks
old; weight, 10-12 g) were divided into a sh-ERCC6L group
and a sh-NC group (n=7 mice per group). A total of 2x10° cells
transfected with either sh-ERCCOL or sh-NC were subcutane-
ously injected into the right armpit of each mouse. The mice
were monitored daily and tumor volumes were recorded every
4 days. After 15 days of inoculation, the nude mice were
anesthetized by intraperitoneal injection of 4% chloral hydrate
(200 mg/kg) and intramuscular injection of ketorolac (Img/kg;
painkiller), and then euthanized by cervical dislocation. The
final volume and weight of the tumors were measured. The
tumor volume was calculated as: (Length x width?)/2.

Data processing and statistical analysis. The SPSS Statistics
20.0 software (IBM Corp.) was used for statistical analysis.

Quantitative data were presented as the mean + standard
deviation. Welch's t-test (for unpaired samples) and y” test were
performed to determine the association between the mRNA
levels of ERCC6L and clinicopathological features. For
patients with duplicated ERCCOL expression data, the median
values were selected for analysis. The receiver operating
characteristic (ROC) curve was used to determine the diag-
nostic and prognostic value of ERCC6L expression in LUAD.
Kaplan-Meier curves for OS, PFI, DFI, and DSS were gener-
ated using the GraphPad Prism 8.0.2 (GraphPad Software,
Inc.) software. The significant difference between the survival
curves was identified by log-rank testing. Univariate and
multivariate Cox regression analyses were performed to deter-
mine the independent prognostic factors. P-values <0.05 were
considered to indicate statistically significant differences.

Results

Expression profiles of ERCC6L in pan-cancer and LUAD
tissues. The pan-cancer RNA-seq data of ERCCOL was first
extracted from TCGA database, and the mRNA expression
levels of ERCC6L were analyzed in primary tumors and normal
solid tissues with a sample size of =3. The results revealed that
ERCC6L mRNA was upregulated in most human malignant
solid tumors including LUAD, and it may be involved in
the occurrence and development of cancers (Fig. 1A). The
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Table I. Association of the clinicopathological param-
eters between high and low ERCCOL expression groups in
85 patients with LUAD.

ERCC6L
expression
Low High
Parameters (n=46)  (n=39) Yt P-value
Age (years) <0.001 0.995
<65 33 28
>65 13 11
Sex 1.708 0.191
Male 23 25
Female 23 14
Tumor size 0.805 0.369
T1-2 12 7
T3-4 34 32
Nodal invasion 5.662 0.017°
No 26 12
Yes 20 27
Clinical stage 5.108 0.024*
I/ 29 15
1I/1V 17 24
Pathology grade 2419 0.120
I/l 33 23
III 11 16
Living status 6.830 0.009*
Alive 19 6
Dead 27 33

*P<0.05. ERCC6L, excision repair cross-complementation group 6
like; LUAD, lung adenocarcinoma.

expression of ERCCOL protein in paraffin tissue samples of
LUAD from our hospital was then detected by immunohis-
tochemistry. The results showed that the alveolar epithelial
cells of normal lung tissue exhibited negative or weak positive
staining (Fig. 1B), while the tumor tissue exhibited strong
positive expression (brown color) (Fig. 1C). Collectively it
was demonstrated that the expression of ERCC6L protein was
significantly higher in LUAD tissues.

Association between ERCCOL protein expression and
clinicopathological features in patients with LUAD. The
expression of ERCCOL in patients with LUAD divided into the
high- and low-expression groups according to the median, and
the association between the expression of ERCC6OL and the
clinical characteristics of patients was analyzed (Table I). The
results showed that ERCCOL protein expression was signifi-
cantly higher in tumor tissues of patients with positive nodal
invasion (N1/2/3; P=0.017) or advanced TNM stage (III/IV;
P=0.024), and those who expired (P=0.009). However, high
ERCCOL expression was not associated with age, sex, tumor
size, or pathological grade. To investigate whether ERCC6L

expression was associated with patient prognosis, clinical
follow-up information was extracted, and OS was used as
the endpoint. Kaplan-Meier analysis revealed that patients
with high ERCC6L expression in lung glands had poor OS
(P=0.0023; Fig. 1D). Subsequently, Cox regression analysis
was conducted to evaluate the prognostic value of ERCC6L
in patients with LUAD (Table II). Univariate regression
analysis showed that OS was significantly associated with high
ERCCOL expression (P=0.002), nodal invasion (P<0.001),
and tumor size (P=0.025) in LUAD. Multivariate regression
analysis further confirmed that high ERCC6L expression
(P=0.035) and nodal invasion (P=0.005) were independent
prognostic factors of poor OS in patients with LUAD.

Association between ERCC6L mRNA expression and
clinicopathological features in patients with LUAD based
on TCGA database. RNA-seq data of LUAD was extracted
from the TCGA database for further analysis with a larger
sample size. The association between the mRNA expression
levels of ERCC6L and clinicopathological parameters in
514 LUAD tissues and 59 normal lung tissues was analyzed.
The results suggested that ERCCOL mRNA expression was
significantly upregulated in LUAD tissues (Fig. 2A). Owing to
individual differences between patients, the mRNA expression
of ERCCOL in cancer tissues and normal tissues of the same
patient was compared (Fig. 2B). This comparison confirmed
the overexpression of ERCC6L mRNA in LUAD tissues.
As revealed in Fig. 2C-I, the data analysis revealed that the
mRNA expression of ERCC6L was significantly upregulated
in patients with smoking history, positive nodal invasion and
advanced clinical staging, as well as those who expired, irre-
spective of sex, tumor size and distal metastasis. In addition,
although the expression levels of ERCC6L mRNA appeared
to be higher in residual and recurrent tumors, no significant
differences were observed. (Figs. 2J and S1).

Association between ERCC6L mRNA expression and
outcome of patients with LUAD. To investigate the prog-
nostic value of ERCC6L mRNA expression in LUAD, the
OS, PFI, DFI, and DSS was analyzed in the TCGA cohort.
Kaplan-Meier analysis demonstrated that patients with LUAD
with high ERCC6L mRNA expression in the TCGA-LUAD
cohort had poor OS, DFI, DSS, and PFI (Fig. 2K-N).
Subsequently, Cox regression analysis was performed to
further determine whether ERCC6L was an independent
risk factor in patients with LUAD. As revealed in Table III,
in terms of OS, univariate analysis showed that clinical stage,
residual tumor, and ERCC6L mRNA expression were associ-
ated with OS (P<0.001, P<0.001, and P=0.003, respectively).
In contrast, age, sex and smoking history were not associated
with OS (P>0.05). Multivariate analysis further identified
clinical stage, residual tumor and ERCC6L mRNA expression
as independent risk factors of poor OS in patients with LUAD
(P<0.001, P=0.001, and P=0.035, respectively). Moreover,
univariate analysis showed that residual tumor (P=0.017) was
associated with DFI, whereas age, sex, smoking history, and
ERCC6L mRNA expression were not (P>0.05). Multivariate
analysis showed that residual tumor (P=0.035) was an indepen-
dent risk factor of poor DFI in patients with LUAD. In terms
of DSS, univariate analysis showed that clinical stage, residual
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Table II. Univariate and multivariate analysis of overall survival in 85 patients with LUAD.

Univariate analysis Multivariate analysis
95% CI 95% CI

Parameters HR (lower/upper) P-value HR (lower/upper) P-value
Age (years) <65 vs. >65 1.186 0.688 2.045 0.539

Sex Female vs. Male 0.888 0.532 1.480 0.648

Tumor size T1/2 vs. T3/4 2.258 1.107 4.605 0.025* 1.506 0.708 3.205 0.288
Nodal invasion Yes vs. No 2991 1.719 5.205 <0.001* 2.347 1.292 4263 0.005*
Pathology grade I/II vs. III 1.144 0.669 1.959 0.623

ERCC6L expression High vs. low 2.245 1.340 3.761 0.002* 1.771 1.041 3.013 0.035°

“P<0.05. LUAD, lung adenocarcinoma; HR, hazard ratio; CI, confidence interval; ERCC6L, excision repair cross-complementation group 6
like.
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Figure 2. Association of ERCC6L mRNA expression with clinicopathological features and clinical outcomes in patients with LUAD based on the TCGA data-
base. (A) Plot chart showing the mRNA expression levels of ERCC6L in LUAD tissues and normal lung tissues. (B) Plot chart showing the mRNA expression of
ERCC6L in LUAD and paired normal tissues. (C-J) Plot chart showing ERCC6L mRNA expression between (C) male and female, (D) smoker and non-smoker,
(E) cases with T3/4 and T1/2, (F) cases with or without nodal invasion, (G) cases with or without distant metastasis, (H) cases with stages III/IV and I/11, (I) live
and dead cases, and (J) cases with or without residual tumor. (K-N) High ERCC6L RNA expression was associated with unfavorable outcomes in patients with
LUAD. Kaplan-Meier curves of (A) OS, (B) DFI, (C) DSS and (D) PFI in cases with LUAD. "P<0.05, ““P<0.01, ""P<0.001 and ***P<0.0001. ERCC6L, excision
repair cross-complementation group 6 like; LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas; OS, overall survival; DFI, disease-free interval;

DSS, disease-specific survival; PFI, progression-free interval; ns, not significant.

tumor and high ERCC6L mRNA expression were associated  and P=0.011, respectively). Univariate analysis revealed that
with DSS (P<0.001, P<0.001, and P=0.003, respectively). clinical stage, residual tumor, and ERCC6L mRNA expression
Multivariate analysis further identified clinical stage, residual ~ were associated with PFI (P=0.003, P<0.001, and P=0.029,
tumor and ERCC6L mRNA expression as independent risk  respectively), whereas age, sex and smoking history were not
factors of poor DSS in patients with LUAD (P<0.001,P=0.001,  (P>0.05). Multivariate analysis further confirmed that clinical
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Table III. Univariate and multivariate analysis of OS, DFI, DSS and PFI in patients with LUAD in the TCGA database.

Univariate analysis

Multivariate analysis

95% CI 95% C1
Parameters HR (lower/upper) P-value HR (lower/upper) P-value
OS Age (Continuous) 1.008 0.992 1.023 0.330
Sex Female vs. Male 0938 0.702 1.255 0.669
Smoking history 2/3/4/5 vs. 1 0912 0.604 1.377 0.661
Clinical stage III/TV vs. I/I1 2.651 1945 3613 <0.001* 2400 1.748 3.295 <0.001*
Residual tumors Yes vs. No 3937 2204 7.033 <0.001*  2.753 1.524 4973 0.001*
ERCC6L expression High vs. low 1.551 1.156 2.081 0.003* 1.771 1.041 3.013 0.035°
DFI  Age (Continuous) 1.016 0.994 1.039 0.158
Gender Female vs. Male 0814 0.536 1.237 0.335
Smoking history 2/3/4/5 vs. 1 0.742 0436 1.263 0.272
Clinical stage III/IV vs. I/II 0.803 0.371 1.740 0.578
Residual tumors Yes vs. No 4108 1.281 13.170 0.017*  3.571 1.097 11.627 0.035*
ERCC6L expression High vs. low 1434 0944 2.178 0.091 1337 0.873 2.048 0.181
DSS  Age (Continuous) 0998 0.970 1.007 0.206
Sex Female vs. Male 1.040 0.716 1.512 0.836
Smoking history 2/3/4/5 vs. 1 1.037 0.599 1.795 0.896
Clinical stage III/TV vs. I/I1 2472 1.662 3.676  <0.001*  2.131 1.420 3.199 <0.001*
Residual tumors Yes vs. No 5025 2489 10.142 <0.001*  3.557 1.738 7.279 0.001*
ERCC6L expression High vs. low 1.801 1.229 2.637 0.003* 1.670  1.125 2.480 0.011*
PFI Age (Continuous) 0998 0.984 1.012 0.733
Sex Female vs. Male 0929 0.706 1.223 0.601
Smoking history 2/3/4/5 vs. 1 0970 0.654 1.440 0.881
Clinical stage III/TV vs. I/I1 1.622  1.180 2.230 0.003* 1424 1.023 1.981 0.036*
Residual tumors Yes vs. No 3312 1.780 6.162 <0.001*  2.620 1.379 4976 0.003*
ERCC6L expression High vs. low 1359 1.033 1.788 0.029* 1330 1.004 1.762 0.047*

*P<0.05. Smoking history: 1, lifelong non-smoker; 2, current smoker; 3, current reformed smoker (for >15 years); 4, current reformed smoker
(for <15 years); 5, current reformed smoker (duration not specified). OS, overall survival; PFI, progression-free interval; DFI, disease-free
interval; DSS, disease-specific survival; LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas; HR, hazard ratio; CI, confidence

interval; ERCC6L, excision repair cross-complementation group 6 like.

stage, residual tumor, and ERCC6L mRNA expression were
independent risk factors of poor PFI in patients with LUAD
(P=0.036, P=0.003, and P=0.047, respectively). The afore-
mentioned results indicated that the upregulation of ERCC6L
mRNA expression in TCGA-LUAD was negatively correlated
with OS, DSS, and PFI.

Validation of the expression and clinical significance of
ERCCOL in LUAD based on the GEO database. Data from
the GEO database were used to validate the aforementioned
results, and the independent array sets GSE30219 and
GSE31210 were selected for analysis. In the GSE30219 dataset,
there was no significant change in the mRNA expression levels
of ERCC6L (P>0.05; Fig. 3A). However, in the GSE31210
microarray dataset, the mRNA expression levels of ERCC6L
were significantly increased in LUAD tissue compared with
normal lung tissue (P<0.001; Fig. 3B). LUAD tissues were
divided into high- and low-expression groups according to
the median mRNA expression of ERCC6L. Kaplan-Meier
curve showed that, in the GSE30219 (Fig. 3C) and GSE31210

(Fig. 3D) datasets, the OS was significantly shorter in patients
with high ERCC6L mRNA expression than in those with low
ERCC6L mRNA expression. In addition, the area under the
curve value of ERCC6L expression for the diagnosis of LUAD
in the TCGA cohort was 0.9892 (P<0.0001). Meanwhile, in
the GSE31210 array set, the area under the curve value of
ERCC6L in LUAD was 0.9013 (P<0.0001; Fig. 3E).

Regulation of ERCC6L gene expression at DNA amplification
and methylation levels. Deep sequencing data extracted from
the TCGA database was used to investigate the potential
mechanism involved in the dysregulation of the ERCC6L gene
in LUAD. The association between ERCC6L mRNA expres-
sion and copy number data was examined in 69 LUAD cell
lines from the Encyclopedia of Cancer Cell Lines. The results
showed that the mRNA expression of ERCC6L was positively
correlated with the DNA copy number (Fig. 3F). In addition,
based on TCGA database, 71 patients (13.9%) had low or high
DNA amplification, while 85 patients (16.6%) had DNA dele-
tion (Fig. 3G). Furthermore, the correlation between ERCC6L
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Figure 3. Validation of the role of ERCC6L in GEO datasets and exploration of genetic and epigenetic mechanisms of its dysregulation in LUAD. (A-E) ERCC6L
mRNA expression profiles and prognostic significance in GEO dataset cohorts. The expression of ERCC6L mRNA in LUAD tissues and normal tissues
from the (A) GSE30219 cohort and (B) GSE31210 cohort. Kaplan-Meier curves of OS in patients with LUAD using data from the (C) GSE30219 cohort
and (D) GSE31210 cohort. (E) ROC curves showing the diagnostic value of ERCC6L mRNA expression in LUAD. (F) The expression of ERCCO6L mRNA
was correlated with copy number variation in LUAD cell lines based on the CCLE database (n=69; P=0.0400). (G) ERCC6L CNVs and mRNA expression
in LUAD based on the TCGA database. DNA amplification was associated with ERCC6L mRNA expression. (H) Regression analysis of ERCCO6L mRNA
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mRNA expression and DNA methylation was examined in
453 patients with primary LUAD. The results showed that the
mRNA expression of ERCC6L was negatively associated with
DNA methylation in LUAD (Fig. 3H).

GSEA of genes co-expressed with ERCC6L in LUAD. To
explore the potential functions and pathways of ERCC6L
involvement in LUAD, RNA-seq data was analyzed from
515 patients with LUAD from TCGA database using
LinkedOmics. The LinkFinder module of LinkedOmics was
used to identify genes differentially expressed in correlation
with ERCC6L in LUAD. The threshold was FDR <0.01 A
volcano plot revealed differentially expressed genes posi-
tively (red dots) and negatively (green dots) correlated with
ERCC6L in LUAD (Fig. 4A). The heat map showed the top
50 significant genes that were positively or negatively corre-
lated with ERCC6L, respectively (Fig. 4B and C). As revealed
in Fig. 4D, a very strong positive correlation was observed
between ERCC6L expression and CDCAS (r=0.8344),
KIF4A (r=0.8743) and TPX2 (r=0.8464). Consistent with the
ERCCO6L gene, these three genes were upregulated in tumors
and significantly associated with poor OS in patients with
LUAD vs. normal controls (Fig. 4E and F).

Moreover, the LinkInterpreter module of LinkedOmics was
used to conduct GSEA of genes co-expressed with ERCC6L
in LUAD. The top 10 significant GO terms and signaling
pathway enrichment results are presented in Fig. 5SA and B.
The results suggested that the genes positively co-expressed

with ERCC6L were mainly located in the chromosomal
regions of condensation, ‘chromosomal region’, ‘spindle’, and
‘replication fork’. These genes are generally involved in ‘chro-
mosome segregation’, ‘DNA replication’, ‘chromatin assembly
or disassembly’, ‘spindle organization’ and ‘cell cycle check-
point’. Molecular function ontology analysis found that genes
were mainly enriched in GO terms, such as ‘catalytic activity
acting on DNA’, ‘DNA helicase activity’, ‘single-stranded
DNA binding’ and ‘DNA replication’. In addition, the KEGG
pathway analysis showed that significant enrichment pathways
were ‘cell cycle’, ‘DNA replication’, homologous recombina-
tion’, ‘oocyte meiosis’, ‘proteasome’, ‘spliceosome’ and the
‘P53 signaling pathway’.

Gene functional analysis of ERCC6L in LUAD at the
single-cell level. Considering the heterogeneity among
cancer cells, the biological functions of genes were further
investigated at the single-cell level. The CancerSEA data-
base was used to identify the main biological functions of
ERCC6L in LUAD. As revealed in Fig. 5C, gene expression
of ERCC6L was significantly correlated with the cell cycle,
DNA repair, proliferation, DNA damage, invasion and EMT
[P=0.49, 0.46, 0.43, 0.42, 0.33 (P<0.001) and 0.19 (P<0.05),
respectively].

Construction of the ERCCOL gene-silencing LUAD cell line.
The endogenous expression levels of ERCC6L mRNA and
protein were examined in three LUAD cell lines, namely
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Figure 4. Differentially expressed genes are associated with ERCC6L in LUAD. (A) A volcano map showing significant correlation between differentially
expressed genes and ERCC6L (FDR <0.01; P<0.05); (B and C) Heatmaps showing the top 50 significant genes (B) positively and (C) negatively correlated
with ERCC6L in LUAD. (D-F) The top 3 significant genes positively co-expressed with ERCC6L in LUAD. (D) The mRNA expression levels of CDCAS,
KIF4A, and TPX2 in LUAD tissues compared with normal lung tissues. (E) Pearson correlation of ERCC6L mRNA expression with CDCAS, KIF4A and
TPX2. (F) Survival analyses of CDCAS5, KIF4A and TPX2 in LUAD. "**P<0.0001. ERCC6L, excision repair cross-complementation group 6 like; LUAD, lung

adenocarcinoma; TCGA, The Cancer Genome Atlas.

A549, H1975, and PCO9. The results of qPCR and western
blot analysis showed that ERCC6L was expressed in all
three cell lines (Fig. 6A). Subsequently, the expression of
endogenous ERCC6L in LUAD cell lines was knocked down
using lentivirus-mediated shRNA. In this study, A549 and
PCO cells were selected for transfection with lentivirus, and
stably transfected cells were constructed. The efficiency of
interference with the ERCC6L gene was determined by qPCR
and western blotting. The results showed that the efficiency of
ERCCOL inhibition was 89 and 85% in A549 and PC9 cells,
respectively (Fig. 6B). Knockdown of ERCC6L expression
also inhibited ERCC6L protein expression in A549 and PC9
cells, respectively (Fig. 6C).

Effect of ERCCOL on the proliferation of LUAD cells. CCK-8
assay and plate clone formation assay were performed to
assess the effect of ERCC6L on cell proliferation in LUAD.
The results revealed that the downregulation of ERCC6L
expression in A549 and PC9 cells decreased cell viability;
the difference was statistically significant compared with the
sh-NC group (Fig. 6D). In addition, knockdown of ERCC6L
reduced the number and volume of A549 and PC9 cell clones
and decreased the proliferation of these cells (Fig. 6E).

Effect of ERCCOL on cell apoptosis and the cell cycle of
LUAD cells. Flow cytometric analysis was performed to

explore the effects of ERCC6L on cell apoptosis and the cell
cycle in LUAD. As revealed in Fig. 7A, the cell apoptotic rate of
PC9 and A549 cells transfected with sh-ERCC6L was signifi-
cantly higher than that of the control. In addition, following
the downregulation of ERCC6OL expression, the proportions of
A549 and PCO cells in the G1 phase decreased, while those in
the S phase increased (Fig. 7B).

Effect of ERCC6L on cell migration and invasion of LUAD
cells. Wound-healing and Transwell assays were performed to
assess the effect of ERCC6L on cell migration and invasion in
LUAD. The result of the wound-healing experiment showed
that, compared with the sh-NC group, A549 and PC9 cells with
ERCC6L knockdown showed significantly reduced migra-
tory ability 24 and 48 h after the wound, as well as reduced
wound-healing ability and relatively wide wound spacing
(Fig. 8A). For the cell migration assay, the results revealed
that the number of cells penetrating the membrane in the
A549-sh-ERCC6L and PC9-sh-ERCC6L groups was signifi-
cantly lower than that recorded in the NC group (P<0.0001
for both; Fig. 8B). Knockdown of ERCC6L could weaken the
migratory ability of LUAD cells in vitro. For the cell invasion
assay, compared with the sh-NC group, the number of A549
and PCO cells transfected with sh-ERCC6L that penetrated
the membrane was significantly decreased (P<0.001 for both;
Fig. 8C). Collectively, these results suggested that knockdown
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of ERCC6L could reduce the invasive ability of LUAD cells
in vitro.

Association between ERCC6L and EMT, as well as the
Wnt/B-catenin signaling pathway. To explore the potential
molecular mechanism by which ERCC6L is involved in
the progression of LUAD, the expression of EMT-related
biomarkers and key molecules of the Wnt/B-catenin signaling
pathway was examined. As revealed in Fig. 8D, compared with
sh-NC, sh-ERCC6L decreased the protein expression levels of
N-cadherin, Snail and Snai2 in A549 and PC9 cells, while

it upregulated the protein expression levels of E-cadherin.
Furthermore, knockdown of ERCC6L downregulated the
expression levels of Notch 3 and pB-catenin. These results
suggested that ERCC6L may co-regulate EMT through the
Wnt/B-catenin and Wnt/Notch 3 signaling pathways, thus
affecting the occurrence and development of LUAD.

Effect of knocking down ERCCG6L expression on the
proliferation of LUAD cells in vivo. The aforementioned
results showed that knockdown of ERCC6L inhibited the
proliferation of LUAD cells in vitro. To verify if these results
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NC, negative control.

are reproducible in vivo, a LUAD xenograft tumor model in
nude mice was established. Tumorigenesis could be observed
4-7 days after inoculation. The state of the mice, including food
intake, appeared to be normal throughout the experiment. As
revealed in Fig. 8E, mice injected with sh-ERCC6L-transfected
LUAD PC9 cells had reduced tumorigenicity, tumor volume
and tumor weight compared with the control mice (P<0.05).
In line with the in vitro findings, these results suggested that
the low-expression of ERCC6L inhibited the proliferation of
LUAD cells in vivo.

Discussion

The development of new genome-wide sequencing tests, as
well as molecular targeted drugs and antibodies, has improved
the overall efficacy of treatment against cancer. However,
LUAD (a common type of lung cancer) is associated with
poor prognosis and short survival. Therefore, it is necessary
to investigate the mechanism involved in the tumorigenesis
and progression of LUAD and further establish effective treat-
ment strategies (30,31). In recent years, it has been consistently
reported that the expression levels of SNF2 family members,
ERCC6 and ERCC6OL, are significantly associated with
various types of cancers. For example, Zhao et al (32) reported
that high expression of ERCC6 was associated with poor OS in
patients with colorectal cancer who received or did not receive
treatment with 5-fluorouracil. Luo et al (33) revealed that
ERCC6 may be a biomarker for the prognosis of gastric cancer.
Pu et al (34) demonstrated that the expression of ERCCOL was

significantly correlated with the clinical survival of patients
with breast and gastric cancer. Yu et al (35) revealed that liver
cancer patients with low ERCC6L expression had significantly
longer OS. Huang ef al (36) also demonstrated the clinical
potential of interfering with ERCCOL expression to improve
the treatment of high-risk patients with triple-negative breast
cancer. These studies suggested that ERCC6L is a valuable
prognostic marker for patients with cancer and may be a
prognostic biomarker. Nevertheless, little is known about the
expression profile and function of ERCC6L in LUAD.

In this study, TCGA-RNA-seq data was initially used to
demonstrate that ERCC6L is upregulated in most types of
cancer, including LUAD. The immunohistochemical results
based on paraffin sections revealed that ERCC6L was
overexpressed in the tumor tissues of patients with LUAD.
Subsequently, the clinical significance of ERCC6L expres-
sion in LUAD was further analyzed by integrating clinical
samples with TCGA-LUAD data. The results showed that high
ERCCOL expression was significantly associated with lymph
node metastasis, TNM stage, and survival status. Therefore,
ERCCO6L may be involved in the carcinogenesis and progres-
sion of LUAD.

In clinical prognostic studies, objective OS events are
typically considered the end point. This may affect clinical
judgment due to the longer follow-up time for OS. For LUAD
(a highly aggressive tumor type), using more accurate DFI,
PFI, and DSS results with relatively short follow-up times
as reference is of great importance. Because patients may
relapse or deteriorate in a short period of time, this approach
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Figure 8. Effect of ERCC6L expression on cell migration, invasion, the EMT process and subcutaneous tumorigenesis of A549 and PC9 cells. (A) Representative
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has practical guiding significance for biological research, for the diagnosis and prognosis of LUAD. This evidence also
such as tumor invasion and evaluation of clinical treatment laid a foundation for further investigation on the function and
effects. In the present study, high expression of ERCC6L in  mechanism of ERCC6L in LUAD.

both LUAD clinical samples and the TCGA-LUAD dataset Bioinformatics analysis can improve the reproducibility
was significantly associated with shorter OS; this observation  and effectiveness of diagnostic markers of cancer at different
was consistent with the analysis of two GEO independent levels (e.g., molecular and pathway). In the present study,
datasets. Cox regression analysis confirmed that ERCC6L  transcriptome data of LUAD was collected and epigenetic
expression was an independent risk factor affecting the  analysis, pathway analysis, and single-cell level analysis were
prognosis of LUAD. Furthermore, in terms of PFI and DSS, performed to demonstrate that ERCC6L expression may affect
ERCCOL was also indicated as an independent predicator in  the biological behavior of LUAD. To the best of our knowledge,
LUAD. In addition, the ROC analysis suggested that ERCC6L  the underlying molecular mechanisms of ERCC6L dysregula-
mRNA expression has certain diagnostic value. Collectively, tion in tumors are not yet fully understood. Considering the
these results suggest that ERCCOL is a promising biomarker  potential diagnostic and prognostic value of ERCC6L in
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LUAD, it is important to explore the potential mechanism
of ERCC6L dysregulation in LUAD. Genetic and epigenetic
changes (e.g., CN'Vs, DNA methylation, and somatic muta-
tions) often cause abnormalities in gene expression and cancer
cell behavior. CN'Vs can regulate the expression of specific
genes through a dose-effect relationship (37,38). In this study,
DNA amplification was the main type that caused changes
in ERCC6L and was positively correlated with upregulation
of this gene. This association between CNVs and ERCC6L
mRNA expression was also confirmed in LUAD cell lines.
Therefore, it was hypothesized that the aberrant expression
and dysregulation of ERCC6L in LUAD may be due to the
alteration of chromosomal structure. In addition, ERCC6L
mRNA expression was negatively correlated with methylation
levels, indicating that ERCC6L expression may be modulated
by DNA methylation in LUAD.

By identifying genes co-expressed with ERCC6L in
LUAD, the possible biological roles and mechanisms of
ERCC6L were further speculated from the perspective of gene
enrichment analysis. The most significant positively corre-
lated genes were CDCAS, KIF4A, and TPX2, which were
overexpressed in tumor tissues of LUAD. These genes were
positively correlated with ERCC6L expression and associated
with poor OS. By GSEA analysis, these genes were revealed
to be mainly concentrated in chromosomes, spindles, and
microtubules and were primarily involved in cell cycle-related
activities and regulation (e.g., mitotic cell cycle phase transi-
tion, chromosome separation, cell cycle checkpoint activity,
etc.). Similarly, the cell cycle was the most significant signaling
pathway for the enriched genes co-expressed with ERCC6OL in
LUAD. The cell cycle plays an important role in tumorigen-
esis (39). Dysregulation of the cell cycle can lead to cancer
cell proliferation and tumor growth (40). Zhang et al (41)
demonstrated that ERCC6L could enhance cell viability
in vitro and promote tumor growth in vivo by regulating the
mitogen-activated protein kinase (MAPK) signal transduction
pathway after knockout of ERCC6L expression in 786-0 cells.
Chen et al (42) reported that ERCC6L promotes the develop-
ment of liver cancer by activating the PI3K/AKT and nuclear
factor-kB (NF-kB) signaling pathways. Nevertheless, whether
ERCC6L affects the cell cycle of LUAD warrants further
investigation.

Heterogeneity among cancer cells poses a major challenge
to the diagnosis and treatment of cancer. Single-cell sequencing
technology provides an unprecedented opportunity to accu-
rately decipher the functional status of individual cancer
cells (43). Functional analysis of ERCC6L in individual LUAD
cells showed that overexpression of ERCC6L was positively
correlated with the cell cycle, DNA repair, proliferation, DNA
damage, invasion and EMT. The regulation of the cell cycle by
ERCC6L overexpression was consistent with the results of the
GSEA using data from the TCGA-LUAD dataset. In general,
the results of the cancer cell line and single-cell analyses
support the notion that the regulation of cell cycle progression
may be the primary function of ERCC6L in LUAD cells.

Fernandez-Cuesta et al (43) showed that lung cancer types
are not the result of early progenitor cell lesions of highly
aggressive lung neuroendocrine tumors, instead, they arise
through independent cellular mechanisms. Inactivation of
chromatin remodeling genes is sufficient to drive lung carcinoid

transformation. In fact, it has been shown that ERCC6L is
involved in the remodeling of centromere chromatin, and its
binding to PLK1 can enhance the function of ERCC6L in the
consolidation of mitotic chromosomes (44-46). Notably, PLK1
plays an important role in cell division and proliferative life
activities (36), indicating that the dysregulation of ERCC6L
expression can lead to dysregulation of mitosis. In turn, this
process affects the proliferative ability of cells. It has been
reported that inactivation of ERCC6L gene results in p53 acti-
vation, DNA damage, and apoptosis in mouse embryos (47). It
was hypothesized that ERCC6L plays an important role in the
development of LUAD. Furthermore, continuous studies have
shown that high expression of ERCC6L can promote abnormal
cell proliferation and inhibit cell apoptosis in various malig-
nant tumors, such as breast, gastric, and liver cancer. For
example, knockdown of ERCC6L could significantly inhibit
the proliferation of breast cancer cells and induce apoptosis
in vitro (48). Pu et al (34) found that ERCC6L regulated
the cell cycle through the RAB31/MAPK/cyclin dependent
kinase 2 (CDK2) pathway and promoted the proliferation of
cancer cells. Hence, it was hypothesized that ERCC6L may
have a similar biological function in LUAD.

In the present study, a shRNA lentivirus was used to
construct stable LUAD cell lines in which ERCC6L was
knocked down. In cell function experiments, this method can
achieve a relatively stable silencing effect of ERCC6L gene
expression. Knockdown of ERCC6L inhibited the proliferation
of A549 and PC9 cells in vivo and in vitro. Downregulation of
ERCCOL expression lead to cell cycle arrest in the S phase and
promoted apoptosis. These results indicated that the dysregu-
lation of ERCC6L expression could affect the proliferative
ability, apoptosis level, and cycle distribution of LUAD cells.

EMT is a process in which fully differentiated epithelial
cells are transformed into mesenchymal phenotypes and
plays an important role in embryonic development, wound
healing and tumor invasion (49,50). EMT is a reversible
process initiated by several factors, including TGF-f, Notch,
Wnat, fibroblast growth factor (FGF), and epidermal growth
factor (EGF) (51). In addition, the process is mediated by
EMT-induced transcription factors, such as Snail/2, Slug,
Twist, zinc finger E-box binding homeobox 1 (ZEBI), and
ZEB2. E-cadherin, N-cadherin, B-catenin, and Snai are
important molecules involved in cell adhesion and EMT, and
play important roles in organ formation, tissue homeostasis,
and maintenance of epithelial integrity and polarity (52-54).
Loss of E-cadherin function is associated with poor prognosis
and survival in patients with various types of cancer (55).
p-Catenin (a membrane adhesion protein complex) is an
important component of the Wnt signaling pathway. Numerous
studies have shown that mutations or dysregulation of compo-
nents of the Wnt signaling pathway are associated with cancer
in humans (56). The expression levels of E-cadherin and
[-catenin play an important role in the occurrence of EMT
in ovarian cancer cells (57,58). E-cadherin expression is
downregulated in numerous cancer cell lines with enhanced
invasion and migration phenotypes (59). The Wnt/p-catenin
pathway directly or indirectly upregulates the expression of
key transcription factors regulating E-cadherin (60). The
Notch signaling pathway plays a key role in cell development,
affecting cell processes (e.g., differentiation, proliferation and
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migration) and participating in the occurrence and progression
of cancer (61,62). Activation of EMT signaling in cancer cells
is widely thought to contribute to metastasis, recurrence, or
resistance to therapy; hence, molecules that regulate EMT are
also considered drug targets (63). Changes in the occurrence
and metastasis of lung cancer can be judged by changes in
the levels of related EMT markers. Studies have shown that
ERCC6L promotes the growth and invasion of colorectal
cancer cells (64). Similarly, the present study demonstrated
that inhibition of ERCC6L expression attenuated the migra-
tory and invasive activities of A549 and PC9 cells. Following
the downregulation of ERCC6L expression, the protein expres-
sion levels of N-cadherin, Snail, Snai2, Notch 3, and -catenin
were decreased, whereas those of E-cadherin were increased.
These results suggested that ERCC6L may influence the
EMT of LUAD through the Wnt/B-catenin and Wnt/Notch 3
signaling pathways.

Clinically, LUAD is often diagnosed at an advanced
stage; thus, it is difficult to determine the earliest time-point
of EMT initiation. Currently, the effects of the expression of
related genes on cell location remain unknown. Moreover, it
is impossible to determine its influence on the treatment of
tumors and their recurrence and metastasis after treatment.
Therefore, discovering specific targets of epigenetic silencing
during EMT is of great importance. The present study showed
that ERCCG6L is involved in regulating the changes in EMT,
providing a new potential research target for the mechanism
of EMT in LUAD.

In summary, ERCC6L was overexpressed in LUAD tissues
compared with normal lung tissues. Increased expression of
ERCC6L was significantly correlated with nodal invasion and
advanced TNM staging, and acted as an independent risk factor
for prognosis in patients with LUAD. DNA amplification and
hypomethylation may contribute to ERCC6L dysregulation in
LUAD. Knockdown of KIF18A inhibited LUAD cell prolifera-
tion in vitro and in vivo, attenuated cell migration and invasion,
induced apoptosis and S-phase arrest. ERCCOL may regulate
EMT through the Wnt/p-catenin and Wnt/Notch 3 signaling
pathways, leading to malignant biological behavior (i.e., metas-
tasis and invasion) of LUAD. Therefore, ERCC6L may be a
potential therapeutic target for lung cancer. Nevertheless, there
were several limitations in the present study. For example, only
a few case samples were included in the studies on the associa-
tion between the expression of ERCC6L and clinicopathological
characteristics of patients; this is because fresh tissue samples
need to be collected during surgery. Hence, the source of
samples was limited, and the number of samples obtained was
relatively small. Moreover, since the topic of the present study is
that ERCC6L overexpression confers malignant phenotypes of
LUAD, the effect of ERCC6L on normal cell lines (e.g., immor-
talized bronchial cells) should be further examined. Finally,
the in-depth molecular mechanism involved in the genetic and
epigenetic levels (e.g. DNA copy number and methylation), and
in the promotion of lymph node metastasis and invasion of
LUAD by ERCC6L remains to be fully elucidated.
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