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Background: Exonuclease 1 (EXO1) has been identified to be highly expressed in different 
human malignancies, but its expression and prognostic role in lung adenocarcinoma (LUAD) 
remain unknown.
Materials and Methods: Two independent cohorts extracted from public databases and 
one cohort from our center were analyzed in this study. Expression levels of EXO1 in LUAD 
tissues and paired para-cancer tissues were detected. The prognostic value of EXO1 in 
LUAD patients was evaluated in the three cohorts. Enrichment analyses were performed to 
explore the possible underlying biological pathways. Moreover, we also explored the corre-
lations between EXO1 and tumor-infiltrating immune cells and evaluated the impact of 
EXO1 knock-down on the migration of lung cancer cells.
Results: In this study, we found that EXO1 was highly expressed in LUAD tissues 
compared with para-cancerous tissues in public databases (p < 0.01), which was consistent 
with our data (p < 0.01). Survival analysis indicated that high expression of EXO1 was 
associated with poor prognosis in LUAD (p < 0.01). Enrichment analyses indicated that 
biological pathways like cell cycle regulation, DNA damage and repair, immune response, 
neuroactive ligand-receptor interaction, may be associated with EXO1 aberrant expression. 
Moreover, high expression of EXO1 was correlated with decreased infiltrating B cells (p < 
0.01) and CD4+ T cells (p < 0.01) levels, and low infiltrating levels of B cells (p < 0.01) and 
dendritic cells (DCs) (p < 0.05) indicated poor overall survival (OS) in LUAD. Additionally, 
in vitro experiments suggested that knockdown of EXO1 may inhibit the migratory ability of 
lung cancer cells.
Conclusion: In conclusion, EXO1 is a potential prognostic biomarker in LUAD, and 
correlates with infiltrating levels of immune cells in the tumor microenvironment. Further 
prospective validation of EXO1 in lung cancer is warranted.
Keywords: EXO1, lung adenocarcinoma, prognosis, biomarker, immune infiltration

Introduction
Lung cancer (LC) is one of the most common malignancies and is a leading cause 
of cancer-associated mortality among different cancers.1,2 Histologically, LC can be 
divided into two subsets: small cell lung cancer and non-small cell lung cancer 
(NSCLC). In addition, LUAD accounts for the largest subgroup of NSCLC and 
exhibits a tendency for metastasis at an early stage.3,4 Recently, novel therapies for 
LC have been created to exploit the complex interplay of several treatments 
including surgery, systemic chemotherapy, radiation therapy, targeted therapy, and 

Correspondence: Yi-qun Cao  
Email yiqun_fduscc@163.com

submit your manuscript | www.dovepress.com OncoTargets and Therapy 2021:14 1033–1048                                                              1033

http://doi.org/10.2147/OTT.S286274 

DovePress © 2021 Zhou et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

OncoTargets and Therapy                                                                    Dovepress
open access to scientific and medical research

Open Access Full Text Article

http://orcid.org/0000-0003-3708-6146
http://orcid.org/0000-0003-2905-0338
mailto:yiqun_fduscc@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


immunotherapy.5–7 However, the recurrence and mortality 
rates of LUAD are still high, and the prognosis of patients 
is poor.8,9 Considering the low survival rate and poor 
status of LUAD patients, it is imperative to find more 
effective biomarkers to facilitate novel therapeutic 
methods.

As a 5ʹ to 3ʹ exonuclease, EXO1 was found to play vital 
roles in DNA mismatch repair (MMR), DNA double-strand 
break repair (DSBR), cell cycle regulation, nucleotide exci-
sion repair, immunoglobulin maturation, and telomere 
maintenance.10–13 Furthermore, EXO1 can mediate the 
MMR process by interacting with MSH2 or MSH2-MSH6 
form heterodimers.14,15 Dysfunctional DNA replication and 
mismatch repair may lead to the initiation and progression 
of tumors. Accordingly, it has been reported that increased 
EXO1 expression is associated with tumor invasion, metas-
tasis, and poor OS in different tumors. For instance, a high 
expression level of EXO1 is correlated with larger tumor 
size, increased lymph node metastasis, and poor overall 
survival in hepatocellular carcinoma.16 Similarly, the over-
expression of EXO1 indicates poor survival of prostate 
cancer patients and promotes tumor progression and 
metastasis.17 Moreover, a high expression level of the 
EXO1 protein is associated with poor OS in breast cancer 
patients.18 In contrast, it has also been revealed that high 
EXO1 expression favorably affects OS in colorectal cancer 
patients.19 Studies examining the contributions of several 
EXO1 single-nucleotide polymorphisms (SNPs) to lung 
cancer risk have been reported,20–22 but few studies were 
conducted to explore the prognostic value of EXO1 levels 
in LUAD patients.

In this study, we analyzed the EXO1 expression levels in 
tumor and adjacent normal tissues and explored the prognos-
tic value of EXO1 in LUAD patients. To investigate the 
underlying mechanisms, we performed enrichment analyses 
and evaluated the associations between EXO1 expression 
and tumor-infiltrating immune cells. Furthermore, in vitro 
experiments were performed to evaluate the impact of EXO1 
expression on lung cancer cells. Above all, we identified 
a previously unconfirmed potential biomarker for LUAD 
patients and explored the possible mechanisms.

Materials and Methods
Patients and Cell Lines
Cohort 1 was extracted from the Cancer Genome Atlas 
(TCGA) database, including RNA-seq data generated from 
483 LUAD tissues and 59 normal tissues. Cohort 2, 

GSE31210, was obtained from the Gene Expression 
Omnibus (GEO) database, containing expression profiles 
of 226 lung adenocarcinomas and 20 normal tissues. 
A cohort of 78 LUAD patients from Fudan University 
Shanghai Cancer Center, including formalin-fixed paraf-
fin-embedded carcinomas and the adjacent normal tissues, 
was also collected. Two LUAD cell lines (A549 and 
H1299) used in this study were obtained from the 
Chinese Academy of Science (Shanghai, China).

Expression and Survival Analysis
We overviewed the genetic alterations of EXO1 in LUAD 
tissues by using the cBioPortal platform (www.cbioportal. 
org).23 Then, the mRNA levels of EXO1 in human pan- 
cancer tissues and normal tissues were also explored using 
the ONCOMINE database (www.oncomine.org).24 Next, we 
estimated the associations between EXO1 expression with its 
promoter methylation status, TP53 mutation status, and clin-
icopathological features via the UALCAN database (http:// 
ualcan.path.uab.edu).25 The prognostic value of EXO1 
mRNA expression in cohort 1 was analyzed through the 
GEPIA database (http://gepia.cancer-pku.cn/).26 The differ-
ential expression of EXO1 in tumor tissues and para- 
carcinoma tissues and its prognostic value in LUAD were 
verified in cohort 2 from the GEO database. Correlation 
analysis of Ki-67 with EXO1 was conducted in LUAD 
from TCGA through GPEPA.

Kyoto Encyclopedia of Genes and 
Genomes (KEGG) Analysis and Gene Set 
Enrichment Analysis (GSEA)
Base on the gene expression levels of EXO1, differentially 
expressed genes (DEGs) were retrieved from samples from 
the TCGA database by using the limma R package. The 
thresholds for DEGs were |log2FC| ≥ 1 and adjusted p < 
0.05. KEGG analysis was carried out according to the filter-
ing criteria mentioned above (http://www.genome.jp/kegg/ 
pathway.html). Also, GSEA was applied to detect functional 
categories enriched in upregulated DEGs (http://software. 
broadinstitute.org/gsea/index.jsp). The normalized enrich-
ment score (NES) was recorded, and a false discovery rate 
(FDR) < 0.05 was set as the threshold.

Correlations with Immune Infiltrating Cells
The infiltration levels of six immune cell types, including 
B cells, CD4+ T cells, CD8+ T cells, neutrophils, macro-
phages and DCs, associated with EXO1 expression were 
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analyzed via the Tumor Immune Estimation Resource 
(TIMER) database (https://cistrome.shinyapps.io/timer/).27 

Then, survival analyses of tumor-infiltrating immune cells 
in LUAD patients were conducted with Kaplan-Meier 
method, and comparisons of survival curves were analyzed 
with Log rank test.

Protein-Protein Interaction (PPI) 
Network Analysis
PPI network analysis was performed to analyze the 
correlation among the DEGs via Search Tool for the 
Retrieval of Interacting Genes (STRING) (http://string- 
db.org/), and the top 25 relevant hub genes with the 
maximum specific weigh modules were shown.28 The 
functions of these hub genes were described in detail 
according to the Gene Cards description (https://www. 
genecards.org/).29

Immunohistochemistry
Primary antibody specific for EXO1 (Affinity, Df3615, 
1:100) was incubated with tissue sections at 4°C over-
night. Next, incubation with a secondary goat anti-rabbit 
HRP-conjugated antibody (Servicebio, GB23303, 1:200) 
was performed for 50 minutes. Then, the sections under-
went diaminobenzidine color development. The sections 
were counterstained with hematoxylin after being washed 
with water and phosphate buffer saline. Finally, micro-
scopic examination, image acquisition and analysis were 
conducted. Counting was performed using the H-Score 
algorithm. H-score = (percentage of cells with weak inten-
sity × 1) + (percentage of cells with moderate intensity 
× 2) + (percentage of cells with strong intensity × 3).30 

Correlation analysis of Ki-67 index and EXO1 H-score 
was performed in our cohort.

Cell Transfection
Small interfering RNA (siRNA) against EXO1 and corre-
sponding negative control (si-NC) were constructed by 
Genepharma (Shanghai, China). The siRNA sequences 
were subjected to BLAST to reduce off-target effects. 
The constructed siRNA sequences and si-NC sequences 
were transferred into cells using Lipofectamine 2000. The 
siRNA sequences were as follows: si-EXO1-1: 5′- 
CCUCUUUGCCUGAGAAUAATT-3′, and si-EXO1-2: 
5′-GCGGAAGAGGAUAUAUUUATT-3′. The effect of 
the EXO1 knockdown was assessed by quantitative 

reverse transcription-polymerase chain reaction (qRT- 
PCR) 48 h after the transfection.

qRT-PCR Assays
Total RNA from the lung cancer cells was extracted using 
TRIzo006C reagent (Invitrogen, CA, USA), and 1 µg 
RNA was reverse transcribed into cDNA by using the 
reverse transcriptase M-MLV (Invitrogen, CA, USA). 
QRT-PCR was performed by using SYBR-Green PCR 
master mix (Invitrogen, CA, USA) on a Roche Light 
Cycler 480 system (Roche Diagnostics, Mannheim, 
Germany). β-actin was used as an endogenous control. 
The relative expression of genes was calculated using the 
formula 2-∆Ct (∆Ct = Ct target - Ct control). The gene 
primer sequences were as follows: β-actin forward 5′- 
CCCTGGCTCCTAGCACCAT-3′, β-actin reverse 5′- 
GATAGAGCCACCAATCCACACA-3′, EXO1 forward, 
5ʹ- AGGACCATTTCACCACCCACTTTG-3ʹ, and EXO1 
reverse, 5ʹ- AGGACCATTTCACCACCCACTTTG-3ʹ.

Transwell Migration Assays
For cell migration assays, EXO1-negative control and 
EXO1-knockdown lung cancer cells (A549 and H1299) 
were added to the upper chambers in Dulbecco’s modified 
eagle medium (DMEM) containing 1% fetal bovine serum 
(FBS). The lower chambers were filled with DMEM con-
taining 20% FBS. After a 24-hour incubation, the upper 
chambers were fixed with methanol at room temperature 
for 30 minutes and stained with crystal violet staining 
solution for an additional 30 minutes. The cells that passed 
through the membrane were counted under a Leica micro-
scope (magnification, ×100).

Statistical Analysis
Statistical analyses were performed using SPSS, version 
22 (IBM, NY, USA) and GraphPad Prism 7 software (San 
Diego, CA, USA). Survival analysis was performed by 
Kaplan-Meier survival analysis, using the median or quar-
tile value as a cutoff. Then, the prognostic value of each 
potential risk factor was analyzed by the Cox proportional 
hazard regression model, and the estimated hazard ratio 
(HR) and associated 95% confidence interval (CI) were 
demonstrated. A two-sided p < 0.05 was considered sta-
tistically significant. Student’s t-test was used for compar-
ing parameters between groups. Two levels of significance 
for comparisons between groups (*p < 0.05, **p < 0.01) 
were used.
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Results
Elevated mRNA Expression of EXO1 in 
LUAD
Although mutations were infrequent in tested patients, 
increased amplification was most frequently observed 
among EXO1 genetic alterations (p<0.001) (Figure 1A 
and S1). Then, we found a higher expression of EXO1 in 
LUAD patient samples than that in normal tissue samples 
in the TCGA database (p < 0.01) (Figure 1C), which was 
confirmed in the GSE31210 dataset (Figure 1D). Next, the 
promoter methylation level of EXO1 was lower in LUAD 
tissues compared with normal tissues (p < 0.05) (Figure 
1E). Our findings also indicated that EXO1 expression was 
significantly higher in the TP53-mutant group than that in 
the TP53-wild-type group (p < 0.05) (Figure 1F). 
Furthermore, we observed that EXO1 was overexpressed 
in different cancers compared with normal tissues from the 
Oncomine database (Figure 1B).

High EXO1 Level Correlated with 
Clinicopathological Features and 
Indicated Poor OS in LUAD Patients
The overexpression of EXO1 in LUAD was significantly 
associated with a more advanced tumor stage (p < 0.05) 
(Figure 2A), lymph node metastasis (p < 0.05) (Figure 2B) 
and distant metastasis (p < 0.05) (Figure 2C). Kaplan- 
Meier survival analysis showed that patients with higher 
expression of EXO1 mRNA had poorer disease-free sur-
vival (DFS) (p < 0.01, Figure 2D) and OS (p < 0.01, 
Figure 2E). Similar results were also observed based on 
survival analysis from the GSE31210 dataset (p < 0.001, 
Figure 2F). Both univariate and multivariate Cox regres-
sion analysis indicated that a high level of EXO1 was 
correlated with poor OS among the patients from the 
TCGA database (p < 0.001) (Table 1). Moreover, clinico-
pathological features like advanced T stage (p < 0.01) and 
metastatic lymph node (p < 0.001) were also associated 
with poor OS in LUAD (Table 1). A cohort of 78 paired 
human LUAD and para-cancerous tissue samples from our 
center were also analyzed by immunohistochemistry. 
Higher protein expression of EXO1 was observed in 
tumor tissues compared with that in paired adjacent tissues 
(p < 0.001) (Figure 3A and B). Kaplan-Meier survival 
analysis suggested that a higher EXO1 immunohistochem-
istry score suggested a poorer OS in LUAD patients from 
our center (p < 0.05) (Figure 3C). The univariate and 

multivariate regression Cox analyses were also conducted, 
and the results indicated that upregulation of EXO1 was 
associated with poor OS in LUAD (p < 0.05) (Table 2). 
Furthermore, older age (p < 0.01) and advanced T stage 
(p < 0.001) were also correlated with poor OS in LUAD 
patients (Table 2). In addition, EXO1 expression was sig-
nificantly correlated with Ki-67 in LUAD based on TCGA 
(R=0.6, p=0.00), as shown in Figure S2. And yet the 
positive correlation between EXO1 H-score and Ki-67 
index in our cohort was not significant (R=0.11, p=0.34), 
as shown in Figure S3. Baseline features of included 
patients were listed in Supplementary Tables (Table 
S1, S2).

Enrichment Analysis of the EXO1 
Expression Phenotype
After analyzing the gene expression profiles of LUAD 
samples in the TCGA database, a total of 2262 DEGs 
were identified between samples with high or low expres-
sion of EXO1. Of these DEGs, 732 genes exhibited down-
regulated expression, and 1530 genes exhibited 
upregulated expression, as shown in the volcano plot 
(Figure 4A). The top 10 enriched signaling pathways for 
the DEGs were determined by KEGG analysis (Figure 
4B). We also performed GSEA of the upregulated DEGs 
in LUAD, and the top 10 enriched biological pathways 
were illustrated (Figure 4C). Enrichment analyses dis-
closed several enriched signaling pathways, which were 
mainly involved in cell cycle regulation (cell cycle, DNA 
replication, oocyte meiosis), DNA damage and repair 
(nicotine addiction, alcoholism, MMR, nucleotide excision 
repair, homologous recombination), immune response 
(systemic lupus erythematosus, complement and coagula-
tion cascades), and neuroactive ligand-receptor interaction. 
Common pathways identified by both GSEA and KEGG 
analyses were attributed to three pathways, namely, cell 
cycle (Figure 4D), oocyte meiosis (Figure 4E), and DNA 
replication (Figure 4F).

EXO1 Correlated with Immune 
Infiltration Levels and May Affect the 
Outcome in LUAD Patients
Negative correlations between EXO1 expression and the 
levels of infiltrating B cells (r = − 0.219, p < 0.01) and 
CD4+ T cells (r = − 0.124, p < 0.01) in LUAD were shown 
in Figure 5A. Additionally, cumulative survival analysis 
indicated that low levels of infiltrating B cells (p < 0.01) 
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Figure 1 Associations between EXO1 expression and clinicopathological features in LUAD. (A) EXO1 alterations, as determined by the cBioPortal, including amplification, 
missense mutation, and truncating mutation. (B) Pan-cancer analysis for expression levels of EXO1 in different types of cancers from the Oncomine. Different expression 
levels of EXO1 between tumor and normal tissues in LUAD, based on data from the TCGA database (C) and the GSE31210 (D). (E) Different promoter methylation levels 
of EXO1 in tumor and normal tissues in LUAD. (F) Different expression levels of EXO1 in TP53-mutant and TP53-wild-type groups in LUAD. **p<0.01, p < 0.05 was 
considered to be significant. 
Abbreviations: LUAD, lung adenocarcinoma; TCGA, the Cancer Genome Atlas.
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Figure 2 High EXO1 level correlated with clinicopathological features and indicated poor prognosis in LUAD patients among public databases. Box plot showing EXO1 
expression levels in tumors based on stage (A), nodal metastasis status (B) and distant metastasis status (C) determined by the UALCAN database. High mRNA expression 
of EXO1 was correlated with poor DFS (D) and OS (E) in LUAD patients from the TCGA database. Overexpression of EXO1 predicted poor OS in LUAD patients from 
GSE31210 (F). *p<0.05. p < 0.05 was considered to be significant. 
Abbreviations: LUAD, lung adenocarcinoma; DFS, disease-free survival; OS, overall survival; TCGA, the Cancer Genome Atlas.
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and DCs (p < 0.05) might predict poor OS in LUAD 
patients (Figure 5B).

PPI Network Interacted with EXO1
To explore the potential functional connections of DEGs, 
a PPI network was constructed using the STRING data-
base. The top 25 genes with the most significant degree of 
connectivity with EXO1 were shown in Figure 5C, and the 
names, abbreviations, and functions of these genes were 
listed in Table 3. The functions of hub genes mainly were 
concentrated in biological pathways such as cell cycle 
regulation (PCNA, SFN, YWHA family members), 
MMR (MLH1, PMS1, PMS2, MSH2, MSH3), DSBR 
(MRE11A, RAD50, RAD52, UBE2I), immune response 
(ATM, XRCC5, XRCC6).

Knockdown of EXO1 Inhibited the 
Migration of Lung Cancer Cells in vitro
Transwell migration experiments were conducted to explore 
the impact of EXO1 expression levels on lung cancer cells. 
Our results revealed that knockdown of EXO1 expression 
significantly reduced the migration numbers of A549 and 
H1299 cells (Figure 6A–C). These findings indicated that 
knockdown of EXO1 may reduce the migratory ability of 
lung cancer cells in vitro experiments.

Discussion
Despite advances in lung cancer therapy, this disease is 
still among the most malignant types of cancers with 
a poor 5-year survival rate.2,5,31 Therefore, the identifica-
tion of new effective biomarkers and exploration of the 
underlying molecular mechanisms are urgently needed. 
Persistent DNA damage and dysfunction of the DNA 
damage repair process may induce genomic instability, 

leading to cancer initiation, progression, and 
metastasis.32,33 However, degradation-resistant EXO1 
could result in DNA hyper-resection in homologous 
recombination, which severely interfered with DSBR and 
induced chromosomal instability.34 Additionally, several 
EXO1 SNPs have been reported to be associated with 
increased susceptibility to lung cancer, especially in 
patients with a smoking history.20,21,35 Further bioinfor-
matic analysis study showed that EXO1 was one of the 
hub genes acting as biomarkers of poor prognosis in lung 
cancer.36 Here, our study revealed that high EXO1 expres-
sion was consistently correlated with poor prognosis in 
LUAD, as well as with advanced malignant stage, lym-
phatic metastasis, and distant metastasis, via bioinformatic 
analysis. Next, the higher expression of EXO1 in LUAD 
compared with para-cancerous tissues was confirmed with 
immunohistochemistry in our cohort. Combined with 
genetic alterations of EXO1, both promoter hypomethyla-
tion and gene amplification may account for the increased 
EXO1 expression in LUAD (Figure 1A and S1). 
Furthermore, patients with high EXO1 protein expression 
had a poorer prognosis when the cutoff value was set at 
quartile. All these findings suggested a potential oncogenic 
role for EXO1 in LUAD, which was consistent with pre-
vious studies of EXO1 in lung cancer36 and other cancers, 
such as hepatocellular carcinoma,16 prostate cancer,17 col-
orectal adenoma,37 and astrocytoma.38

To further explore the underlying mechanisms, we 
performed enrichment analyses of DEGs according to 
EXO1 expression levels. The results demonstrated that 
the enriched pathways were mainly involved in cell cycle 
regulation, DNA damage repair, and immune response, 
which was consistent with the functions of hub genes of 
the PPI network. Accordingly, it has been reported that 

Table 1 Cox Regression Analysis for Overall Survival of LUAD Patients from the TCGA Database

Variable Univariate Multivariate

P value HR (95% CI) P value

Age 0.259 1.014 (0.996–1.032) 0.128

Gender (female vs male) 0.688 1.068 (0.76–1.501) 0.705
T stage < 0.001 1.38 (1.114–1.711) 0.003

N status < 0.001 1.58 (1.281–1.949) < 0.001

M status 0.007 1.479 (0.811–2.698) 0.202
TP53 mutation 0.179 1.134 (0.834–2.567) 0.315

EXO1 expression < 0.001 1.075 (1.034–1.118) < 0.001

Note: p < 0.05 was considered to be significant. 
Abbreviations: LUAD, lung adenocarcinoma; TCGA, the Cancer Genome Atlas; HR, hazard ratio; CI, confidence interval.
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EOX1 colocalizes with the cell cycle regulatory protein 
proliferating cell nuclear antigen (PCNA) in the S phase,39 

which further stimulates EXO1 to perform DNA end 
resection process.40 Moreover, cell cycle-associated pro-
teins have been shown to modulate the effectiveness of 
radiation and chemotherapy.41,42 Several SNPs of EXO1 

have been confirmed to be associated with radiotherapy or 
chemotherapy resistance, such as radiotherapy resistance 
in glioblastoma cell lines,38 chemotherapy resistance in 
ovarian cancer,43 and resistance to cisplatin treatment in 
NSCLC patients.44 And in our study, we found that EXO1 
was highly expressed in TP53-mutant group compared 

Figure 3 Expression and prognostic value of EXO1 in our cohort. (A) HE staining of EXO1 in tumor and matched normal tissue samples, Scale Bar for × 40 images, 50 μm. 
Positive staining (brown) of EXO1 was detected in tumoral epithelial cells, macrophages, and partially positive in vascular endothelial cells in tumor tissues. And positive 
staining of EXO1 in macrophages and partially positive in normal epithelial cells and vascular endothelial cells in normal tissues. EXO1 was negative in stromal cells in both 
tumor and normal tissues. (B) Immunohistochemistry scores showed that EXO1 was highly expressed in LUAD tumor tissue samples compared with normal tissue samples. 
(C) Kaplan-Meier survival analysis indicated that a high EXO1 immunohistochemistry score was associated with poor OS in LUAD patients. **p<0.01. p < 0.05 was 
considered to be significant. 
Abbreviations: LUAD, lung adenocarcinoma; OS, overall survival.
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with TP53-wild-type group in LUAD. To eliminate the 
confounding effect by TP53 status, multivariate Cox ana-
lysis were conducted. As shown in Table 1, TP53 status 
was not an independent prognostic factor in cohort 1. 
Furthermore, our findings showed that EXO1 was signifi-
cantly and positively correlated with Ki-67 expression in 
the TCGA cohort (Figure S2). However, perhaps due to 
our small sample size, the positive correlation between 
EXO1 H-score and Ki-67 index was not significant in 
our cohort (Figure S3). These results may be explained 
by the potentially important roles of EXO1 in cell cycle 
regulation, which could further promote tumor cell prolif-
eration and may affect the sensitivity to chemotherapy and 
radiation in LUAD patients.

Previous studies suggested that genomic instability 
which was caused by dysfunctional DNA damage 
repair may lead to tumor initiation, invasion, metasta-
sis, and immune evasion.45–48 As mentioned above, 
genomic instability may be caused by aberrant expres-
sion of EXO1, involving abnormalities in DNA mis-
match repair,49 telomere maintenance,12 and 
homologous recombination.34,50 In our research, we 
found that high expression of EXO1 was correlated 
with lymph node metastasis and distant metastasis in 
data from public databases. Additionally, previous stu-
dies suggested that DNA damaging factors like smok-
ing history and nicotine consumption could suppress 
innate immune function and promote lung cancer brain 
metastasis.51,52 However, our results showed no differ-
ence in the proportion of distant metastasis 
between high and low EXO1 expression groups in our 
cohort, possibly due to the small size of cases. 
Interestingly, as an outstanding enriched pathway in 
KEGG, neuroactive ligand-receptor interaction was 
reported to be closely related to smoking-induced 
lung cancers.53 Importantly, it has been found that 
neuroactive ligand-receptor interaction might play 

important roles in brain metastasis of triple-negative 
breast cancer.54 Our data indicated that knockdown of 
EXO1 expression significantly reduces the migratory 
capacity of lung cancer cells in vitro. These findings 
may deliver a hint for the role of EXO1 in distant 
metastasis of lung cancer, which requires further 
investigation.

Tumor-infiltrating immune cells, such as tumor- 
associated macrophages (TAMs), CD8+ T cells, CD4+ 
T cells, B cells, are important components of the lung 
cancer microenvironment.55–58 To explore the possible 
roles of EXO1 in the immune system, we analyzed the 
tumor-infiltrating immune cell levels according to EXO1 
expression through the TIMER database. Decreased 
TAMs and increased CD8+ T infiltration levels in 
LUAD were protective factors in previous studies.55,57 

In line with previous studies, we also found that the 
number of macrophages in tumor tissues was more and 
the staining of EXO1 on macrophages was deeper than 
that in normal tissues (Figure 3A). However, our find-
ings showed that high EXO1 expression level was sig-
nificantly correlated with decreased infiltrating B cells 
and CD4+ T cells levels, but not with CD8+ T cells. 
Accordingly, EXO1 played vital roles in 
immunoglobulin maturation and antibody diversity 
through class switching recombination and somatic 
hypermutation.59,60 Therefore, aberrant overexpression 
of EXO1 may result in the dysfunction of immunoglo-
bulin maturation and reduction of antibody diversity, 
which may further decrease the infiltrating B cell 
levels.34 Furthermore, B cell depletion impaired CD4+ 
T cell activation and clonal expansion in mice whereas 
CD8+ T cell activation was not affected.61 Meanwhile, 
CD4+ T cell receptor repertoire clonality might be 
downregulated by decreasing the density of B cells in 
lung cancer.62 We suggest that EXO1 may induce an 
immune-suppressive environment for LUAD patients by 

Table 2 Cox Regression Analysis for Overall Survival of 78 LUAD Patients in Our Center

Variables Univariate Multivariate

P value HR (95% CI) P value

Age < 0.001 1.061(1.025–1.100) 0.001

Gender (female vs male) 0.315 0.654(0.338–1.268) 0.209
Stage < 0.001 2.640(1.957–3.561) < 0.001

EXO1 H-score 0.037 4.427(1.027–19.088) 0.046

Note: p < 0.05 was considered to be significant. 
Abbreviations: LUAD, lung adenocarcinoma; HR, hazard ratio; CI, confidence interval.
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Figure 4 KEGG and GSEA analyses of DEGs in LUAD patients. (A) Volcano plot of DEGs were identified between the EXO1 high and low expression groups. (B) Top 10 
biological pathways according to KEGG analysis were shown. (C) Top 10 biological pathways enriched among the EXO1 upregulated DEGs through GSEA were shown. The 
overlapping pathways of the KEGG and GSEA analyses were Cell cycle (D), oocyte meiosis (E), and DNA replication (F). p < 0.05 was considered to be significant. 
Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment analysis; DEGs, differentially expressed genes; NES, normalized 
enrichment score; FDR, false discovery rate.
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Figure 5 The relationships of EXO1 with immune cells and the PPI network of EXO1. (A) The infiltrating levels of B cells and CD4 + T cells were negatively associated with 
EXO1 expression in LUAD patients. (B) Survival analysis showed that low levels of B cells and DCs predicted poor OS in LUAD. (C) The top 25 hub genes from the PPI 
network were shown. p < 0.05 was considered to be significant. 
Abbreviations: PPI, protein-protein interaction; DCs, dendritic cells; OS, overall survival.
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decreasing B cells and CD4+ T cell infiltration, but not 
CD8+ T cells. Moreover, the abundance of immune cells 
is varied in different immune subtypes. For instance, the 
Immunity High subtype generally has high infiltrating 
levels of CD8+ T cells and exhibits more sensitivity to 
immunotherapy.63 In contrast, the Immunity Low sub-
type tends to obtain a high capacity of immune evasion 
for neoantigen loss and low infiltrating levels of CD8 + 
T cells.64 As mentioned above, we speculate that the 
humoral immunity inactivation caused by EXO1 aber-
rant overexpression may induce a tumor environment 
similar to the Immunity Low subtype. In the immune- 
suppressive environment, CD8+ T cell infiltrating levels 
may not have a significantly impact on the outcome in 
LUAD patients who are insensitive to immunotherapy.63 

Importantly, our results also revealed that low infiltrat-
ing levels of B cells were significantly associated with 
poor OS in LUAD patients. Consistently, a high density 
of tumor-associated tertiary lymphoid structure B cells 
was confirmed as a biomarker of favorable overall 

survival in NSCLC.65 Future studies are needed to vali-
date our hypothesis and extend our findings.

However, there were still some limitations in this 
study. First, the small sample size of our own cohort and 
retrospective design might have led to patient selection 
bias. Therefore, further large sample size studies are 
needed to verify our findings. Second, we merely per-
formed the migration assay in vitro, and other in vitro 
experiments as well as in vivo experiments will be con-
ducted in future research. Finally, the relationships 
between EXO1 expression levels and immune cells were 
analyzed from data deposited in public databases. 
Prospective studies are needed to further validate the 
potential roles of EXO1 in the immune microenvironment 
of LUAD patients.

Conclusion
In summary, our study suggested that EXO1 was 
a potential marker to predict the poor prognosis of 
LUAD patients, and correlated with tumor-infiltrating 

Table 3 Top 25 Hub Genes in PPI Network of EXO1

Name Abbreviation Function

Stratifin SFN Cell cycle checkpoint protein
Tryptophan 5-Monooxygenase Activation Protein Beta YWHAB Cell cycle checkpoint protein

Tryptophan 5-Monooxygenase Activation Protein Epsilon YWHAE Cell cycle checkpoint protein

Tryptophan 5-Monooxygenase Activation Protein Gamma YWHAG Cell cycle checkpoint protein
Tryptophan 5-Monooxygenase Activation Protein Eta YWHAH Cell cycle checkpoint protein

Tryptophan 5-Monooxygenase Activation Protein Theta YWHAQ Cell cycle checkpoint protein

Tryptophan 5-Monooxygenase Activation Protein Zeta YWHAZ Cell cycle checkpoint protein
Proliferating Cell Nuclear Antigen PCNA Cell cycle regulation; DNA replication

MutL Homolog 1 MLH1 MMR; DNA damage; Meiosis
BLM RecQ Like Helicase BLM DNA replication and repair

DNA Replication Helicase/Nuclease 2 DNA2 DNA replication and repair

ATM Serine/Threonine Kinase ATM DSBR; pre-B cell allelic exclusion
ATR Serine/Threonine Kinase ATR DNA damage

RAD50 Homolog RAD50 DSBR; DNA recombination; Telomere maintenance

RAD52 Homolog RAD52 DSBR; DNA recombination
MRE11 Homolog A MRE11A DSBR; DNA recombination; Telomere maintenance

Ubiquitin Conjugating Enzyme E2 I UBE2I DSBR; DNA recombination; Sumoylation

Ubiquitin Like Modifier Activating Enzyme 2 UBA2 Sumoylation
PMS1 Homolog 1 PMS1 MMR

PMS1 Homolog 2 PMS2 MMR; DNA damage

MutS Homolog 2 MSH2 MMR
MutS Homolog 3 MSH3 MMR

X-Ray Repair Cross Complementing 5 XRCC5 DSBR; Innate immune response

X-Ray Repair Cross Complementing 6 XRCC6 DSBR; Innate immune response
WRN RecQ Like Helicase WRN DNA repair; Homologous recombination

Abbreviations: PPI, protein-protein interaction; MMR, DNA mismatch repair; DSBR, Double-strand break repair.
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immune cells. Further research is needed to confirm these 
findings.

Abbreviations
CI, confidence interval; DCs, dendritic cells; DEGs, differ-
entially expressed genes; DFS, disease-free survival; 

DMEM, Dulbecco’s modified eagle medium; DSBR, DNA 
double-strand break repair; EXO1, Exonuclease 1; FBS, fetal 
bovine serum; FDR, False Discovery Rate; GEO, Gene 
Expression Omnibus; GSEA, gene set enrichment analysis; 
HR, hazard ratio; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; LC, lung cancer; LUAD, lung adenocarcinoma; 

Figure 6 Knockdown of EXO1 inhibited the migratory capacity of lung cancer cells. (A) The knockdown effect of EXO1 was detected by qRT-PCR. (B) The results of 
transwell migration assays among A549 and H1299 cells. (C) Knockdown of EXO1 significantly decreased migrated cell counts. *p<0.05; **p<0.01. p < 0.05 was considered 
to be significant. 
Abbreviation: qRT-PCR, quantitative real-time PCR.
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MMR, DNA mismatch repair; NES, normalized enrichment 
score; NSCLC, non-small cell lung cancer; OS, overall sur-
vival; PCNA, protein proliferating cell nuclear antigen; PPI, 
protein-protein interaction; qRT-PCR, quantitative reverse 
tran-scription-polymerase chain reaction; SNPs, single- 
nucleotide polymorphisms; STRING, Search Tool for the 
Retrieval of Interacting Genes; TAMs, tumor-associated 
macrophages; TCGA, the Cancer Genome Atlas; siRNA, 
small interfering RNA.
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