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Lung adenocarcinoma (LUAD) is a very common and lethal kind of lung malignancy. An increasing 
number of studies indicated that tissue-resident memory T (TRM) cells played significant roles in 
anti-cancer immunity. In our previous study, EXO1 was found to be a core gene for TRM cells in the 
prognosis of LUAD. However, the roles of EXO1 in the tumor microenvironment, and its application in 
the diagnosis and prognosis prediction of LUAD are still inadequately explored. In this study, the RNA 
expression, DNA methylation, CNV, somatic mutation data of EXO1, and the corresponding patients’ 
clinical information from publicly available databases were analyzed using bioinformatic methods. The 
results were validated through immunohistochemical staining of EXO1 in LUAD samples. The results 
showed EXO1 was aberrantly highly expressed in LUAD tissues. High expression of EXO1 was a risky 
factor for LUAD patients. The expression level of EXO1 was associated with many clinical features 
such as TNM stages. It can also distinguish normal tissues and LUAD tumor tissues accurately. EXO1 
expression was correlated with the infiltration of immune cells, and high expression of EXO1 was an 
adverse effect on LUAD patients receiving anti-PD-1/PD-L1 immunotherapy. Moreover, patients with 
EXO1 mutation had worse DSS, DFI and PFI.
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Lung cancer is one of the cancers with the highest morbidity, resulting in the most cancer-related deaths in the 
world1. Lung adenocarcinoma (LUAD) is a kind of non-small cell lung cancer (NSCLC). It is the most common 
lung malignancy and is usually accompanied with genetic and morphologic diversity, which caused difficulties 
for the diagnosis and treatment of LUAD2,3. Currently, the 5-year survival rate of LUAD patients still remains 
23% despite improvements in early diagnosis and individualized treatment, and uncovering novel molecular 
biomarkers to establish novel diagnostic and treatment models is essential for reducing LUAD impairment4.

EXO1 (Exonuclease 1) is a 5′→3′ exonuclease and 5′-flap structure-specific nuclease that belongs to the 
RAD2 nuclease enzymes family5,6. It can catalyze the excision of single nucleotides from the 5′ end of DNA 
double-stranded substrates and efficiently resects structures with 5′ overhanging flaps5,6. The function of EXO1 
is closely related to genomic DNA metabolic processes such as replication stress response, double strand break 
repair, mismatch repair, nucleotide excision repair and telomere maintenance7. It was reported that EXO1 
polymorphisms were associated with an increased susceptibility to cancers8,9, and high expression of EXO1 was 
related to poor prognosis of several cancers, including LUAD10, hepatocellular carcinoma11,12, prostate cancer13 
and breast cancer14.

Tissue-resident memory T (TRM) cells are a special kind of memory T cells that have been discovered in 
recent years. They can reside in non-lymphoid tissues without entering the bloodstream recirculation15. TRM 
resides in multiple tissues including lung, gastrointestinal tract, skin, brain and kidney16–18. TRM cells play an 
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important role in anti-tumoral immunology for a variety of cancers, such as lung cancer, breast cancer, intestinal 
cancer, ovarian cancer and melanoma19–23, and the infiltration of TRM cells in tumor tissues is a protective factor 
for the prognosis of patients24. Recent study has shown that TRM cells residing in specific organs play different 
roles, and the specific genes of TRM cells in barrier sites such as lung were obtained through the integrative 
analyses of single-cell proteins and transcriptome25. To explore whether the lung TRM specific genes play unique 
roles in the immune function of TRM cells in LUAD, we performed multi-omics bioinformatic analyses using 
data from multiple LUAD cohorts. We constructed a lung specific TRM related signature that can efficient predict 
the prognosis and immunotherapeutic outcomes of LUAD patients, and found EXO1 was the core gene in this 
prognostic signature (the corresponding manuscript is under review).

Based on our previous study, to further explore the roles of EXO1 in the diagnosis and prognosis, tumor 
immune cell infiltration, immune checkpoints, immunotherapy, aberrant DNA methylation and genetic 
alterations of LUAD, we performed in-depth bioinformatics analyses in LUAD using the data from TCGA and 
GEO databases, and validated our results through the immunohistochemical staining experiment on clinical 
samples.

Materials and methods
Data collection and processing
The gene expression data was acquired from TCGA and GEO databases. TCGA Pan-Cancer (PANCAN) 
dataset including TCGA-LUAD was downloaded using UCSC-xena (https://xenabrowser.net/datapages/) 
website. It contains 10,535 samples including normal and tumor tissues, and the clinical information, including 
OS of patients. The TCGA data was normalized to log2(TPM + 1). The GSE32863, GSE43458, GSE116959, 
GSE135222, GSE162945 and GSE203360 datasets were downloaded from GEO ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​
v​/​g​e​o​/​​​​​) database. Among them the GSE162945 dataset consisted of nine samples receiving radiotherapy and 
nine samples without radiotherapy. GSE135222 is an immunotherapeutic cohort containing 27 NSCLC patients 
treated with anti-PD-1/PD-L1 drugs. GSE203360 contained the scRNA data of six LUAD samples. The other 
four datasets all contained normal lung tissues and LUAD tissues.

Analyzing EXO1 expression in normal and cancer tissues
TCGA Pan-Cancer (PANCAN) dataset was applied to investigate EXO1 expression between normal and tumor 
tissues in multiple cancer types. TCGA-LUAD, GSE32863, GSE43458 and GSE116959 datasets were used to 
analyze EXO1 expression levels in normal lung and LUAD tissues. DESeq2-count or Mann-Whitney U test-
log2TPM was served to calculate the significance.

Identification of differentially expressed genes (DEGs)
The patients in TCGA-LUAD dataset were divided into EXO1 low expression and high expression groups 
according to the median expression level. R package “limma” was used to screen differentially expressed genes 
between EXO1 low and high expression level, with the threshold set at p < 0.05 and |logFC|>1. The volcano plot 
and heatmap were used to show the DEGs. GO and GSEA analyses were subsequently performed for these 
DEGs.

Biological functional annotation
R package “clusterProfiler” was applied to perform the GO enrichment analysis. The Gene Set Variation Analysis 
(GSVA) algorithm was used to calculate the score for each KEGG pathway in each sample. The differentially 
activated pathways in EXO1 expression high and low groups were identified using the “limma” package with 
the differential threshold set at FDR < 0.05. Differentially activated REACTOME pathways between EXO1 
expression high and low groups were analyzed using Gene Set Enrichment Analysis (GSEA).

Single-cell RNA-seq (scRNA-seq) analysis
The R package “Seurat” was used to preprocess the scRNA-seq data. Cells with more than 50 and less than 10,000 
genes and with less than 5% mitochondrial gene expression were included in this study. The “NormalizeData” 
function was used to normalize the scRNA-seq dataset, and 1500 highly variable genes was identified using the 
“vst” method of the “FindVariableFeatures” function. Subsequently, we made scale transformed for the data and 
performed principal component analysis (PCA) for dimensionality reduction. We eventually selected the top 
20 principal components for the downstream analyses. We then used the TSNE algorithm for cell clustering 
analysis and the visualization of the results. The cell types were annotated through R package “SingleR”.

The evaluation of immune microenvironment in LUAD
The marker genes of 28 immune cell types were obtained from the TISIDB (http://cis.hku.hk/TISIDB/) database, 
and the infiltration status of immune cell types in LUAD tissues was assessed using ssGSEA. The correlation 
between EXO1 expression and immune cell infiltration was evaluated by Spearman correlation analysis. The 
immune checkpoint genes were got from a publication26, and Spearman analysis was also used to calculate the 
correlation between the expression of EXO1 and immune checkpoint genes.

Methylation, mutation and CNV analyses
Online tool MetSurv (https://biit.cs.ut.ee/methsurv/) was used to analyze the DNA methylation level of EXO1 
gene and the prognostic value of EXO1 CpG islands. The CNV data of TCGA-LUAD was downloaded using 
TCGAbiolinks, and then the CNV frequent was presented in a plot finished by R software. The effects of copy 
number variation and somatic mutations in EXO1 on prognosis were also evaluated according to patients’ 
survival time.
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The association between EXO1 and patient clinical features
The correlation between EXO1 high and low expression groups and clinical features was assessed according to 
patient clinical information. The logistic analysis was used to analysis the correlation between EXO1 expression 
levels and clinical features. KM curve was applied to analyze patients’ prognosis in EXO1 high and low groups. 
The univariate and multivariate Cox regression analyses were employed to figure out whether EXO1 is an 
independent risky factor for LUAD.

Clinical sample collection and immunohistochemistry
Lung adenocarcinoma samples were collected from the pathological department of Shandong Provincial Hospital 
from 2017 to 2021. Written informed consents were provided by all participants. Tumor tissues were obtained 
from biopsy excision, formalin fixed and paraffin embedded (FFPE) for histological evaluation. After paraffin 
wax removal and rehydration, the sections were placed in Citrate Antigen Retrieval Solution, boiled for 15 min 
for antigen retrieval. Then, endogenous peroxidase blocker was added to block the endogenous peroxidase in 
the sections. After Incubated in the room temperature for 30 min, each sample was added with 50µL goat serum 
working fluid and placed in 37℃ for 20 min to block non-specific staining. Subsequently, Sections were placed 
on the primary antibody (Rabbit Anti-Exonuclease 1 polyclonal antibody, 1:400, bs-13119R, Bioss Ltd, CHN) 
for 1 h at 37℃. After 3 × 5-minute PBS solution washes, the sections were incubated in biotinylated secondary 
antibody at room temperature for 30 min, followed by subsequent washes (3 × 5 min in PBS solution). Then, 
the sections were dried with absorbent paper and incubated with 50µL horseradine-labeled streptin for 20 min 
at 37℃. The sections were then rinsed with PBS solution for 3 × 5  min. After immunostaining, the sections 
were visualized using a MBMbio-intelligence-400 scanister according to the manufacturer’s protocol. Slides were 
examined by two experienced pathologists independently according to WHO criteria.

Statistical analysis
All the bioinformatic analyses were performed in R software (version 4.4.0). For significance analysis between 
various values, the wilcoxon rank-sum test was applied to compare the differences between two groups of 
samples, while Kruskal-Wallis test was used to compare the differences between multiple groups of samples. For 
plot presentation, the “ns” represents p > 0.05; * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001; 
and **** represents p < 0.0001. Survival curves in the prognostic analysis were generated by the Kaplan-Meier 
method, and the significance of the differences was determined by the log-rank test.

Results
The aberrant expression of EXO1 in LUAD and the exploration of its influence factors
The pan-cancer data in TCGA were downloaded from the UCSC-xena database, in which there were 33 cancer 
types. The expression data were normalized to log2(TPM + 1) to compare the differential expression of EXO1 
gene in cancer and adjacent normal tissues in each cancer type (Fig. 1A). The LUAD data was extracted from 
the pan-cancer data, with a total of 572 samples, 513 being cancer samples and 59 being normal tissues. Results 
showed the expression level of EXO1 was significantly higher expressed in LUAD compared with normal tissues 
(Fig. 1B). Moreover, we obtained multiple datasets containing both LUAD tissues and adjacent normal tissues 
from GEO database including GSE32863, GSE43458 and GSE116959. The expression level of EXO1 was also 
higher in LUAD according to the analytical results in these datasets (Fig. 1C-E).

To research whether the expression of EXO1 was regulated by copy number variation (CNV) in LUAD, CNV 
analysis was performed based on the data downloaded using TCGAbiolinks. The proportion of every EXO1 
CNV pattern was presented in Supplementary Fig. 1A. EXO1 expression was upregulated in the EXO1 gain and 
deletion groups compared with diploid group, but there was no significant difference between EXO1 gain and 
deletion groups (Supplementary Fig. 1B). This may mean EXO1 expression was not regulated by CNV.

To investigate whether radiotherapy could affect the expression of EXO1 in LUAD, the expression level 
of EXO1 in LUAD patients receiving radiotherapy or not receiving radiotherapy was analyzed in GSE162945 
dataset. Results showed EXO1 expression was significantly downregulated after radiotherapy (Fig. 1F).

EXO1 expression levels were associated with clinicopathological characteristics
Correlation analysis was performed to research the association between EXO1 expression levels and 
clinicopathological characteristics in LUAD patients. Results showed there were significant differences in 
clinical stages, TNM stages, overall survival (OS) and smoke rate between EXO1 high and low expression groups 
(Table 1). EXO1 expression levels showed a significant correlation with the clinical stages (Fig. 2A), TNM stages 
(Fig. 2B-D), overall survival (OS) (Fig. 2E), disease specific survival (DSS) (Fig. 2F), disease free interval (DFI) 
(Fig. 2G) and progression free interval (PFI) (Fig. 2H). The logistic regression analysis showed the expression 
level of EXO1 was correlated with multiple clinicopathological features such as clinical stages, TNM stages, 
gender, tumor status, smoke and age (Table 2).

EXO1 was a potential biomarker for the diagnosis and prognosis prediction of LUAD
To investigate the value of EXO1 in the diagnosis and prognosis prediction for LUAD patients, Kaplan-Meier 
survival analysis and correlation analysis between EXO1 expression and patient clinical features were performed. 
Patient prognosis between EXO1 high and low expression groups was analyzed based on OS, DSS, PFI and 
DFI, respectively. Results showed patients with high EXO1 expression had significantly worse prognosis for OS 
(Fig. 3A), DSS (Fig. 3B) and PFI (Fig. 3D), but not for DFI (Fig. 3C). Subsequently, univariate and multivariate 
Cox regression analyses were conducted, and results showed EXO1 was an independent risk factor in the 
prediction of OS among other clinical features such as gender and TNM stage (Table 3).
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ROC curve analysis was used to determine the diagnostic value of EXO1 expression levels, which could 
accurately differentiate between tumor and adjacent normal tissues with an AUC value of 0.962 (Fig. 4A). The 
time-dependent ROC curve analysis was used to evaluate the efficacy of EXO1 expression in predicting the 
prognosis of LUAD patients, and the results showed the AUC value at 1-, 3-, and 5-year survival was 0.628, 0.636 
and 0.599, respectively (Fig. 4B). A nomogram model was constructed that included EXO1 expression levels, 
clinical stages, TNM stages, tumor status, age and smoke as parameters. These factors were established as highly 
significant prognostic prediction factors based on the multivariate Cox regression analysis. The nomogram 
showed a significantly high clinical value in predicting the 1 -, 3-, and 5-year survival probability of the LUAD 
patients (Fig. 4C).

Fig. 1.  EXO1 expression significantly up-regulated in multiple cancers including LUAD. (A) The differences 
of EXO1 expression between tumor and adjacent normal tissues in pan-cancer types. (B-E) EXO1 expression 
levels were significantly higher in the LUAD tissues compared to the adjacent normal lung tissues in the 
TCGA-LUAD (B), GSE32863 (C), GSE43458 (D) and GSE116959 (E) datasets. (F) EXO1 expression was 
downregulated in LUAD patients receiving radiotherapy. DEGs, differentially expressed genes. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Characteristic high_EXO1 expression low_EXO1 expression p

Total number of patients 258 255

Age (mean (SD)) 64.24 (10.05) 66.33 (9.95) 0.021

Gender (%) 0.029

Female 126 (48.8) 150 (58.8)

Male 132 (51.2) 105 (41.2)

Race (%) 0.905

Asian 5 (1.9) 3 (1.2)

Black or African American 27 (10.5) 25 (9.8)

others 33 (12.8) 33 (12.9)

White 193 (74.8) 194 (76.1)

Clinical stage (%) 0.001

Stage I 121 (46.9) 161 (63.1)

Stage II 67 (26.0) 55 (21.6)

Stage III 52 (20.2) 31 (12.2)

Stage IV 18 (7.0) 8 (3.1)

T stage (%) 0.037

T1 71 (27.5) 101 (39.6)

T2 152 (58.9) 124 (48.6)

T3 25 (9.7) 22 (8.6)

T4 10 (3.9) 8 (3.1)

N stage (%) 0.025

N0 157 (60.9) 184 (72.2)

N1 52 (20.2) 44 (17.3)

N2 48 (18.6) 26 (10.2)

N3 1 (0.4) 1 (0.4)

M stage (%) 0.043

M0 240 (93.0) 248 (97.3)

M1 18 (7.0) 7 (2.7)

OS event (%) 0.014

Alive 150 (58.1) 176 (69.0)

Death 108 (41.9) 79 (31.0)

DSS event (%) 0.051

Alive 171 (71.8) 191 (79.9)

Death 67 (28.2) 48 (20.1)

DFI event (%) 0.302

Alive 95 (67.4) 119 (73.5)

Death 46 (32.6) 43 (26.5)

PFI event (%) 0.132

Alive 144 (55.8) 160 (62.7)

Death 114 (44.2) 95 (37.3)

Tumor status (%) 0.063

Tumor free 132 (51.2) 155 (60.8)

Unknow 29 (11.2) 28 (11.0)

With tumor 97 (37.6) 72 (28.2)

KRAS mutation performed (%) 0.07

NO 234 (90.7) 217 (85.1)

YES 24 (9.3) 38 (14.9)

EGFR mutation performed (%) 0.858

NO 219 (84.9) 214 (83.9)

YES 39 (15.1) 41 (16.1)

Smoked (%) 0.035

NO 174 (67.4) 148 (58.0)

YES 84 (32.6) 107 (42.0)

Site (%) 0.069

Lower 79 (30.6) 95 (37.3)

Middle 19 (7.4) 18 (7.1)

Continued
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Prognostic performance of EXO1 in the clinicopathological subgroups of LUAD patients
To further evaluate the prognostic value of EXO1, Cox regression analysis was conducted for specific LUAD 
subgroups according to the clinicopathologic parameters. The results showed low expression of EXO1 was a 
protective factor in the OS (Fig. 5A), DSS (Fig. 5B) and PFI (Fig. 5D) of all the patients, patients with T2&T3&T4 

Characteristics OR CI lower CI upper P value

Clinical stage (Stage I&II vs. Stage III&IV) 1.496598637 1.056583259 2.12431462 0.023544351

Gender (Male vs. Female) 0.484920635 0.310860543 0.747493215 0.001191802

T stage (T1 vs. T2, T3&T4) 0.578916715 0.398523444 0.837534346 0.003879704

N stage (N0 vs. N1 N2&N3) 0.599817047 0.413007516 0.86764381 0.006896574

M stage (M0 vs. M1) 0.376344086 0.144091466 0.880805431 0.031558828

Tumor status (With tumor vs. Tumor free) 0.632125046 0.430007804 0.926049477 0.018975958

Smoked (YES vs. NO) 1.49758687 1.04575797 2.150109626 0.027936244

Age (> 73 vs. <=73) 1.748062016 1.137328677 2.709427676 0.011498054

Table 2.  Logistic regression analysis of the relationship between clinicopathological and the EXO1 expression 
levels in LUAD patients.

 

Fig. 2.  EXO1 expression levels were correlate with multiple clinicopathological characteristics of LUAD 
patients. (A–H) The correlation analysis between EXO1 expression levels and clinical stages (A), T stages 
(B), N stages (C), M stages (D), OS status (E), DSS status (F), DFI status (G) and PFI status (H). OS, overall 
survival; DSS, disease specific survival; DFI, disease free interval; PFI. progression free interval. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001.

 

Characteristic high_EXO1 expression low_EXO1 expression p

Overlapping 0 (0.0) 4 (1.6)

Upper 160 (62.0) 138 (54.1)

Table 1.  Clinicopathological characteristics of LUAD patients with high- and low-EXO1 expression levels.
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Characteristics

HR for OS
(95% CI)

Univariate Multivariate

EXO1(low vs. high) 1.495(1.114–2.005)** 1.476(1.049–2.078)*

Gender (Male vs. Female) 0.947(0.707–1.268)

Clinical stage (Stage I&II 
vs. Stage III&IV) 2.612(1.915–3.562)*** 1.443(0.906–2.298)

T stage (T1 vs. T2, T3&T4) 1.619(1.156–2.268)** 1.12(0.76–1.65)

N stage (N0 vs. N1, 
N2&N3) 2.478(1.849–3.32)*** 1.513(1.014–2.259)*

M stage (M0 vs. M1) 2.194(1.291–3.729)** 0.717(0.349–1.473)

Tumor status (With tumor 
vs. Tumor free) 6.414(4.38–9.393)*** 6.121(4.134–9.062)***

Smoked (YES vs. NO) 1.13(0.831–1.535)

Age (> 73 vs. <=73) 1.339(0.957–1.874)

Table 3.  Cox regression analysis of the clinical in LUAD patients based on various clinicopathological 
characteristics including EXO1 levels.

 

Fig. 3.  The expression of EXO1 was associated with the prognosis of LUAD patients. (A-D) were the Kaplan-
Meier curves of the patients’ overall survival (A), disease specific survival (B), disease free interval (C) and 
progression free interval (D).

 

Scientific Reports |         (2025) 15:4002 7| https://doi.org/10.1038/s41598-025-88126-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and patients with M0 stages of tumor, but not the DFI (Fig. 5C). EXO1 low expression was also favorable for 
the DSS (Fig. 5B), DFI (Fig. 5C) and PFI (Fig. 5D) of patients with N0 stage of tumor. Moreover, EXO1 was a 
protective factor for the OS (Fig. 5A), DSS (Fig. 5B), DFI (Fig. 5C) and PFI (Fig. 5D) of patients who smoked. 
These results demonstrated EXO1 was still a risky factor in different subgroups of LUAD patients.

Fig. 4.  The nomogram model with EXO1 shows a superior diagnostic and prognostic performance in LUAD. 
(A) Diagnostic ROC curves to distinguish LUAD tissues and normal tissues based on the EXO1 expression 
levels. (B) Time-dependent survival ROC curves to predict 1-, 3-, and 5-year survival rates of LUAD patients 
based on the EXO1 expression levels. (C) ROC curve analysis to evaluate the prediction efficacy of the 
nomogram model that includes EXO1 expression levels and clinicopathological factors (clinical stages, TNM 
stages, tumor status, age, and smoke) to predict the 1-, 3-, and 5-year survival rates of LUAD patients.
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EXO1 gene mutation, but not methylation was associated with the survival of LUAD 
patients
To investigate whether the genetic and epigenetic alterations of EXO1 had an impact on LUAD patients’ clinical 
outcomes, the mutation and methylation data downloaded from TCGA was analyzed. The Kaplan-Meier curve 
showed patients with EXO1 mutation had significantly shorter DSS (Fig. 6B), PFI (Fig. 6C) and DFI (Fig. 6D), 
but the result of OS was not significant (Fig. 6A).

In the analysis of EXO1 DNA methylation by MetSurv tool, it can be observed that in UCSC_CpG_Island the 
CpG level in the Open_Sea region was significantly higher than that in other regions (Supplementary Fig. 2). In 
the prognostic analysis for the CpG islands in EXO1 gene, results showed the CpG islands in EXO1 gene had no 
significant effect on the prognosis of LUAD patients (Supplementary Table 1).

Identification of differentially expressed genes (DEGs) according to EXO1 expression
To explore the mechanisms underlying the effects EXO1 have on patient clinical outcomes, we identified DEGs 
between EXO1 low and high expression groups to make further analyses. The LUAD patients from TCGA 
were divided into EXO1 high and low expression groups according to the median. R package “limma” was 
applied to perform differential analysis between EXO1 high and low expression groups, with the threshold 
set at p-value < 0.05 and |logFC| ≥ 1. Totally, 317 DEGs were obtained, including 205 upregulated genes and 
112 downregulated genes in EXO1 high expression group (Supplementary Table 1). The DEGs were visualized 
through volcano plot (Supplementary Fig. 3A). The heatmap showed the top 10 DEGs that were significantly 
correlated with the expression of EXO1 (Supplementary Fig. 3B).

Fig. 5.  Prognostic performance of EXO1 expression in different LUAD patient subgroups. The LUAD patients 
were divided into different subgroups based on TMN stages, smoke, tumor status, age, gender and clinical 
stages. (A–D) The Cox regression analysis results show the prognostic performance of EXO1 expression levels 
regarding overall survival (A), disease-specific survival (B), disease free interval (C) and progression free 
interval (D) in different subgroups of LUAD patients. The results are represented by the hazard ratio (HR). 
The ends represented the 95% confidence interval (CI) of the HR values, and the positions of the diamonds 
represented the significance of the prognostic performance of EXO1.
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EXO1 expression levels were associated with different biological functions
R package “clusterProfiler” was applied to perform GO enrichment analysis for the 317 DEGs acquired in the 
last step. It could be observed the DEGs were mainly enriched in biological processes such as chromosome 
segregation, organelle fission and nuclear division (Fig.  7A, Supplementary Table 2). In the GSVA analysis, 
results showed many cancer-related pathways, such as thyroid cancer, bladder cancer and small cell lung cancer 
pathways were more activated in EXO1 high expression group (Fig. 7B, Supplementary Table 3). The GSEA 
analysis presented the DEGs were primarily enriched in pathways including Cell Cycle (Fig. 7C), Cell Cycle 
Mitotic (Fig. 7D), Cell Cycle Checkpoints (Fig. 7E), M Phase (Fig. 7F), Mitotic Prometaphase (Fig. 7G), Mitotic 
Metaphase and Anaphase (Fig. 7H), Signaling by Rho Gtpases Miro Gtpases and Rhobtb3 (Fig. 7I), Resolution 
of Sister Chromatid Cohesion (Fig. 7J), G2 M Checkpoints (Fig. 7K), Mitotic Spindle Checkpoint (Fig. 7L), 
Separation of Sister Chromatids (Fig. 7M) and Rho Gtpase Effectors (Fig. 7N). All the enriched pathways of the 
DEGs can be seen in Supplementary Table 4.

The expression level of EXO1 was correlated with immune cells infiltration in LUAD
To explore the infiltration of immune cell types in different EXO1 expression groups of LUAD, ssGSEA and 
Spearman’s correlation analysis were performed. In the 28 types of immune cells, 20 types were significantly 
correlated with EXO1 expression (Fig. 8A, Supplementary Tables 5 and 6). Some tissue-resident memory T cells, 
such as Effector memory CD4 T cell (Fig. 8B), Effector memory CD8 T cell (Fig. 8C) and Central memory CD4 
T cell (Fig. 8D) significantly differentially infiltrated in EXO1 high and low groups. Moreover, the infiltration of 
Activated B cell (Fig. 8E), Activated CD4 T cell (Fig. 8F) and Activated dendritic cell (Fig. 8G) were also different 
in two groups.

Fig. 6.  EXO1 gene mutation was associated with the prognostic outcomes of LUAD patients. (A-D) were the 
Kaplan–Meier survival curves of patients’ overall survival (A), disease specific survival (B), disease free interval 
(C) and progression free interval (D).
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Fig. 7.  Functional enrichment analysis of the differentially expressed genes (DEGs) between EXO1 high 
and low expression groups. (A) GO enrichment analysis of the EXO1-associated DEGs showed the enriched 
biological functions (BP), cellular components (CC) and molecular functions (MF). (B) Gene Set Variation 
Analysis (GSVA) of the DEGs showed the differentially activated signaling pathways between EXO1 high and 
low expression groups. (C–N) Gene Set Enrichment Analysis (GSEA) of the altered signaling pathways in the 
LUAD tissues based on the DEGs between EXO1 high and low expression groups.
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EXO1 expression was correlated with immune checkpoints expression and 
immunotherapeutic efficacy
To explore whether EXO1 play roles in immune checkpoint blockade (ICB) therapy, Spearman’s correlation 
analysis and Kaplan-Meier survival analysis were conducted. Results showed the expression of EXO1 was 
significantly correlated with many immune checkpoint genes (Supplementary Table 7), including PDCD1 
(Fig. 9A), CD274 (Fig. 9B), PVR (Fig. 9C), CD40LG (Fig. 9D), TNFRSF14 (Fig. 9E) and HLA-DRB1 (Fig. 9F). The 
top 30 mutually significantly correlated immune checkpoint genes were shown in Fig. 9G. In the Kaplan-Meier 
analysis for the NSCLC anti-PD1/PD-L1 cohort, patients with low EXO1 expression had longer progression free 
survival (PFS) compared with patients with high EXO1 expression. These results suggested EXO1 was related 

Fig. 8.  The correlation analysis between immune cell infiltration and EXO1 expression in LUAD. (A) 
Spearman’s correlation analysis results between infiltration levels of 28 immune cell types and EXO1 expression 
levels in the LUAD tissues. (B–G) The infiltration levels of Effector memory CD4 T cells (B), Effector memory 
CD8 T cells (C), Central memory CD4 T cells (D), Activated B cells (E), Activated CD4 T cells (F) and 
Activated dendritic cells (G) in the EXO1 high and low expression groups.
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Fig. 9.  EXO1 expression was associated with the expression of immune checkpoints and immunotherapeutic 
outcomes in LUAD. (A–F) The correlation analysis results between the expression levels of EXO1 and the 
expression levels of PDCD1LG2 (A), CD274 (B), PVR (C), CD40LG (D), TNFRSF14 (E), HLA-DRB1 (F). (G) 
The correlation analysis results of the top 30 mutually significantly correlated immune checkpoint genes. (H) 
The Kaplan–Meier survival curves showing the progression free survival of EXO1 low- and high- expression 
patients receiving anti-PD1/PD-L1 therapy.
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to the expression of immune checkpoint genes and had an impact on the prognosis of patients treated with ICB 
immunotherapy.

Analysis of EXO1 expression in single-cell data
To investigate the heterogeneity of EXO1 expression in LUAD tissues, we analyzed the single-cell RNA-seq 
data from GSE203360 dataset, which contained the scRNA data of six LUAD samples. The results indicated the 
LUAD samples can be classified into eight clusters (Supplementary Fig. 4A), and be annotated for four cell types, 
namely B cell, epithelial cell, macrophage and monocyte (Supplementary Fig. 4B). EXO1 mainly expressed in 
macrophage, the cluster 6 of cells (Supplementary Fig. 4C). The trajectory analysis indicated with time going 
by, the other cell clusters gradually differentiated into cluster 2 and cluster 3 (Supplementary Fig. 4D and 4 F). 
Correspondingly, macrophage and monocyte transformed to B cell, epithelial cell (Supplementary Fig. 4E and 
4 F).

Validation of the clinical significance of EXO1 in experimental LUAD samples
To validate the clinical significance of EXO1 we discovered previously in proteinic level, we conducted IHC 
staining on clinical LUAD samples and analyzed the data acquired in the experiment. The basic clinical 
information of the 20 LUAD patients was shown in (Table 4). Figure 10A-C were the IHC staining images of 
EXO1, showing no expression, low expression and high expression of EXO1 protein, respectively (Fig. 10A-C). 
EXO1 protein level did not significantly varied with clinical stages (Fig. 10D) and M stages (Fig. 10E), but it was 
prominently upregulated as N stages (Fig. 10F) and T stages (Fig. 10G) advanced. The Kaplan-Meier survival 
analysis confirmed our former results that high expression of EXO1 was a risky factor for the prognosis of LUAD 
patients (Fig. 10H).

Discussion
In our study, we found EXO1 was aberrantly upregulated in multiple kinds of tumors including LUAD (Fig. 1A-
E). High expression of EXO1 was associated with shorter survival time of LUAD patients (Fig. 3A-D), and Cox 
regression analysis also showed high expression of EXO1 was a risky factor for patients’ prognosis (Table 3). 
Moreover, EXO1 expression was correlated with various clinicopathological characteristics such as clinical 
stages and TNM stages (Tables 1 and 2; Fig. 2), and the expression levels of EXO1 were upregulated as clinical 
stages and TNM stages advanced (Fig. 2A-D). Apart from the prognostic predictive values, EXO1 expression was 
also an effective tool for the diagnosis of LUAD (Fig. 4A). Thus, it is necessary to further explore the regulatory 
mechanisms of EXO1 expression in tumors, and the mechanisms through which EXO1 affects the prognosis of 
patients. These may help a lot in the diagnosis and treatment of cancers including LUAD.

We investigated the association between CNV and EXO1 expression, and found patients with EXO1 deletion 
did not show a lower level of EXO1 expression compared with patients with EXO1 gain or diploid (Supplementary 
Fig. 1B). This meant the expression of EXO1 was not regulated by CNV. There were a few studies about EXO1 
expression regulation. EXO1 can be upregulated by some transcription factors like FOXP3 and FBXO32, 
which could promote the progression of HCC, and facilitate the insensitivity of osteosarcoma to radiotherapy, 
respectively12,27. EXO1 levels can also be regulated by some post-translational protein modification such as 
phosphorylation and sumoylation28,29. However, the mechanisms about the upregulation of EXO1 in many 

Characteristics Levels Overall

n 20

Age, n (%) <60 6 (30)

≥ 60 14 (70)

Gender, n (%) Male 14 (70)

Smoker, n (%)
Female
No
Yes

6 (30)
9 (45)
11 (55)

T stage, n (%) T1 3 (15)

T2 4 (20)

T3 7 (35)

T4 6 (30)

N stage, n (%) N0 1 (5)

N1 2 (10)

N2 8 (40)

M stage, n (%)
N3
M0
M1

9 (45)
6 (30)
14 (70)

Clinical stage I 1 (5)

II 1 (5)

III 4 (20)

IV 14 (70)

Table 4.  The basic clinical information of the patients enrolled in the experiments.
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cancers including LUAD still need to be better clarified. Previous studies demonstrated EXO1 was associated 
with resistance to radiotherapy30,31. In our study, we found radiotherapy could reduce the expression of EXO1 
(Fig. 1E), but there was no report that could elucidate the mechanisms about the effect radiotherapy had on 
EXO1 expression. This need to be further studied. Patients with EXO1 mutation showed poorer prognosis in our 
analysis (Fig. 6A-D). There was no study about the roles of EXO1 mutation in LUAD, but certain types of EXO1 
single nucleotide polymorphism (SNP) were reported to be associated with high risk of cancers development8,9,32. 
The underlying mechanisms also require further exploration.

The mechanisms about how EXO1 affect the clinical outcomes of LUAD patients have been rarely reported. 
EXO1 expression levels were elevated during cell cycle progression and cell proliferation, thus high expression 
of EXO1 may be related to the vigorous proliferation of tumor cells33. It has also been suggested that EXO1 
promotes the expression of SREBP1 by inhibiting P53 signaling pathway, thereby regulating lipid metabolic 

Fig. 10.  Validation of the clinical significance of EXO1 in LUAD clinical samples. (A–C) Representative 
photomicrographs of EXO1 protein expression by immunohistochemical (IHC) staining, showing no 
expression (A), low expression (B) and high expression (C) of EXO1 protein. (D-G) Box plots showing the 
association between EXO1 expression and the clinical stages (D), M stages (E), N stages (F) and T stages (G). 
(H) The Kaplan–Meier survival curves showing the overall survival of LUAD patients with low and high EXO1 
protein expression in clinical samples.
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reprogramming of prostate cancer cells and promoting the progression of prostate cancer13. To further explore 
the mechanisms, we performed functional enrichment analysis based on the EXO1-related DEGs and evaluated 
the immune cell infiltration in the LUAD samples (Figs. 7 and 8). KEGG (Kyoto Encyclopedia of Genes and 
Genomes) is a knowledge base for systematic analysis of gene functions, linking genomic information with 
higher order functional information34. The GSVA was performed using the PATHWAY database of KEGG. The 
results showed multiple cancer-related pathways were more active in LUAD samples with high EXO1 expression, 
including small cell lung cancer (SCLC), bladder cancer, prostate cancer, pancreatic cancer and so on (Fig. 7B). 
This was consistent with the previously published studies13,14,35. Although the non-small cell lung cancer pathway 
did not show up in the GSVA results (Fig. 7B), some key genes or signaling pathways involved in other types of 
cancer were also closely related to the development of LUAD. For example, MYC was an important oncogene for 
the development of small cell lung cancer36. The copy number amplification and aberrant high expression of MYC 
was closely associated with the progression and metastasis of LUAD37. Additionally, it was also an important way 
for MYC to promote the progression of cancer by regulating the tumor microenvironment (TME). Studies have 
pointed out that MYC facilitated the angiogenesis, the infiltration of immune suppressive stromal cells and the 
exclusion of adaptive T and B cells through coaction with KRAS, which made the inert LUAD become highly 
proliferative and invasive38. Actually, LUAD can also transform to SCLC. It usually occurs in epidermal growth 
factor receptor (EGFR) mutant LUAD after treatment with tyrosine kinase inhibitors (TKIs)39,40. Therefore, the 
activation of SCLC pathway by high expression of EXO1 could also contribute to the progression of LUAD.

In the REACTOME pathway GSEA for the EXO1-related DEGs, the results showed the DEGs were enriched 
in cell cycle checkpoints (Fig. 7E). Thus, we investigate the correlation between the expression levels of EXO1 
and immune checkpoint genes (Fig. 9A-F, Supplementary Table 8). Although EXO1 expression was positively 
correlated with the expression of PDCD1 (PD-1) and CD274 (PD-L1) in LUAD (Fig. 9A-B), patients with high 
EXO1 expression had inferior prognosis compared with patients with low EXO1 expression in an anti-PD-1/
PD-L1 immunotherapeutic cohort (Fig.  9H). It was also reported that EXO1 can activate the cGAS-STING 
pathway, which could strengthen the efficacy of tumor immunotherapy, through increasing single-strand DNA 
formation, RPA exhaustion, DNA breaks, and aberrant DNA repair intermediates41. These suggested that EXO1 
was a potential target for improving the efficacy of ICB immunotherapy for LUAD patients.

The TME played crucial roles in regulating tumor development and modulating response to therapies, and 
immune cells were important composition of the TME42,43. According to the results, EXO1 expression levels 
were negatively correlated with most of the immune cell types involved in our study (Fig. 8A), including Effector 
memory CD8 T cell (Fig. 8C) and Central memory CD4 T cell (Fig. 8D), the two major kinds of TRM. Actually, 
in our previous study, we constructed a lung specific TRM-related gene signature that could effectively depict 
the TME landscape and predict the prognosis of LUAD patients, and EXO1 was the core gene of the prognostic 
signature (the corresponding manuscript has not been published by a journal). TRM cells played vital roles in 
antitumor immune response19–23. The abundance of CD103 + CD8 + TRM cells in tumor tissues was positively 
corelated with the survival time of patients with multiple types of cancer including LUAD44–48. The reasons may 
be that CD8 + TRM cells could directly inhibit the growth of tumor cells and kill them by secreting cytokines like 
IFN-γ, TNF-α, perforin-1 and granzyme B24,44,49. In the meantime, they released chemokines including CCL3, 
CCL4 and XCL1 that recruited DCs to tumor tissues to enhance anti-tumor immune responses24,50. Based on the 
above results, we speculated that EXO1 could promote the exclusion of TRM cells and reduce the infiltration of 
TRM cells in LUAD tissues, which impaired the anti-tumor immunology and the prognosis of patients.

Given that tumor samples were usually accompanied with temporal and spatial heterogeneity51,52, 
single-cell data analysis was conducted to detect the expression of EXO1 in different kinds of cells in LUAD 
samples. The results showed EXO1 was mainly expressed in macrophages (Supplementary Fig. 4B-C). Tumor-
associated macrophages (TAM) were usually regarded as the contributors of tumor growth, metastasis, and 
immunosuppression53–55. Thus, EXO1 expressed in TAMs may play some roles in the tumor promotion functions 
of TAMs, and the specific mechanisms need to be further studied. However, a study pointed out that there is a 
subgroup of TAMs, namely M1hotTAMs could boost TRM cells infiltration and survival in human lung cancer56. 
In our analysis of the single-cell data, we found EXO1 nearly only expressed in one cluster of macrophages, 
called cluster 6 (Supplementary Fig. 4A-C). We consider the cluster 6 macrophage may not be M1hotTAMs.

We performed immunohistochemical staining experiments to verify the bioinformatic analytical results. The 
results showed EXO1 expression levels went up in patients with higher T and N stages (Fig. 10F-G). Patients 
with high EXO1 expression had shorter OS time and poorer prognosis (Fig.  10H). These results from the 
immunohistochemical experiments were consistent with our previous results (Figs. 2 and 3), which indicated 
that the results of our study were reliable.

Certainly, there were some limitations in our study. First, our study was mainly based on bioinformatic 
analyses of public datasets, and was only partially verified by experiments on clinical tissues. Biological and 
molecular experiments in vitro and/or in vivo were needed to directly assess the activities of downstream 
signaling pathways. Second, due to our retrospective study, bias might be inevitable, and prospective experiments 
were needed for further validation.

Conclusion
EXO1 was aberrantly overexpressed in multiple types of cancer including LUAD. EXO1 expression levels were 
correlated with many clinicopathological characteristics of LUAD and can accurately distinguish between tumor 
and adjacent normal tissues. High expression of EXO1 was associated with inferior prognosis for LUAD patients, 
the reasons may be that it was related to the activation of cancer-related pathways and the exclusion of TRM 
cells in tumor tissues. Moreover, the expression levels of EXO1 were correlated with these of many immune 
checkpoint genes, and the clinical outcomes of LUAD patients receiving ICB immunotherapy. Therefore, EXO1 
was an efficient diagnostic and prognostic biomarker and a potential therapeutic target for LUAD.
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Data availability
Data that support the findings of this study were downloaded from the GEO database ​(​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​
n​i​h​.​g​o​v​/​g​d​s​/​) under the accession number(s) GSE32863, GSE43458, GSE116959, GSE162945 and GSE203360. 
The RNA-seq data, DNA methylation data, single nucleotide variation data and copy number variation data used 
in this study were downloaded from TCGA database (https://portal.gdc.cancer.gov/).
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