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Cellular senescence plays a crucial role in tumorigenesis, development and immune
modulation in cancers. However, to date, a robust and reliable cellular senescence-
related signature and its value in clinical outcomes and immunotherapy response remain
unexplored in lung adenocarcinoma (LUAD) patients. Through exploring the expression
profiles of 278 cellular senescence-related genes in 936 LUAD patients, a cellular
senescence-related signature (SRS) was constructed and validated as an independent
prognostic predictor for LUAD patients. Notably, patients with high SRS scores exhibited
upregulation of senescence-associated secretory phenotype (SASP) and an
immunosuppressive phenotype. Further analysis showed that SRS combined with
immune checkpoint expression or TMB served as a good predictor for patients’
clinical outcomes, and patients with low SRS scores might benefit from
immunotherapy. Collectively, our findings demonstrated that SRS involved in the
regulation of the tumor immune microenvironment through SASP was a robust
biomarker for the immunotherapeutic response and prognosis in LUAD.
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INTRODUCTION

Lung cancer has the highest incidence and mortality of cancer worldwide (Sung, et al., 2021). The 5-
years survival rate is less than 20% (Miller, et al., 2019). Lung adenocarcinoma (LUAD) is the main
histological subtype of non-small-cell lung cancer (NSCLC), accounting for approximately 60% of
NSCLC cases (Behera, et al., 2016). Although understanding LAUD genomics and breakthroughs of
targeted therapies and immunotherapies have substantially expanded treatment modalities,
challenges associated with LAUD remain elusive. Therefore, better prognostic tools and
biomarkers accurately predicting the characteristics of tumors are urgently needed to stratify
patients and personalize treatment strategies for LUAD.

Edited by:
Geng Chen,

GeneCast Biotechnology Co., Ltd.,
China

Reviewed by:
Beatriz Martín-Antonio,

University Hospital Fundacion Jimenez
Diaz, Spain

Nicola Alessio,
Universita della Campania Luigi

Vanvitelli, Italy

*Correspondence:
Yibo Gao

gaoyibo@cicams.ac.cn
Jie He

hejie@cicams.ac.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Molecular and Cellular Pathology,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 21 September 2021
Accepted: 27 October 2021

Published: 16 November 2021

Citation:
Lin W, Wang X, Wang Z, Shao F,

Yang Y, Cao Z, Feng X, Gao Y and He J
(2021) Comprehensive Analysis

Uncovers Prognostic and
Immunogenic Characteristics of

Cellular Senescence for
Lung Adenocarcinoma.

Front. Cell Dev. Biol. 9:780461.
doi: 10.3389/fcell.2021.780461

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 7804611

ORIGINAL RESEARCH
published: 16 November 2021
doi: 10.3389/fcell.2021.780461

http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.780461&domain=pdf&date_stamp=2021-11-16
https://www.frontiersin.org/articles/10.3389/fcell.2021.780461/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.780461/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.780461/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.780461/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.780461/full
http://creativecommons.org/licenses/by/4.0/
mailto:gaoyibo@cicams.ac.cn
mailto:hejie@cicams.ac.cn
https://doi.org/10.3389/fcell.2021.780461
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.780461


Cellular senescence is one of the key processes of ageing
(Campisi 2013) and serves as a link between ageing and
cancer (Partridge, et al., 2018). However, the linkage of
senescence and cancer, especially in lung cancer, is complex
and poorly understood at present. Previous studies have
highlighted that the existence of senescence plays a double-
edged sword in the process of tumorigenesis and development.
On the one hand, in the context of senescent cells entering
permanent cell cycle arrest, senescence ensures tissue
homeostasis and prevents tumorigenesis (Krizhanovsky, et al.,
2008; Perez-Mancera, et al., 2014). Senescence acts as a barrier
from tumor development in early tumorigenesis when it is
followed by immune clearance and tissue remodelling (Xue,
et al., 2007). On the other hand, cellular senescence can
present a detrimental outcome when senescent cells are not
cleared by the immune system and accumulate. This
accumulation promotes the senescence-associated secretory
phenotype (SASP), which releases cytokines, growth factors,
extracellular matrix (ECM) components and ECM-degrading
enzymes (Lasry and Ben-Neriah 2015; Lopes-Paciencia, et al.,
2019), leading to both the ageing process and tumor development
(Coppe, et al., 2010; Cuollo, et al., 2020). Therefore, an improved
understanding of the impact of senescence on tumor immunity
associated with invasion and development is required to frame
novel treatment paradigms for tumors.

According to recent studies, tumor cells can undergo
senescence as an evolutionary process, including both tumor-
intrinsic characteristics (dramatic gene expression changes along

with chromatin remodelling and engagement of a persistent
DDR) and extrinsic immune pressure (a temporal cascade in
the development of SASP) (Lasry and Ben-Neriah 2015; Berben,
et al., 2021; Eggert, et al., 2016; Hernandez-Segura, et al., 2018;
Kumari and Jat 2021). Notably, the deleterious effects of
SASP overshadow its beneficial properties (Cuollo, et al.,
2020). We hypothesized that accompanied by the
accumulation of senescent cells, inflammatory SASP remodels
the tumor immune microenvironment (TIME) by recruitment of
immunosuppressive protumorigenic cells, such as cancer-
associated fibroblasts (CAFs), macrophages and neutrophils,
and a decrease in cytotoxic lymphocytes (T and NK cells) and
promotes tumor cell evasion from immunosurveillance, growth,
and metastasis, contributing to poor prognosis in LUAD
(Figure 1).

To systematically assess the correlations between cellular
senescence and prognosis in LUAD, we established a novel
risk model based on cellular senescence-related genes and
explored their potential importance as predictive biomarkers
for prognosis and immunotherapy response. Subsequently,
the relationships among risk subgroups, immune checkpoints,
and immune cell infiltration were thoroughly analysed based
on cell senescence-related signature. Further exploration of
the mechanisms suggested that tumor cellular senescence
affected the TIME through SASP. This study provided new
insights into the regulatory mechanisms of cellular senescence
associated with the TIME and strategies for LUAD
immunotherapy.

FIGURE 1 | Hypothesis graph. With the accumulation of senescent cells, the inflammatory SASP remodels the TIME by recruiting immunosuppressive cells, thus
promoting tumor cell invasion through immunosurveillance, proliferation, and metastasis and contributing to poor prognosis in LUAD.
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MATERIALS AND METHODS

Data Acquisition and Processing
Clinical information and transcriptional profiles of patients with
LUAD were obtained from The Cancer Genome Atlas (TCGA,
https://portal.gdc.cancer.gov) and the Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo). After filtering, a total
of 500 patients with both mRNA expression and corresponding
clinical data in the TCGA cohort were included in the training
cohort. Fragments per kilobase million (FPKM) data of the
TCGA cohort were then transformed into transcripts per
million (TPM) data for further analysis. Three additional
independent datasets, GSE30219 (Rousseaux, et al., 2013) (n �
83), GSE31210 (Okayama, et al., 2012) (n � 226) and GSE50081
(Der, et al., 2014) (n � 127), were enrolled as the validation
cohorts. For microarray data processing, the mean expression
values were used when genes matched with multiple probes.
Moreover, IMvigor210 (Mariathasan, et al., 2018), an
immunotherapy cohort with 348 metastatic urothelial cancer
patients treated with anti-PD-L1 agent, was downloaded from
http://research-pub.gene.com/IMvigor210CoreBiologies/, and
data processing methods were also provided in the
IMvigor210CoreBiologies package. Detailed clinical
information of the five patient datasets is shown in
Supplementary Table S1. The flow diagram of this study is
depicted in Supplementary Figure S1.

Development and Validation of the Cellular
Senescence-Related Signature
The list of genes was obtained from CellAge (Avelar, et al., 2020)
(https://genomics.senescence.info/cells/), which contains
manually curated data of human genes associated with
cellular senescence. A total of 278 genes (Supplementary
Table S2) were included in this study. We first screened
cellular senescence-related differentially expressed genes
(DEGs) between normal samples (n � 59) and tumor
samples (n � 513) based on the thresholds of an adjusted
p < 0.01 and | log2 (fold change) | > 1. Univariate Cox
proportional hazard regression analysis was performed to
identify cellular senescence-related prognostic genes (p < 0.
001). Next, the DEGs and prognostic genes were investigated
using the R package “veen” to acquire prognostic cellular
senescence-related DEGs, and correlations were visualized by
the R package “circlize” (Gu, et al., 2014). Least absolute
shrinkage and selection operator (LASSO) Cox regression
(Tibshirani 1997) was conducted with a random seed using
the R package “glmnet” (Friedman, et al., 2010) to construct the
risk score model (cellular senescence-related signature, SRS) for
best predicting survival in the training cohort and was repeated
1,000 times. The optimal values of the penalty parameter
lambda were determined through 10-fold cross-validations.
Based on the median risk score calculated by SRS, patients in
the training and validation cohorts were divided into high- and
low-risk groups, and the performance of SRS was subsequently
evaluated.

Signature Genes Analyses
Expression of the five signature genes was analysed in The Gene
Expression Profiling Interactive Analysis (GEPIA2 (Tang, et al.,
2019), http://gepia2.cancer-pku.cn/) database, and these analyses
were based on tumor and normal samples from the TCGA and
GTEx databases. Pancancer expression analysis of the five genes
was also performed using the Oncomine (https://www.oncomine.
org/) database. UALCAN (Chandrashekar, et al., 2017) (http://
ualcan.path.uab.edu), another powerful interactive online tool,
was used to reveal the promoter methylation levels of
signature genes.

Pathway and Functional Enrichment
Analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa,
et al., 2016) and Gene Ontology (GO) (The Gene Ontology 2019)
enrichment analyses were applied using the R package
clusterProfiler (Yu, et al., 2012). The DEGs between the high-
and low-risk groups were subjected to pathway and functional
enrichment analysis. Gene set enrichment analysis (GSEA)
(Subramanian, et al., 2005) was also performed in the
javaGSEA desktop application (GSEA 4.1.0) to identify the
underlying pathways or processes in patients with high or low
scores. Significantly enriched gene sets were defined as gene sets
with a normalized enrichment score (NES) > 1.5 and p < 0.05.

Correlation Between Immune Cell
Infiltration and SRS
We integrated several computational tools to estimate immune
cell infiltration in TCGA RNA-seq cohorts. Immune infiltration
estimations for characterizing the cell composition of complex
tissues from the gene expression profiles were performed using
TIMER (Li, et al., 2016), EPIC(Racle, et al., 2017), xCELL (Aran,
et al., 2017), CIBERSORT(Newman, et al., 2015) and quanTIseq
(Finotello, et al., 2019) algorithms in TIMER2.0 (Li, et al., 2016;
Li, et al., 2017; Li, et al., 2020; Sturm, et al., 2019) (http://timer.
comp-genomics.org/). Using the gsva (Hanzelmann, et al., 2013)
algorithm, gene signatures of tumor-infiltrating lymphocytes
downloaded in TISIDB(Ru, et al., 2019) (http://cis.hku.hk/
TISIDB/index.php) were also employed to estimate the
immune cell infiltration level of each sample. Pearson
correlation analysis was conducted to clarify the correlation
between SRS and immune cell infiltration.

Assessment of SRS and Response to
Immune Checkpoint Inhibitors
The immunophenoscore (IPS), which has been demonstrated to
predict patients’ response to immune checkpoint inhibitor (ICI)
treatment, was downloaded from The Cancer Immunome Atlas
(TCIA (Charoentong, et al., 2017), https://tcia.at). A higher IPS
score indicates a better immunotherapy response. Tumor
Immune Dysfunction and Exclusion (TIDE (Fu, et al., 2020;
Jiang, et al., 2018), http://tide.dfci.harvard.edu/), which was
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developed to assess immune evasion mechanisms, is another
robust biomarker used to predict immunotherapy response. A
higher TIDE score means that tumor cells are more prone to
escape from immunosurveillance, suggesting a lower response
rate to immunotherapy. TIDE scores were obtained after
unloading the input data as described in the instructions. The
TMB for each patient in the TCGA cohort was calculated as the
number of nonsynonymous mutations per mega-base. PD-L1
expression on tumor-infiltrating immune cells (ICs) of patients in
the IMvigor210 cohort was assessed by immunohistochemistry.
IC0 and IC1 exhibit low PD-L1 expression, while IC2 indicates
high PD-L1 expression in our study.

Clinical Specimens
We retrospectively collected 74 paraffin-embedded LUAD
specimens and 74 adjacent normal tissues from the biobank of
National Cancer Center/National Clinical Research Center for
Cancer/Cancer Hospital in Chinese Academy of Medical
Sciences and Peking Union Medical College (Beijing, China)
and constructed tissue microarray (TMA). All the biospecimens
were obtained from LAUD patients who underwent radical
resection and had received no prior chemotherapy or
radiotherapy. Informed consent was obtained from all patients.
This study was approved by the Ethics and Research Committees
of the National Cancer Center/Cancer Hospital, Chinese Academy
of Medical Sciences, and Peking Union Medical College.

Immunohistochemistry
TMA slides were incubated at 4°C overnight with primary
antibodies against FOXM1 (Proteintech, 13147-1-AP, 1: 200),
HJURP (Proteintech, 15283-1-AP, 1: 200), and PTTG1
(ABclonal, A8307, 1: 500) after deparaffinization, rehydration
and antigen retrieval. Next, the slides were incubated with anti-
rabbit secondary antibody and followed by DAB staining and
hematoxylin counterstaining. Two pathologists who were blind to
the information of patients independently evaluated the IHC
results. The TMA sections were scored according to the
percentage of positive cells and staining intensity. Staining
intensity was scored as 0 (negative), 1 (weak), 2 (moderate) or
3 (strong) and the expression proportion of positive cells was
scored as 1 (0–25%), 2 (26–50%), 3 (51–75%) or 4 (76–100%).
The proportion and intensity scores were then integrated to
obtain a final score.

Statistical Analysis
Data analysis and graph generation were all performed in R
version 3.5.1 (https://www.r-project.org), SPSS Statistics V25.0
and GraphPad Prism 8.0. For comparisons of two groups,
unpaired Student’s t-test was applied to analyse the statistical
significance of normally distributed variables, and the Wilcoxon
rank-sum test was adopted to estimate nonnormally distributed
variables. Categorical variables were compared using the χ2 test.
The Kaplan-Meier survival curve for overall survival (OS)
analysis was plotted with the R package “survminer”. Receiver
operating characteristic (ROC) curves for 1-, 3-, and 5-years
survival were delineated to evaluate the predictive efficacy of the
SRS score, which was generated using timeROC(Blanche, et al.,

2013). Univariate and multivariate Cox regression analyses were
utilized to evaluate the association between OS and
clinicopathological characteristics as well as SRS scores. All
statistical analyses were two-tailed, and p < 0.05 was
considered statistically significant.

RESULTS

Identification of Differentially Expressed
Senescence-Related Genes in LUAD
To comprehensively characterize the expression pattern of cellular
senescence-related genes, the 278 genes downloaded in CellAge
(Avelar, et al., 2020) were compared in tumor tissues versus normal
tissues in the TCGA-LUAD cohort, and we identified 69
differentially expressed genes (DEGs). Among them, 42 genes
were upregulated, whereas 27 were downregulated (Figure 2A;
Supplementary Table S3). GO and KEGG analyses were
performed to clarify the biological process of the DEGs. As
expected, the DEGs were remarkably enriched in cell cycle- and
cellular senescence-related pathways, as they were obtained from a
website of genes related to cellular senescence (Supplementary
Figure S2; Supplementary Table S4).

Next, univariate Cox proportional hazard regression analysis
was initially performed to identify cellular senescence-related
genes associated with overall survival (OS). A total of 18 genes
were significantly associated with OS (p < 0.001, Supplementary
Table S5), ten of which overlapped with the DEGs (Figure 2B).
All ten genes (AURKA, CDK1, CENPA, CHEK1, FOXM1,
HJURP, MAD2L1, PKM, PTTG1 and TACC3) were
upregulated in LUAD and considered risk factors (p < 0.001,
HR > 1) (Figure 2C). Besides, 10 prognostic DEGs were positively
correlated with each other (Figure 2D).

Development of a Cellular
Senescence-Related Signature in LUAD
To construct a cellular senescence-related signature (SRS) for
survival prediction, the 10 genes mentioned above were analysed
by LASSO-Cox regression analysis. A 5-gene signature was
constructed according to the optimum λ value (Figures 2E,F).
We then established a risk score formula based on the expression of
the five genes for patients with LUAD: risk score � (0.0089 ×
expression value of FOXM1) + (0.1233 × expression value of
HJURP) + (0.3092 × expression value of PKM) + (0.0851 ×
expression value of PTTG1) + (0.0003 × expression value of
TACC3). The risk score of every patient was then calculated
using this formula, and patients in the TCGA cohort were
stratified into low- and high-risk groups according to the
median value of the risk score.

The distribution of the SRS score, the survival status, and a
heatmap exhibiting the expression profiles of the selected genes in
the high- and low-risk groups are presented in Figures 3A–C.
Kaplan-Meier survival analysis demonstrated that patients in the
high-risk group had a significantly shorter OS time compared
with those in the low-risk group (Figure 3D, HR � 2.048, 95% CI
1.529–2.743, log-rank p < 0.0001). The 5-years survival rate of the
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high-risk group was 30.2%, which was significantly lower than
that of the low-risk group (49.7%). Time-dependent receiver
operating characteristic (ROC) analysis was performed, and
the areas under the curve (AUCs) for 2-, 3-, and 5-years OS
were 0.675, 0.660, and 0.607, respectively (Figure 3E). In
addition, our formula also worked well when applied to
patients with different clinical stages. As shown in Figures
3F,G significant difference in OS time was observed in both
early-stage (HR � 1.955, 95% CI 1.357–2.816, log-rank p �
0.0002) and advanced-stage LUAD (HR � 1.725, 95% CI
1.034–2.879, log-rank p � 0.0478).

To further verify whether the SRS-based risk score was an
independent prognostic factor for LUAD, univariate and
multivariate Cox regression analyses of clinicopathological
factors in the TCGA cohort were performed. The T stage, N
stage, TNM stage and risk score were correlated with OS in
univariable analysis. After multivariable adjustment, the risk
score remained a significantly independent prognostic factor
(HR � 2.746, 95% CI: 1.738–4.339, p < 0.001) for patients with
LUAD (Figure 4A). We also analysed the correlation between SRS
and patients’ clinicopathological parameters, including age, sex, T
stage, N stage and TNM stage, in the TCGA cohort. Significantly
higher percentages of patients with lymphatic metastasis and late-
stage LUAD were identified in the high-risk group
(Supplementary Figure S3), indicating that a higher SRS score
was related to the malignant progression of LUAD.

Validation of SRS in Three Independent
Cohorts
To validate the predictive function of SRS on OS benefit, three
independent data sets from the GEO database were enrolled. As
illustrated in Figures 4B–D, patients with high-risk scores
exhibited significantly worse OS in all three cohorts, including
GSE30219 (HR 2.163, 95% CI 1.188–3.938, p � 0.0118), GSE31210
(HR 6.699, 95% CI 3.450–13.01, p < 0.0001) and GSE50081 (HR
2.842, 95% CI 1.628–4.962, p � 0.0002). The area under the ROC
curve (AUC) values in the GSE30219 cohort were 0.687, 0.722, and
0.732 for 2, 3 and 5 years, respectively (Figure 4E). In the
GSE31210 cohort, all AUC values were greater than 0.7
(Figure 4F). For the GSE50081 cohort, the AUCs of SRS at 2,
3, and 5 years were 0.690, 0.681, and 0.717, respectively
(Figure 4G). Moreover, we also observed that high expression
of the five genes in four different cohorts was consistently indicative
of poor prognosis for LUAD patients (Supplementary Figure S4).
These results confirmed that SRS could serve as a good predictive
factor to classify patients with different OS.

Biological Processes Analysis of SRS
Multicohort evaluation confirmed a robust prognostic value of
SRS, which prompted us to further explore the possible mechanism
underlying the predictive role of the signature. As shown in
Supplementary Figures S5A,B, all five genes were abnormally

FIGURE 2 | Identification of prognostic cellular senescence-related DEGs. (A). Volcano plot of cellular senescence-related genes in TCGA database; red and green
nodes indicate upregulated and downregulated genes, respectively. (B). Venn diagram showing 10 overlapping genes in DEGs and prognostic genes. (C). Forrest plot of
the univariate Cox analysis of 10 overlapping genes. (D). Correlation network of 10 candidate genes. (E). LASSO coefficient profiles of 10 candidate genes. (F). Cross-
validation for tuning parameter selection in the LASSO regression.
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upregulated in LUAD and many other types of cancer, including
colorectal cancer, liver cancer, and brain cancer. We then analysed
the relationship between methylation and the expression of the five
genes. Significantly lower methylation levels of PTTG1 and
TACC3 promoters were found in tumor tissues compared with
normal tissues, which may account for the abnormal expression of
the signature genes in LUAD (Supplementary Figure S5C).

Regarding the downstream effects, we first extracted the DEGs
between subgroups categorized by the risk signature by applying
the criteria FDR<0.05 and |log2FC|≥ 1. In total, 1,164 genes were
differentially expressed between the two groups (Supplementary
Figure S6A; Supplementary Table S6). Based on these SRS-
related DEGs, GO analysis and KEGG analysis were performed.
As expected, the results indicated that DEGs were involved in
cellular senescence and cell cycle-related biological processes,
such as nuclear division and chromosome segregation
(Supplementary Figures S6B,C; Supplementary Table S7). In
addition, GSEA revealed prominent enrichment in hallmark gene
sets, such as MTORC1 signalling, glycolysis, and the unfolded
protein response, in the high-risk group compared to the low-risk
group in TCGA cohort. Similar trends were also observed in the
three validation cohorts (Supplementary Figure S6D). These
results suggested a more malignant phenotype in patients with

high-risk scores, which may lead to a poor prognosis in LUAD
patients.

SRS Is Associated With Alterations in SASP
and Immune Cell Infiltration
Cellular senescence occurs when cells are confronted by excessive
extracellular or intracellular stress in vivo or in vitro (Ben-Porath and
Weinberg 2004; Ben-Porath and Weinberg 2005). As displayed in
Figure 5A, cellular senescence-associated pathways, including
oncogene-induced, DNA damage telomere stress-induced, and
oxidative stress-induced senescence, were significantly enriched in
patients with high SRS scores. Intriguingly, we noticed that the
senescence-associated secretory phenotype (SASP) pathway was
also prominently enriched. SASP indicates an enormous number
of secretory proteins secreted by senescent cells, which may induce
changes in the tumor microenvironment, thus promoting tumor
recurrence and progression (Acosta, et al., 2008; Coppe, et al., 2008;
Green 2008; Kuilman, et al., 2008). Our results revealed
overexpression of different types of SASP in the high-risk group
(Figure 5B). Interleukins (IL-1A, IL-1B, IL-6, and IL-15),
chemokines (CCL3, CCL8, CCL11, CCL20, CCL26, CXCL1,
CXCL5, CXCL8, and CXCL11), growth factors and regulators

FIGURE 3 | Development of SRS in TCGA cohort. (A). The risk score distribution of LUAD patients in the training cohort. (B). Survival status scatter plots for LUAD
patients in the training cohort. (C). Heatmap of the expression profiles of five signature genes in the high- and low-risk groups. (D). Kaplan-Meier curves of OS in total
LUAD patients of TCGA cohort based on risk score. (E). Time-dependent ROC curve analysis of the prognostic model (2, 3, and 5 years). (F) and (G). Kaplan-Meier
curves of OS in patients with early-stage and advanced-stage LUAD based on risk score.

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 7804616

Lin et al. Senescence-Related Signature for Immunotherapy

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


(AREG, EREG, IGFBP3, PIGF, and VEGFA), proteases and
regulators (CTSB, MMP1, MMP3, MMP10, MMP12, MMP14,
PLAU, SERPINE1, and TIMP2), and soluble or shed receptors or
ligands (PLAUR, TNFRSF1A, and TNFRSF11B) were significantly
upregulated, further confirming higher levels of the SASP in high-risk
patients.

Notably, some upregulated SASPs, including IL-6, CXCL8, and
VEGF, possess immunosuppressive properties (Kato, et al., 2018;
Lamano, et al., 2019; Liu, et al., 2013; Sharma, et al., 2017). For
example, IL-6, secreted by CAFs, regulates immunosuppressive
TIL populations in the TIME (Kato, et al., 2018). Thus, we

hypothesized that patients with high SRS scores who had higher
SASP levels might exhibit an immunosuppressive phenotype via
SASP. To characterize the SRS-related immune landscape, RNA-
seq-derived infiltrating immune cell populations were estimated by
TIMER, EPIC, xCell, CIBERSORT-ABS, and quanTIseq
algorithms in TIMER2.0 and TISIDB. We found that patient
risk groups stratified by SRS showed distinct immune infiltrate
patterns. Correlation analysis showed that the infiltration levels of
B cells, CD4+ T cells, and CD8+ T cells were negatively correlated
with the SRS score, whereas a higher SRS score indicated increased
abundance of neutrophils, cancer-associated fibroblasts, Tregs, and

FIGURE 4 | Validation of SRS in independent cohorts. (A). Univariable and multivariable Cox regression analysis of SRS and overall survival in the TCGA cohort.
(B–D): Kaplan-Meier curves of OS in high- and low-risk groups in the GSE30219, GSE31210, and GSE50081 datasets. (E–G): ROC curve analyses in the GSE30219,
GSE31210, and GSE50081 datasets.
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resting NK cells (Figure 5C; Supplementary Figure S7A). GSEA
revealed a significant enrichment of signatures associated with
upregulation of TGF-β signalling, whereas no significant difference
in IFN-γ signalling was observed in the high SRS score versus the
low SRS score group (Supplementary Figure S7B). Taken
together, our results implied that a high level of cellular
senescence may remodel a suppressive TIME via SASP.

Impact of SRS and Immune Checkpoints on
Clinical Outcome
Previous studies have emphasized the importance of immune
checkpoint genes in modulating immune infiltration (Juneja,
et al., 2017; Kumagai, et al., 2020), and our results also revealed
significant relevance between cellular senescence and tumor
immunity. Thus, to further investigate the complex crosstalk
that occurs among immune infiltration, immune checkpoint
genes and SRS, we first compared the expression pattern of
immune checkpoint genes between patient groups divided
based on the SRS. As shown in Figures 6A–D, patients with
high SRS scores tended to express high levels immune checkpoint
genes (PD-L1, PD1 and CTLA4) compared with the low SRS

group, which was further confirmed in 3 validation cohorts. Other
immune checkpoints, such as LAG3 and TIM3, which are also
considered exhausted T cell markers, exhibited a trend of
overexpression in the high SRS score group in the multicohort,
suggesting that SRS has the potential to identify immune
dysfunction in LUAD patients (Supplementary Figure S8A).

Next, we considered SRS in combination with immune
checkpoint expression to assess whether SRS influences OS in
patients with similar immune checkpoint expression. Survival
analysis of the four groups stratified by SRS and immune
checkpoint gene expression was conducted. As depicted in
Figures 6E–G, patients with low PD-L1 and low risk had
prolonged OS compared to those with low PD-L1 and high risk
(p � 0.0064). Among patients with high PD-L1 expression, a lower
risk score signified a remarkably better survival (p � 0.0005). Similar
survival patterns were also observed among the four patient groups
stratified by SRS and PD1 or CTLA4 expression in TCGA cohort.
Besides, among various immune checkpoint genes, multivariate
Cox regression modelling showed that SRS score remained an
independently predictor for overall survival (HR � 2.083, 95%
CI: 1.533–2.830, p < 0.001). We then repeated the same analysis
in three validation cohorts. Consistent with TCGA dataset, patients

FIGURE 5 | SRS-related SASP and immune cell infiltration. (A). Comparison of signatures related to multiple pathways of cellular senescence between high- and
low-risk groups. (B). Expression of different types of SASP factors between high- and low-risk groups. (C). Correlation analysis between risk scores and different
immune cells estimated by TIMER, EPIC, xCELL, CIBERSORT-ABS and TISIDB. *, **, and *** represent P < 0.05, P < 0.01, and P < 0.001, respectively.
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with low SRS scores had significantly better survival than those with
high SRS scores despite the fact that similar expression levels of
immune checkpoint genes were observed in cohorts GSE50081
(Supplementary Figure S8B) and GSE31210 (Supplementary
Figure S8C). However, no significant result was observed in
cohort GSE30219 (Supplementary Figure S8D).

In addition to immune checkpoints, TMB is also considered
an independent prognostic predictor in various cancer types. We
first calculated the TMB of each group and found that patients
with higher SRS scores had noticeably increased TMB relative to
the low-risk group (Supplementary Figure S9A). Subsequently,
the survival distribution of patient groups classified by SRS and
TMB level was also compared. As shown in Supplementary
Figure S9B, patients with high SRS scores suffered
unfavourable OS irrespective of patients’ TMB level.

These results imply that SRS combined with immune
checkpoint expression or TMB might serve as a promising
predictor of patients’ clinical outcomes.

Predictive Potential of SRS in
Immunotherapy Response
Growing evidence has shown that immune checkpoint inhibitors
(ICIs) have improved the survival of NSCLC, but responses
vary. Thus, accurate predictive biomarkers are urgently needed

(Mok, et al., 2019; Reck, et al., 2016). Given the association between
SRS and immune infiltration, we further explored the predictive
potential of SRS of ICIs by analysing the correlation of SRS and
recognized immunotherapy predictors, including TIDE (Fu, et al.,
2020; Jiang, et al., 2018) and IPS(Charoentong, et al., 2017). We
discovered that patients in the high-risk group tended to achieve
higher TIDE scores in TCGA cohort, and this result was further
confirmed in three validation cohorts (Figure 7A). In addition,
IPS was significantly increased in the low SRS score group (p <
0.001), and patients’ response to anti-CTLA4 treatment was
relatively higher in the low-risk group (p < 0.001, Figure 7B).
These results indicate that patients with low SRS scores may
benefit from ICIs.

Considering the immunotherapy response predictive potential
of SRS, we next performed Kaplan-Meier survival analysis to
investigate the predictive role of immunotherapeutic overall
survival using the immunotherapy cohort IMvigor210. As
expected, a beneficial trend of low SRS scores in
immunotherapeutic OS was observed in the IMvigor210
cohort (HR � 1.368 95% CI 1.036–1.808 p � 0.0197,
Figure 7C), and the low-risk group also exhibited significantly
better OS than the high-risk group among the PD-L1 high (p �
0.0445, Figure 7D) or TMB-low population (p � 0.0366,
Supplementary Figure S9C). Collectively, SRS in combination
with TMB or PD-L1 is a promising candidate for predicting the

FIGURE 6 | Impact of immune checkpoint genes and SRS on clinical outcome. (A–D). Comparison of the expression levels of immune checkpoint genes (PD-L1,
PD1, and CTLA4) between the high- and low-risk groups in the training and validation cohorts. (E–G). Kaplan-Meier survival curves of OS among four patient groups
divided by the SRS and PD-L1, PD-1, or CTLA-4. *, **, and *** represent P < 0.05, P < 0.01, and P < 0.001, respectively.
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response to ICIs among patients with LUAD and improving
therapeutic strategies.

Validation of Signature Gene Expressions in
LUAD Tissues
To further explore the protein expression of genes that constituted
SRS, three genes that exhibited significantly higher expression level
in lung cancer in GEPIA2 (Supplementary Figure S5A) were
quantified by IHC and compared between in tumor tissues (n � 74)
and adjacent normal tissues (n � 74). As expected, IHC staining
revealed that protein expressions of FOXM1, HJURP, and PTTG1
were all significantly elevated in tumors compared with adjacent
normal tissues (Figures 8A–F), indicating that SRS genes may play
an important in lung cancer progression.

DISCUSSION

Senescence is a complex biological process with both cell
autonomous and paracrine effects that has a significant impact
on the microenvironment (Lasry and Ben-Neriah 2015;
Hernandez-Segura, et al., 2018). Increasing evidence indicates
that senescent cells can be eliminated through a SASP-provoked
immune response, which involves both innate and adaptive
immunity (Schneider, et al., 2021). Conceivably, the SASP has
several positive functions in the short term. However, in the

long term, these functions can become detrimental in the
immunosuppressive context of cancer to promote tumor
development (Lopes-Paciencia, et al., 2019; Coppe, et al., 2010;
Basisty, et al., 2020; Birch and Gil 2020). However, how senescent
cells interact with tumor immune infiltration and their value in
evaluating the immune infiltrate of tumors and clinical outcomes
have not been reported, particularly in lung cancer. Thus, modelling
lung cancer will be important to decipher whether senescence
molecular determinants reshape tumor microenvironments and
whether this modification has implications for the prognosis and
immunotherapy response of LUAD patients. Importantly,
uncovering how cellular senescence influences the TIME can
provide a window for discoveries of how we can effectively
improve the immunosuppressive milieu by senolytic therapies
(van Deursen 2019).

In this study, we analysed the expression patterns, prognostic
values, and effects on the TIME of cellular senescence-related
genes in LUAD. Using the LASSO method, we constructed a
novel survival prediction model (SRS) based on the expression of
five senescence features in the TCGA dataset. Furthermore, the
SRS was well validated in three different public GEO datasets. We
also explored the features of the immune microenvironment,
including immune cell distribution and inflammatory activities,
in patients with high and low SRS scores. Markedly, we
distinguished different SASP affecting TIME remodelling as
potential mechanisms underlying immune escape and tumor
progression. Additionally, we found that the SRS score was an

FIGURE 7 | Predictive potential of SRS in immunotherapeutic benefits. (A). The distribution of TIDE scores between patients with a higher SRS score and those
with a lower SRS score in four different cohorts as indicated. (B). The distribution of IPS in the high-risk and low-risk groups in the TCGA dataset. (C). Kaplan-Meier
curves for high and low SRS score patient groups in the IMvigor210 cohort. (D). Kaplan-Meier curves for four patient groups stratified by SRS and PD-L1 expression. *,
**, and *** represent P < 0.05, P < 0.01, and P < 0.001, respectively.

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 78046110

Lin et al. Senescence-Related Signature for Immunotherapy

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


independent prognostic factor for LUAD patients and was
coupled with specific immune checkpoint factors or TMB as
predictive biomarkers of ICI response.

This study represents one of the first reports to examine the
differential expression analysis of cellular senescence-relevant genes
and then identify their prognostic values using TCGA and GEO
databases. Markedly, we identified five significantly upregulated
genes, including FOXM1, HJURP, PKM, PTTG1, and TACC3,
which were also included in the cellular senescence-related
signature reported in this study. Interestingly, these five
signature genes are reported as negative regulators of cellular
senescence in many human cancers and play important roles in
tumor development (Ao, et al., 2017; Caporali, et al., 2012; Chen,
et al., 2010; Francica, et al., 2016; Kato, et al., 2007; Schmidt, et al.,
2010; Tao, et al., 2014). Forkhead box protein M1 (FOXM1) is
significantly associated with immunotherapy resistance in lung
cancer and patients (Galbo, et al., 2021; Wang, et al., 2014).
Holliday junction recognition protein (HJURP), a histone H3
chaperone, affects cell cycle progression, DNA repair and
chromosome segregation during mitosis. HJURP is
overexpressed in cancers (Wang, et al., 2020) and associated
with poor prognosis in NSCLC (Wei, et al., 2019). Pyruvate
kinase M (PKM) is a glycolytic enzyme required for tumor
proliferation and progression. PKM2 acts as the key factor
mediating Th17 cell differentiation (Damasceno, et al., 2020),
and silencing PKM2 mRNA could decrease PD-L1 expression
and cancer evasion of immune surveillance (Guo, et al., 2019).
As an oncogene during spindle formation or chromosome
segregation (Bernal, et al., 2002; Li, et al., 2013), pituitary tumor-
transforming gene-1 (PTTG1) is an independent poor prognostic
factor in NSCLC patients (Wang, et al., 2016) and can elicit an

immunogenic response in NSCLC patients (Chiriva-Internati, et al.,
2014). Transforming acidic coiled-coil protein 3 (TACC3) is
involved in chromosomal alignment, separation, and cytokinesis,
which is correlated with p53-mediated apoptosis (Schneider, et al.,
2008; Zhang, et al., 2018). Additionally, TACC3 exerts as a
prognostic biomarker for prostate cancer (Qie, et al., 2020),
osteosarcoma (Matsuda, et al., 2018) and NSCLC (Jiang, et al.,
2016), and high TACC3 expression is associated with increased
immune cell infiltration and T cell exhaustion (Fan, et al., 2021).
These published experimental efforts provide further evidence
supporting that SRS has the potential to mirror LUAD
prognosis based on immune landscape alterations.

As the role of cellular senescence is largely underexplored in
cancer, it is important to gain more extensive insight into the
linkage of cancer, senescence and the immune environment.
However, to date, the effect of senescence on the tumor
immune infiltrate and whether this would impact the response
to ICIs have only been poorly studied. By performing a detailed
characterization of the tumor immune infiltrate in patients with
LUAD, we observed that cellular senescence-related genes could
have substantial effects on the composition and distribution of the
tumor immune infiltrate. In this study, we found that the SRS score
was inversely associated with the infiltration levels of B cells, CD4+

T cells and CD8+ T cells, whereas neutrophils, CAFs, Tregs and
resting NK cells were positively correlated with the SRS score in
LUAD. This result suggested that patients with higher SRS score
might have an immunosuppressive tumor microenvironment,
which prevented immune clearance of tumor cells. GSEA also
showed that upregulation of the TGF-β-associated pathway, which
has been widely reported as an important factor to restrain
antitumor immunity (Mariathasan, et al., 2018; Sheng, et al.,

FIGURE 8 | Validation of signature gene expressions in LUAD tissues. Quantification and comparison of protein expression of FOXM1 (A andD), HJURP (B andE),
and PTTG1 (C and F) by IHC.
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2021), was prominently enriched in the high-risk group. Second, to
further explore the mechanisms of immune remodelling by the
increasing burden of senescent cells in tumors, we uncovered that
alterations of SASP could impact TIME establishment, which
ultimately contributes to immune escape and provokes tumor
development. The high SRS score group exhibited increases in
proinflammatory cytokines, including IL-1b, IL-6, and IL-8;
growth factors, such as EGF, VEGF and IGFBP; receptors, such
as ICAMs; and proteases, such as MMPs. These factors may
modulate immune cell recruitment and have a tumor-
promoting effect (Coppe, et al., 2010; Cuollo, et al., 2020;
Basisty, et al., 2020; Lau and David 2019). Third, as mentioned
above, cellular senescence-related immune remodelling may
explain the diminished efficacy of checkpoint blockade.
Intriguingly, we noticed that the exhausted T cell markers PD-
(L)1, CTLA-4, LAG-3, and TIM3 were aberrantly increased in
LUAD specimens with high SRS scores, indicating that T cells
become progressively hypofunctional and hyporesponsive with
senescence upregulation. This finding may explain the lower
response to immunotherapy in older individuals.

Therefore, our findings provide obvious clinical significance.
On the one hand, significantly prolonged survival was observed for
patients with low SRS scores, suggesting that high-risk patients
should receive more frequent clinical surveillance and
corresponding measures to prevent disease recurrence and
progression. On the other hand, given that only a proportion of
patients can derive durable benefits from ICIs, we need more
accurate biomarkers with clinical utility. The developed cellular
senescence-related signature can be applied not only as a
prognostic tool but also as guidance for individualized
immunotherapy. Besides, Small molecules targeting FOXM1
(Gormally, et al., 2014; Li, et al., 2020), PKM2 (Ning, et al.,
2017) and TACC3(Akbulut, et al., 2020; Polson, et al., 2018)
have been developed, and demonstrated promising anticancer
capacity in vitro and in vivo experiments. These findings
highlight the potential for using these compounds for future
clinical application. Furthermore, we propose that controlling
cellular senescence-associated inflammation by targeting specific
inflammatory mediators may have a beneficial therapeutic effect in
the treatment of cancer. A new group of drugs, named senolytic
drugs, including quercetin, navitoclax, and fisetin, have received
increased attention, and preclinical clinical data of their potential
role in combination with immunotherapy are emerging. Thus, this
group of drugs may have vast implications (van Deursen 2019;
Campisi, et al., 2019; Kolb, et al., 2021; Prasanna, et al., 2021).

Although our study reports the benefits of immunotherapy
and prognosis in LUAD, this study has several limitations. First,
the five-gene signature was developed and validated in a public
dataset; thus, external validation in multicentre cohorts is
needed. Second, it is necessary to perform prospective clinical
trials to verify the applicability of our research results in LUAD
patients receiving immunotherapy. Third, the regulatory
mechanisms by which cellular senescence-related genes
reshape the TIME warrant further in vivo and in vitro
investigations. Moreover, further studies are also needed to
illustrate how the aged TIME contributes to lung cancer
development. Finally, the preliminary interpretation of

mechanisms underlying the association between cellular
senescence-related genes and worse response to ICIs must be
further elucidated using basic experiments.

In conclusion, our study identified and validated a cellular
senescence-related signature that is based on five cellular
senescence-related genes as an indicator of immune cell
infiltration in the TIME and had independent prognostic
significance for patients with LUAD. Importantly, the SRS was
significantly associated with the immune cell infiltration levels of
LUAD patients and involved in the regulation of the LUAD
immune microenvironment by SASP. Finally, we characterized
the complex interplay between the SRS score and immune
checkpoint genes in patient outcomes and suggested the
potential of the SRS score coupled with specific immune
checkpoint factors as predictive biomarkers of ICI response to
enable a more precise selection of patients who will benefit from
checkpoint inhibitor immunotherapy. Therefore, identifying
cellular senescence-related genes affecting tumor immune
responses and further studying their regulatory mechanisms
might assist risk stratification and provide promising targets
for improving the response of LUAD to immunotherapy.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by National Cancer Center/Cancer Hospital, Chinese
Academy of Medical Sciences, and Peking Union Medical
College. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

YG and JH designed the study. ZW, FS, YY, ZC, and XF collected
the data.WL andXWperformed the data analysis and interpretated
the data. XW and WL drafted the manuscript. YG revised the
manuscript. All authors read and approved the final manuscript.

FUNDING

This work was supported by National Key R&D Program of China
(2020AAA0109500), National Natural Science Foundation of
China (82122053), the Beijing Municipal Science & Technology
Commission (Z191100006619115), R&D Program of Beijing
Municipal Education commission (KJZD20191002302), CAMS
Initiative for Innovative Medicine (2021-1-I2M-012), Non-profit
Central Research Institute Fund of Chinese Academy of Medical
Sciences (2021-PT310-001), and Aiyou Foundation (KY201701).

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 78046112

Lin et al. Senescence-Related Signature for Immunotherapy

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


ACKNOWLEDGMENTS

The authors would like to thank the staff members of the TCGA
Research Network, the GEO data as well as all the authors for
making their valuable research data public.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.780461/
full#supplementary-material

REFERENCES

Acosta, J. C., O’Loghlen, A., Banito, A., Guijarro, M. V., Augert, A., Raguz, S., et al.
(2008). Chemokine Signaling via the CXCR2 Receptor Reinforces Senescence.
Cell 133, 1006–1018. doi:10.1016/j.cell.2008.03.038

Akbulut, O., Lengerli, D., Saatci, O., Duman, E., Seker, U. O. S., Isik, A., et al.
(2020). A Highly Potent Tacc3 Inhibitor as a Novel Anticancer Drug Candidate.
Mol. Cancer Ther. 19, 1243–1254. doi:10.1158/1535-7163.mct-19-0957

Ao, R., Guan, L., Wang, Y., and Wang, J.-N. (2017). Effects of PKM2 Gene
Silencing on the Proliferation and Apoptosis of Colorectal Cancer LS-147T and
SW620 Cells. Cell Physiol. Biochem. 42, 1769–1778. doi:10.1159/000479456

Aran, D., Hu, Z., and Butte, A. J. (2017). Xcell: Digitally Portraying the Tissue
Cellular Heterogeneity Landscape. Genome Biol. 18, 220. doi:10.1186/s13059-
017-1349-1

Avelar, R. A., Ortega, J. G., Tacutu, R., Tyler, E. J., Bennett, D., Binetti, P., et al.
(2020). A Multidimensional Systems Biology Analysis of Cellular Senescence in
Aging and Disease. Genome Biol. 21, 91. doi:10.1186/s13059-020-01990-9

Basisty, N., Kale, A., Jeon, O. H., Kuehnemann, C., Payne, T., Rao, C., et al. (2020).
A Proteomic Atlas of Senescence-Associated Secretomes for Aging Biomarker
Development. Plos Biol. 18, e3000599. doi:10.1371/journal.pbio.3000599

Behera, M., Owonikoko, T. K., Gal, A. A., Steuer, C. E., Kim, S., Pillai, R. N., et al.
(2016). Lung Adenocarcinoma Staging Using the 2011 Iaslc/ats/ers
Classification: A Pooled Analysis of Adenocarcinoma In Situ and Minimally
Invasive Adenocarcinoma. Clin. Lung Cancer 17, e57–e64. doi:10.1016/
j.cllc.2016.03.009

Ben-Porath, I., and Weinberg, R. A. (2005). The Signals and Pathways Activating
Cellular Senescence. Int. J. Biochem. Cel. Biol. 37, 961–976. doi:10.1016/
j.biocel.2004.10.013

Ben-Porath, I., and Weinberg, R. A. (2004). When Cells Get Stressed: An
Integrative View of Cellular Senescence. J. Clin. Invest. 113, 8–13.
doi:10.1172/jci200420663

Berben, L., Floris, G., and Wildiers, H., 2021. Cancer and Aging: Two Tightly
Interconnected Biological Processes Cancers (Basel) 13. doi:10.3390/
cancers13061400

Bernal, J. A., Luna, R., Espina, Á., Lázaro, I., Ramos-Morales, F., Romero, F., et al.
(2002). Human Securin Interacts with P53 and Modulates P53-Mediated
Transcriptional Activity and Apoptosis. Nat. Genet. 32, 306–311.
doi:10.1038/ng997

Birch, J., and Gil, J. (2020). Senescence and the SASP: many Therapeutic Avenues.
Genes Dev. 34, 1565–1576. doi:10.1101/gad.343129.120

Blanche, P., Dartigues, J.-F., and Jacqmin-Gadda, H. (2013). Estimating and
Comparing Time-dependent Areas under Receiver Operating Characteristic
Curves for Censored Event Times with Competing Risks. Statist. Med. 32,
5381–5397. doi:10.1002/sim.5958

Campisi, J. (2013). Aging, Cellular Senescence, and Cancer. Annu. Rev. Physiol. 75,
685–705. doi:10.1146/annurev-physiol-030212-183653

Campisi, J., Kapahi, P., Lithgow, G. J., Melov, S., Newman, J. C., and Verdin, E.
(2019). From Discoveries in Ageing Research to Therapeutics for Healthy
Ageing. Nature 571, 183–192. doi:10.1038/s41586-019-1365-2

Caporali, S., Alvino, E., Levati, L., Esposito, A. I., Ciomei, M., Brasca, M. G., et al.
(2012). Down-regulation of the Pttg1 Proto-Oncogene Contributes to the
Melanoma Suppressive Effects of the Cyclin-dependent Kinase Inhibitor
Pha-848125. Biochem. Pharmacol. 84, 598–611. doi:10.1016/j.bcp.2012.06.004

Chandrashekar, D. S., Bashel, B., Balasubramanya, S. A. H., Creighton, C. J., Ponce-
Rodriguez, I., Chakravarthi, B. V. S. K., et al. (2017). Ualcan: A portal for
Facilitating Tumor Subgroup Gene Expression and Survival Analyses.
Neoplasia 19, 649–658. doi:10.1016/j.neo.2017.05.002

Charoentong, P., Finotello, F., Angelova, M., Mayer, C., Efremova, M., Rieder, D.,
et al. (2017). Pan-cancer Immunogenomic Analyses Reveal Genotype-

Immunophenotype Relationships and Predictors of Response to Checkpoint
Blockade. Cel. Rep. 18, 248–262. doi:10.1016/j.celrep.2016.12.019

Chen, W.-S., Yu, Y.-C., Lee, Y.-J., Chen, J.-H., Hsu, H.-Y., and Chiu, S.-J. (2010).
Depletion of Securin Induces Senescence after Irradiation and Enhances
Radiosensitivity in Human Cancer Cells Regardless of Functional P53
Expression. Int. J. Radiat. Oncology*Biology*Physics 77, 566–574.
doi:10.1016/j.ijrobp.2009.12.013

Chiriva-Internati, M., Mirandola, L., and Figueroa, J. A., 2014. Selective Expression
and Immunogenicity of the Cancer/testis Antigens Sp17, Akap4 and Pttg1 in
Non-small Cell Lung Cancer: New Candidates for Active Immunotherapy
Chest.

Coppé, J.-P., Desprez, P.-Y., Krtolica, A., and Campisi, J. (2010). The Senescence-
Associated Secretory Phenotype: The Dark Side of Tumor Suppression. Annu.
Rev. Pathol. Mech. Dis. 5, 99–118. doi:10.1146/annurev-pathol-121808-102144

Coppé, J. P., Patil, C. K., Rodier, F., Sun, Y., Muñoz, D. P., Goldstein, J., et al. (2008).
Senescence-associated Secretory Phenotypes Reveal Cell-Nonautonomous
Functions of Oncogenic RAS and the P53 Tumor Suppressor. Plos Biol. 6,
2853–2868. doi:10.1371/journal.pbio.0060301

Cuollo, L., Antonangeli, F., Santoni, A., and Soriani, A. (2020). The Senescence-
Associated Secretory Phenotype (SASP) in the Challenging Future of Cancer
Therapy and Age-Related Diseases. Biology (Basel) 9. doi:10.3390/
biology9120485

Damasceno, L. E. A., Prado, D. S., Veras, F. P., Fonseca, M. M., Toller-Kawahisa,
J. E., Rosa, M. H., et al. (2020). Pkm2 Promotes Th17 Cell Differentiation and
Autoimmune Inflammation by fine-tuning Stat3 Activation. J. Exp. Med. 217.
doi:10.1084/jem.20190613

Der, S. D., Sykes, J., Pintilie, M., Zhu, C.-Q., Strumpf, D., Liu, N., et al. (2014).
Validation of a Histology-independent Prognostic Gene Signature for Early-
Stage, Non-small-cell Lung Cancer Including Stage Ia Patients. J. Thorac. Oncol.
9, 59–64. doi:10.1097/jto.0000000000000042

Eggert, T., Wolter, K., Ji, J., Ma, C., Yevsa, T., Klotz, S., et al. (2016). Distinct
Functions of Senescence-Associated Immune Responses in Liver Tumor
Surveillance and Tumor Progression. Cancer Cell 30, 533–547. doi:10.1016/
j.ccell.2016.09.003

Fan, X., Liu, B., Wang, Z., and He, D. (2021). TACC3 Is a Prognostic Biomarker for
Kidney Renal clear Cell Carcinoma and Correlates with Immune Cell
Infiltration and T Cell Exhaustion. Aging 13, 8541–8562. doi:10.18632/
aging.202668

Finotello, F., Mayer, C., Plattner, C., Laschober, G., Rieder, D., Hackl, H., et al.
(2019). Molecular and Pharmacological Modulators of the Tumor Immune
Contexture Revealed by Deconvolution of Rna-Seq Data. Genome Med. 11, 34.
doi:10.1186/s13073-019-0638-6

Francica, P., Nisa, L., Aebersold, D. M., Langer, R., Bladt, F., Blaukat, A., et al.
(2016). Depletion of Foxm1 via Met Targeting Underlies Establishment of a
DNA Damage-Induced Senescence Program in Gastric Cancer. Clin. Cancer
Res. 22, 5322–5336. doi:10.1158/1078-0432.ccr-15-2987

Friedman, J., Hastie, T., and Tibshirani, R. (2010). Regularization Paths for
Generalized Linear Models via Coordinate Descent. J. Stat. Softw. 33, 1–22.
doi:10.18637/jss.v033.i01

Fu, J., Li, K., Zhang, W., Wan, C., Zhang, J., Jiang, P., et al. (2020). Large-scale
Public Data Reuse toModel Immunotherapy Response and Resistance. Genome
Med. 12, 21. doi:10.1186/s13073-020-0721-z

Galbo, P. M., Jr., Zang, X., and Zheng, D. (2021). Molecular Features of Cancer-
Associated Fibroblast Subtypes and Their Implication on Cancer Pathogenesis,
Prognosis, and Immunotherapy Resistance. Clin. Cancer Res. 27, 2636–2647.
doi:10.1158/1078-0432.ccr-20-4226

Gormally, M. V., Dexheimer, T. S., Marsico, G., Sanders, D. A., Lowe, C., Matak-
Vinković, D., et al. (2014). Suppression of the Foxm1 Transcriptional
Programme via Novel Small Molecule Inhibition. Nat. Commun. 5, 5165.
doi:10.1038/ncomms6165

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 78046113

Lin et al. Senescence-Related Signature for Immunotherapy

https://www.frontiersin.org/articles/10.3389/fcell.2021.780461/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.780461/full#supplementary-material
https://doi.org/10.1016/j.cell.2008.03.038
https://doi.org/10.1158/1535-7163.mct-19-0957
https://doi.org/10.1159/000479456
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1186/s13059-020-01990-9
https://doi.org/10.1371/journal.pbio.3000599
https://doi.org/10.1016/j.cllc.2016.03.009
https://doi.org/10.1016/j.cllc.2016.03.009
https://doi.org/10.1016/j.biocel.2004.10.013
https://doi.org/10.1016/j.biocel.2004.10.013
https://doi.org/10.1172/jci200420663
https://doi.org/10.3390/cancers13061400
https://doi.org/10.3390/cancers13061400
https://doi.org/10.1038/ng997
https://doi.org/10.1101/gad.343129.120
https://doi.org/10.1002/sim.5958
https://doi.org/10.1146/annurev-physiol-030212-183653
https://doi.org/10.1038/s41586-019-1365-2
https://doi.org/10.1016/j.bcp.2012.06.004
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1016/j.ijrobp.2009.12.013
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1371/journal.pbio.0060301
https://doi.org/10.3390/biology9120485
https://doi.org/10.3390/biology9120485
https://doi.org/10.1084/jem.20190613
https://doi.org/10.1097/jto.0000000000000042
https://doi.org/10.1016/j.ccell.2016.09.003
https://doi.org/10.1016/j.ccell.2016.09.003
https://doi.org/10.18632/aging.202668
https://doi.org/10.18632/aging.202668
https://doi.org/10.1186/s13073-019-0638-6
https://doi.org/10.1158/1078-0432.ccr-15-2987
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1186/s13073-020-0721-z
https://doi.org/10.1158/1078-0432.ccr-20-4226
https://doi.org/10.1038/ncomms6165
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Green, M. R. (2008). Senescence: Not Just for Tumor Suppression. Cell 134,
562–564. doi:10.1016/j.cell.2008.08.003

Gu, Z., Gu, L., Eils, R., Schlesner, M., and Brors, B. (2014). Circlize Implements and
Enhances Circular Visualization in R. Bioinformatics 30, 2811–2812.
doi:10.1093/bioinformatics/btu393

Guo, C.-Y., Zhu, Q., Tou, F.-F., Wen, X.-M., Kuang, Y.-K., and Hu, H. (2019). The
Prognostic Value of Pkm2 and its Correlation with Tumour Cell Pd-L1 in Lung
Adenocarcinoma. BMC Cancer 19, 289. doi:10.1186/s12885-019-5519-2

Hänzelmann, S., Castelo, R., and Guinney, J. (2013). Gsva: Gene Set Variation
Analysis for Microarray and Rna-Seq Data. BMC Bioinformatics 14, 7.
doi:10.1186/1471-2105-14-7

Hernandez-Segura, A., Nehme, J., and Demaria, M. (2018). Hallmarks of Cellular
Senescence. Trends Cel. Biol. 28, 436–453. doi:10.1016/j.tcb.2018.02.001

Jiang, F., Kuang, B., Que, Y., Lin, Z., Yuan, L., Xiao, W., et al. (2016). The Clinical
Significance of Transforming Acidic Coiled-Coil Protein 3 Expression in
Non-small Cell Lung Cancer. Oncol. Rep. 35, 436–446. doi:10.3892/
or.2015.4373

Jiang, P., Gu, S., Pan, D., Fu, J., Sahu, A., Hu, X., et al. (2018). Signatures of T Cell
Dysfunction and Exclusion Predict Cancer Immunotherapy Response. Nat.
Med. 24, 1550–1558. doi:10.1038/s41591-018-0136-1

Juneja, V. R., McGuire, K. A., Manguso, R. T., LaFleur, M. W., Collins, N., Haining,
W. N., et al. (2017). Pd-l1 on Tumor Cells Is Sufficient for Immune Evasion in
Immunogenic Tumors and Inhibits Cd8 T Cell Cytotoxicity. J. Exp. Med. 214,
895–904. doi:10.1084/jem.20160801

Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2016).
Kegg as a Reference Resource for Gene and Protein Annotation. Nucleic Acids
Res. 44, D457–D462. doi:10.1093/nar/gkv1070

Kato, T., Noma, K., Ohara, T., Kashima, H., Katsura, Y., Sato, H., et al. (2018).
Cancer-Associated Fibroblasts Affect Intratumoral CD8+ and FoxP3+ T Cells
via IL6 in the Tumor Microenvironment. Clin. Cancer Res. 24, 4820–4833.
doi:10.1158/1078-0432.ccr-18-0205

Kato, T., Sato, N., Hayama, S., Yamabuki, T., Ito, T., Miyamoto, M., et al. (2007).
Activation of Holliday Junction-Recognizing Protein Involved in the
Chromosomal Stability and Immortality of Cancer Cells. Cancer Res. 67,
8544–8553. doi:10.1158/0008-5472.can-07-1307

Kolb, R., De, U., Khan, S., Luo, Y., Kim, M.-C., Yu, H., et al. (2021). Proteolysis-
targeting Chimera against Bcl-Xl Destroys Tumor-Infiltrating Regulatory
T Cells. Nat. Commun. 12, 1281. doi:10.1038/s41467-021-21573-x

Krizhanovsky, V., Xue, W., Zender, L., Yon, M., Hernando, E., and Lowe, S. W.
(2008). Implications of Cellular Senescence in Tissue Damage Response, Tumor
Suppression, and Stem Cell Biology. Cold Spring Harbor Symposia Quantitative
Biol. 73, 513–522. doi:10.1101/sqb.2008.73.048

Kuilman, T., Michaloglou, C., Vredeveld, L. C. W., Douma, S., van Doorn, R.,
Desmet, C. J., et al. (2008). Oncogene-Induced Senescence Relayed by an
Interleukin-dependent Inflammatory Network. Cell 133, 1019–1031.
doi:10.1016/j.cell.2008.03.039

Kumagai, S., Togashi, Y., Kamada, T., Sugiyama, E., Nishinakamura, H., Takeuchi,
Y., et al. (2020). The Pd-1 Expression Balance between Effector and Regulatory
T Cells Predicts the Clinical Efficacy of Pd-1 Blockade Therapies. Nat.
Immunol. 21, 1346–1358. doi:10.1038/s41590-020-0769-3

Kumari, R., and Jat, P. (2021). Mechanisms of Cellular Senescence: Cell Cycle
Arrest and Senescence Associated Secretory Phenotype. Front. Cel. Dev. Biol. 9,
645593. doi:10.3389/fcell.2021.645593

Lamano, J. B., Lamano, J. B., Li, Y. D., DiDomenico, J. D., Choy, W., Veliceasa, D.,
et al. (2019). Glioblastoma-derived Il6 Induces Immunosuppressive Peripheral
Myeloid Cell Pd-L1 and Promotes Tumor Growth. Clin. Cancer Res. 25,
3643–3657. doi:10.1158/1078-0432.ccr-18-2402

Lasry, A., and Ben-Neriah, Y. (2015). Senescence-associated Inflammatory
Responses: Aging and Cancer Perspectives. Trends Immunol. 36, 217–228.
doi:10.1016/j.it.2015.02.009

Lau, L., and David, G. (2019). Pro- and Anti-tumorigenic Functions of the
Senescence-Associated Secretory Phenotype. Expert Opin. Ther. Targets 23,
1041–1051. doi:10.1080/14728222.2019.1565658

Li, B., Severson, E., Pignon, J.-C., Zhao, H., Li, T., Novak, J., et al. (2016).
Comprehensive Analyses of Tumor Immunity: Implications for Cancer
Immunotherapy. Genome Biol. 17, 174. doi:10.1186/s13059-016-1028-7

Li, H., Yin, C., Zhang, B., Sun, Y., Shi, L., Liu, N., et al. (2013). Pttg1 Promotes
Migration and Invasion of Human Non-small Cell Lung Cancer Cells and Is

Modulated by Mir-186. Carcinogenesis 34, 2145–2155. doi:10.1093/carcin/
bgt158

Li, T., Fan, J., Wang, B., Traugh, N., Chen, Q., Liu, J. S., et al. (2017). TIMER: AWeb
Server for Comprehensive Analysis of Tumor-Infiltrating Immune Cells.
Cancer Res. 77, e108–e110. doi:10.1158/0008-5472.can-17-0307

Li, T., Fu, J., Zeng, Z., Cohen, D., Li, J., Chen, Q., et al. (2020). Timer2.0 for Analysis
of Tumor-Infiltrating Immune Cells. Nucleic Acids Res. 48, W509–W514.
doi:10.1093/nar/gkaa407

Li, Y., Lu, L., Tu, J., Zhang, J., Xiong, T., Fan, W., et al. (2020). Reciprocal
Regulation between Forkhead Box M1/NF-κB and Methionine
Adenosyltransferase 1A Drives Liver Cancer. Hepatology 72, 1682–1700.
doi:10.1002/hep.31196

Liu, C., Peng, W., Xu, C., Lou, Y., Zhang, M., Wargo, J. A., et al. (2013). Braf
Inhibition Increases Tumor Infiltration by T Cells and Enhances the Antitumor
Activity of Adoptive Immunotherapy in Mice. Clin. Cancer Res. 19, 393–403.
doi:10.1158/1078-0432.ccr-12-1626

Lopes-Paciencia, S., Saint-Germain, E., Rowell, M.-C., Ruiz, A. F., Kalegari, P., and
Ferbeyre, G. (2019). The Senescence-Associated Secretory Phenotype and its
Regulation. Cytokine 117, 15–22. doi:10.1016/j.cyto.2019.01.013

Mariathasan, S., Turley, S. J., Nickles, D., Castiglioni, A., Yuen, K., Wang, Y., et al.
(2018). TGFβ Attenuates Tumour Response to PD-L1 Blockade by
Contributing to Exclusion of T Cells. Nature 554, 544–548. doi:10.1038/
nature25501

Matsuda, K., Miyoshi, H., Hiraoka, K., Hamada, T., Nakashima, K., Shiba, N., et al.
(2018). Elevated Expression of Transforming Acidic Coiled-Coil Containing
Protein 3 (Tacc3) Is Associated with a Poor Prognosis in Osteosarcoma. Clin.
Orthop. Relat. Res. 476, 1848–1855. doi:10.1097/corr.0000000000000379

Miller, K. D., Nogueira, L., Mariotto, A. B., Rowland, J. H., Yabroff, K. R., Alfano, C.
M., et al. (2019). Cancer Treatment and Survivorship Statistics, 2019. CA A.
Cancer J. Clin. 69, 363–385. doi:10.3322/caac.21565

Mok, T. S. K., Wu, Y. L., Kudaba, I., Kowalski, D. M., Cho, B. C., Turna, H. Z., et al.
(2019). Pembrolizumab versus Chemotherapy for Previously Untreated, Pd-
L1-Expressing, Locally Advanced or Metastatic Non-small-cell Lung Cancer
(Keynote-042): A Randomised, Open-Label, Controlled, Phase 3 Trial. Lancet
393, 1819–1830. doi:10.1016/S0140-6736(18)32409-7

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust Enumeration of Cell Subsets from Tissue Expression Profiles.
Nat. Methods 12, 453–457. doi:10.1038/nmeth.3337

Ning, X., Qi, H., Li, R., Li, Y., Jin, Y., McNutt, M. A., et al. (2017). Discovery of
Novel Naphthoquinone Derivatives as Inhibitors of the Tumor Cell Specific M2
Isoform of Pyruvate Kinase. Eur. J. Med. Chem. 138, 343–352. doi:10.1016/
j.ejmech.2017.06.064

Okayama, H., Kohno, T., Ishii, Y., Shimada, Y., Shiraishi, K., Iwakawa, R., et al.
(2012). Identification of Genes Upregulated in ALK-Positive and EGFR/KRAS/
ALK-Negative Lung Adenocarcinomas. Cancer Res. 72, 100–111. doi:10.1158/
0008-5472.can-11-1403

Partridge, L., Deelen, J., and Slagboom, P. E. (2018). Facing up to the Global
Challenges of Ageing. Nature 561, 45–56. doi:10.1038/s41586-018-0457-8

Pérez-Mancera, P. A., Young, A. R. J., and Narita, M. (2014). Inside and Out: The
Activities of Senescence in Cancer. Nat. Rev. Cancer 14, 547–558. doi:10.1038/
nrc3773

Polson, E. S., Kuchler, V. B., Abbosh, C., Ross, E. M., Mathew, R. K., Beard, H. A.,
et al. (2018). Khs101 Disrupts Energy Metabolism in Human Glioblastoma
Cells and Reduces Tumor Growth in Mice. Sci. Transl. Med. 10. doi:10.1126/
scitranslmed.aar2718

Prasanna, P. G., Citrin, D. E., Hildesheim, J., Ahmed, M. M., Venkatachalam, S.,
Riscuta, G., et al. (2021). Therapy-Induced Senescence: Opportunities to
Improve Anti-cancer Therapy. J. Natl. Cancer Inst. 113, 1285–1298.
doi:10.1093/jnci/djab064

Qie, Y., Wang, L., Du, E., Chen, S., Lu, C., Ding, N., et al. (2020). Tacc3 Promotes
Prostate Cancer Cell Proliferation and Restrains Primary Cilium Formation.
Exp. Cel. Res. 390, 111952. doi:10.1016/j.yexcr.2020.111952

Racle, J., de Jonge, K., Baumgaertner, P., Speiser, D. E., and Gfeller, D. (2017).
Simultaneous Enumeration of Cancer and Immune Cell Types from Bulk
Tumor Gene Expression Data. Elife 6. doi:10.7554/eLife.26476

Reck, M., Rodríguez-Abreu, D., Robinson, A. G., Hui, R., Csőszi, T., Fülöp, A., et al.
(2016). Pembrolizumab versus Chemotherapy for Pd-L1-Positive Non-small-
cell Lung Cancer. N. Engl. J. Med. 375, 1823–1833. doi:10.1056/nejmoa1606774

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 78046114

Lin et al. Senescence-Related Signature for Immunotherapy

https://doi.org/10.1016/j.cell.2008.08.003
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1186/s12885-019-5519-2
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.3892/or.2015.4373
https://doi.org/10.3892/or.2015.4373
https://doi.org/10.1038/s41591-018-0136-1
https://doi.org/10.1084/jem.20160801
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1158/1078-0432.ccr-18-0205
https://doi.org/10.1158/0008-5472.can-07-1307
https://doi.org/10.1038/s41467-021-21573-x
https://doi.org/10.1101/sqb.2008.73.048
https://doi.org/10.1016/j.cell.2008.03.039
https://doi.org/10.1038/s41590-020-0769-3
https://doi.org/10.3389/fcell.2021.645593
https://doi.org/10.1158/1078-0432.ccr-18-2402
https://doi.org/10.1016/j.it.2015.02.009
https://doi.org/10.1080/14728222.2019.1565658
https://doi.org/10.1186/s13059-016-1028-7
https://doi.org/10.1093/carcin/bgt158
https://doi.org/10.1093/carcin/bgt158
https://doi.org/10.1158/0008-5472.can-17-0307
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1002/hep.31196
https://doi.org/10.1158/1078-0432.ccr-12-1626
https://doi.org/10.1016/j.cyto.2019.01.013
https://doi.org/10.1038/nature25501
https://doi.org/10.1038/nature25501
https://doi.org/10.1097/corr.0000000000000379
https://doi.org/10.3322/caac.21565
https://doi.org/10.1016/S0140-6736(18)32409-7
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/j.ejmech.2017.06.064
https://doi.org/10.1016/j.ejmech.2017.06.064
https://doi.org/10.1158/0008-5472.can-11-1403
https://doi.org/10.1158/0008-5472.can-11-1403
https://doi.org/10.1038/s41586-018-0457-8
https://doi.org/10.1038/nrc3773
https://doi.org/10.1038/nrc3773
https://doi.org/10.1126/scitranslmed.aar2718
https://doi.org/10.1126/scitranslmed.aar2718
https://doi.org/10.1093/jnci/djab064
https://doi.org/10.1016/j.yexcr.2020.111952
https://doi.org/10.7554/eLife.26476
https://doi.org/10.1056/nejmoa1606774
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Rousseaux, S., Debernardi, A., Jacquiau, B., Vitte, A. L., Vesin, A., Nagy-Mignotte,
H., et al. (2013). Ectopic Activation of Germline and Placental Genes Identifies
Aggressive Metastasis-Prone Lung Cancers. Sci. Transl. Med. 5. 186ra66.
doi:10.1126/scitranslmed.3005723

Ru, B., Wong, C. N., Tong, Y., Zhong, J. Y., Zhong, S. S. W.,Wu,W. C., et al. (2019).
Tisidb: An Integrated Repository portal for Tumor-Immune System
Interactions. Bioinformatics 35, 4200–4202. doi:10.1093/bioinformatics/btz210

Schmidt, S., Schneider, L., Essmann, F., Cirstea, I. C., Kuck, F., Kletke, A., et al.
(2010). The Centrosomal Protein Tacc3 Controls Paclitaxel Sensitivity by
Modulating a Premature Senescence Program. Oncogene 29, 6184–6192.
doi:10.1038/onc.2010.354

Schneider, J. L., Rowe, J. H., Garcia-de-Alba, C., Kim, C. F., Sharpe, A. H., and
Haigis, M. C. (2021). The Aging Lung: Physiology, Disease, and Immunity. Cell
184, 1990–2019. doi:10.1016/j.cell.2021.03.005

Schneider, L., Essmann, F., Kletke, A., Rio, P., Hanenberg, H., Schulze-Osthoff, K.,
et al. (2008). Tacc3 Depletion Sensitizes to Paclitaxel-Induced Cell Death and
Overrides P21waf-Mediated Cell Cycle Arrest. Oncogene 27, 116–125.
doi:10.1038/sj.onc.1210628

Sharma, P., Hu-Lieskovan, S., Wargo, J. A., and Ribas, A. (2017). Primary,
Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell 168,
707–723. doi:10.1016/j.cell.2017.01.017

Sheng, W., Liu, Y., and Chakraborty, D. (2021). Simultaneous Inhibition of Lsd1
and Tgf-B Enables Eradication of Poorly Immunogenic Tumors with Anti-pd-1
Treatment Cancer Discov.

Sturm, G., Finotello, F., Petitprez, F., Zhang, J. D., Baumbach, J., Fridman, W. H.,
et al. 2019, Comprehensive Evaluation of Transcriptome-Based Cell-type
Quantification Methods for Immuno-Oncology 35: i436-i445.doi:10.1093/
bioinformatics/btz363

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene Set Enrichment Analysis: A Knowledge-Based
Approach for Interpreting Genome-wide Expression Profiles. Proc. Natl.
Acad. Sci. 102, 15545–15550. doi:10.1073/pnas.0506580102

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71,
209–249. doi:10.3322/caac.21660

Tang, Z., Kang, B., Li, C., Chen, T., and Zhang, Z. (2019). Gepia2: An Enhanced
Web Server for Large-Scale Expression Profiling and Interactive Analysis.
Nucleic Acids Res. 47, W556–W560. doi:10.1093/nar/gkz430

Tao, J., Xu, X.-S., Song, Y.-Z., Qu, K., Wu, Q.-F., Wang, R.-T., et al. (2014). Down-
regulation of FoxM1 Inhibits Viability and Invasion of Gallbladder Carcinoma
Cells, Partially Dependent on Inducement of Cellular Senescence. Wjg 20,
9497–9505. doi:10.3748/wjg.v20.i28.9497

The Gene Ontology, C. (2019). The Gene Ontology Resource: 20 Years and Still
Going strong. Nucleic Acids Res. 47, D330–D338. doi:10.1093/nar/gky1055

Tibshirani, R. (1997). The Lasso Method for Variable Selection in the Cox Model.
Statist. Med. 16, 385–395. doi:10.1002/(sici)1097-0258(19970228)16:4<385:
aid-sim380>3.0.co;2-3

van Deursen, J. M. (2019). Senolytic Therapies for Healthy Longevity. Science 364,
636–637. doi:10.1126/science.aaw1299

Wang, C.-j., Li, X., Shi, P., Ding, H.-y., Liu, Y.-p., Li, T., et al. (2020). Holliday
junction Recognition Protein Promotes Pancreatic Cancer Growth and
Metastasis via Modulation of the Mdm2/p53 Signaling. Cell Death Dis. 11,
386. doi:10.1038/s41419-020-2595-9

Wang, F., Liu, Y., and Chen, Y. (2016). Pituitary Tumor Transforming Gene-1 in
Non-small Cell Lung Cancer: Clinicopathological and Immunohistochemical
Analysis. Biomed. Pharmacother. 84, 1595–1600. doi:10.1016/
j.biopha.2016.10.047

Wang, I.-C., Ustiyan, V., Zhang, Y., Cai, Y., Kalin, T. V., and Kalinichenko, V. V.
(2014). Foxm1 Transcription Factor Is Required for the Initiation of Lung
Tumorigenesis by Oncogenic KrasG12D. Oncogene 33, 5391–5396.
doi:10.1038/onc.2013.475

Wei, Y., Ouyang, G. L., Yao, W. X., Zhu, Y. J., Li, X., Huang, L. X., et al. (2019).
Knockdown of HJURP Inhibits Non-small Cell Lung Cancer Cell
Proliferation, Migration, and Invasion by Repressing Wnt/β-Catenin
Signaling. Eur. Rev. Med. Pharmacol. Sci. 23, 3847–3856. doi:10.26355/
eurrev_201905_17812

Xue, W., Zender, L., Miething, C., Dickins, R. A., Hernando, E., Krizhanovsky, V.,
et al. (2007). Senescence and Tumour Clearance Is Triggered by P53
Restoration in Murine Liver Carcinomas. Nature 445, 656–660. doi:10.1038/
nature05529

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R Package
for Comparing Biological Themes Among Gene Clusters. OMICS: A J. Integr.
Biol. 16, 284–287. doi:10.1089/omi.2011.0118

Zhang, Y., Tan, L., Yang, Q., Li, C., and Liou, Y.-C. (2018). The Microtubule-
Associated Protein Hurp Recruits the Centrosomal Protein Tacc3 to Regulate
K-Fiber Formation and Support Chromosome Congression. J. Biol. Chem. 293,
15733–15747. doi:10.1074/jbc.ra118.003676

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Lin, Wang, Wang, Shao, Yang, Cao, Feng, Gao and He. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 78046115

Lin et al. Senescence-Related Signature for Immunotherapy

https://doi.org/10.1126/scitranslmed.3005723
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1038/onc.2010.354
https://doi.org/10.1016/j.cell.2021.03.005
https://doi.org/10.1038/sj.onc.1210628
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1093/bioinformatics/btz363
https://doi.org/10.1093/bioinformatics/btz363
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.3322/caac.21660
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.3748/wjg.v20.i28.9497
https://doi.org/10.1093/nar/gky1055
https://doi.org/10.1002/(sici)1097-0258(19970228)16:4<385:aid-sim380>3.0.co;2-3
https://doi.org/10.1002/(sici)1097-0258(19970228)16:4<385:aid-sim380>3.0.co;2-3
https://doi.org/10.1126/science.aaw1299
https://doi.org/10.1038/s41419-020-2595-9
https://doi.org/10.1016/j.biopha.2016.10.047
https://doi.org/10.1016/j.biopha.2016.10.047
https://doi.org/10.1038/onc.2013.475
https://doi.org/10.26355/eurrev_201905_17812
https://doi.org/10.26355/eurrev_201905_17812
https://doi.org/10.1038/nature05529
https://doi.org/10.1038/nature05529
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1074/jbc.ra118.003676
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Comprehensive Analysis Uncovers Prognostic and Immunogenic Characteristics of Cellular Senescence for Lung Adenocarcinoma
	Introduction
	Materials and Methods
	Data Acquisition and Processing
	Development and Validation of the Cellular Senescence-Related Signature
	Signature Genes Analyses
	Pathway and Functional Enrichment Analysis
	Correlation Between Immune Cell Infiltration and SRS
	Assessment of SRS and Response to Immune Checkpoint Inhibitors
	Clinical Specimens
	Immunohistochemistry
	Statistical Analysis

	Results
	Identification of Differentially Expressed Senescence-Related Genes in LUAD
	Development of a Cellular Senescence-Related Signature in LUAD
	Validation of SRS in Three Independent Cohorts
	Biological Processes Analysis of SRS
	SRS Is Associated With Alterations in SASP and Immune Cell Infiltration
	Impact of SRS and Immune Checkpoints on Clinical Outcome
	Predictive Potential of SRS in Immunotherapy Response
	Validation of Signature Gene Expressions in LUAD Tissues

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


