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2021 ; 
2010

ink4a and/or 

; 
2012

space of a broad spectrum of proteins, such as chemokines, growth 

This secretome, specific to senescent cells, can impact neighboring 
cells, induce a chronic inflammatory milieu, and is ultimately thought 

2010; 
Tchkonia et al., 2013

2014

sue changes, such as chronic inflammation, cardiac insufficiency, 

et al., 2020
2011; 

Demaria et al., 2014

2023
demonstrated the potential of senescent cell ablation to improve 

et al., 
the significant senolytic efficacy established by these approaches, 
important challenges remain. These include the lack of translat
ability of genetic tools, as well as the limited specificity and unde
sired side effects of available senolytics/senomorphics. Recently, 
immunotherapies targeting senescent cell surface molecules, such 

2020; Qu et al., 2020 2021; 

Yang et al., 2023

promising to offer heightened precision for in vivo senescent cell 
elimination while plausibly limiting the side effects on the nor

β

identification of senescent cells is limited due to the heterogeneity 

2014; 
Basisty et al., 2020

by their low solubility and abundance. Recent efforts focusing on 

et al., , 

cells which may play a crucial role in evading immune surveillance 
2024

field of the senescence surfaceome, translating these findings into 

may be attributed to the limited cellular origins, senescence stimuli, 
and species upon which senescent cell models were established in 
previous studies.

surface proteins in senescent cells induced by diverse stimuli across 
various murine and human cell types of both fetal and adult origins. 
The aim was to identify potential cell surface candidates for seno

targeting, offering potential pathways for the detection and strategic targeting of se

aging, cell surface proteins, cellular senescence, mass spectrometry, senotherapeutics
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|DENG ET AL.

surface markers and validated their enrichment in various tissues of 

β

work for potential future applications aimed at detecting and tar

in vivo.

|

|

|

2 atmosphere. 

2013

on an orbital shaker and oligodendrocyte precursor cells were re

2014
minced after the removal of visceral organs. Cells were digested by 

Cells were not pooled.

|

were optimized for the respective senescent cell model included in 

μ μ

μ

μ 2O2

then washed and cultured in a complete medium for an additional 
μ

2O2 2O2

2O2

treated mouse astrocytes were cultured in a complete medium for 

|
quantitative real- time PCR

used are listed in Table .
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|

μ

+

+

+

sis. The target band was normalized to the total actin detected in the 

|

in blocking solution at 4°C overnight. Cells were then washed three 

4′

μm thick

μ

primary antibodies in the blocking buffer at 4°C overnight. On the 

×, 10×, 20×, and 40× 

mized for representative images and standardized between samples 

| β - gal staining

β β

×

β

β

calculated as a percentage of total cells using the Fiji software. For 
μm brain sections obtained via vibratome 

μm testis sections obtained via cryostat, as described in the 
β

β

β

|

~ ×  cells were 

CaCl2 2
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|

Isolated cell surface proteins as described above were reduced and 
alkylated prior to processing by a previously described modified pro

tion of residual detergents. Tryptic peptides were then cleaned, de
μ

replicates.

|

× μ

μ ×

×

×  
× 4 ×  for 

×

in the centroid mode.

|

identified by specifying trypsin as the protease, with up to 2 missed 

were set as carbamidomethylated cysteine, while dynamic modi

Consensus workflow. Default settings of individual nodes were 

= =

nants were filtered out prior to analysis.

|

±

t test, 
and statistical differences among three or more groups were calcu

post hoc test. Differences were defined statistically significant at 
p <

Biore nder. com.

proteins across the various cell conditions and cell surface dif
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| DENG ET AL.

values during the log10 transformation, a constant value of 1 was 

of negative values corresponding to downregulated proteins, the 
log10 of the absolute values was computed and multiplied with 

correlation was analyzed using the R package “corrplot” and visu
https:// 

www. chipl ot. online/ . Data for clustering analysis were clustered 

erated using the package “ggrepal” in R and visualized with the 
“ggplot2” package. Cellular Component enrichment analyses were 

https:// metas cape. org/ gp/ 

https:// cytos cape. org/ 
p <

p <

diagrams were generated using the “eulerr” package in R or using 
https:// www. inter 

activ enn. net/ 

datasets, the read counts for each gene were preprocessed to be 

or old mice. LORs were calculated in R, including a calculation of 
the corresponding p
hypothesis that the odds ratio is 1. The results were visualized 

|

|
senescence- associated cell surfaceome

Figure 

senescence in mouse primary astrocytes. These senescence models 

β

Figure 

Figure 1a

2O2, which was associated with very low 

Figure 1a

Figure 

2O2

Figure 

β

2O2

2O2

Figure 1e

Figure 

Figure 2a, Table 

by different inducers within the same cell type also clustered sepa

have effects on the cell surface proteomic profiles of senescence. 

ducted to compare correlations between cell conditions against one 
another, revealing that senescence conditions within the same cell 

Figure 2b

Figure 2c
profiles of surface proteins in senescence conditions originating 

Figure 2c
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|
proteomic profiling in senescent cells

counterparts, focusing on proteins with significant changes 
p <

Figure 2d

Table 

senescence markers, a cell proliferation 

The CT value of a given target gene 
was normalized to the corresponding 
β  method 
for each sample. Data were normalized 
to the average of the corresponding 
control group and are presented as 

±

t test for comparisons between 

post hoc test for analyses involving 
more than two groups, with *p <

**p < p < p <

=

cells per field. Data are presented as the 
±

***p < p <

's t test 

β, interleukin 1 

α, tumor 
necrosis factor alpha.
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the magnitude of protein level changes, senescent human cells 

senescent mouse cells across the various cell types and inducers 
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|DENG ET AL.

Figure 2d,e

phenotypic changes observed in senescent human cells com
Figure 1

senescence surfaceome is more strongly determined by the cell 
Figure , Table 

within each senescent cell model. This analysis was carried out by 

html Homo sa-
piens and Mus musculus. Figure  provides a comparison of sig

p <

models, with a complete listing of clusters and corresponding terms 
available in Table 

Homo sapiens Mus mus-
culus Figure , Table Figure 2g displays 
the top 10 commonly enriched clusters across eight senescence con

p
Table 

2O2

Table 
To gain insight into potential interactome dynamics linked to the 

2021

Table 
the distribution of interaction types for each senescence scenario, 
visually shown in Figure 2f
distribution were displayed across the various senescent cell mod

Figure 2f

Homo sapiens and Mus musculus 
Figure , Table 

p
Figure 2h, Table 

lation of cell migration, and vasculature development have been im
2010; 

Levi et al., 2020

p <

2O2
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| DENG ET AL.

et al., 2010 2O2 had the highest num

Table 

|
signature

et al., 
cules shared across diverse senescent cell models, we intersected 

Figure 2i, a total 

Table 

senescent cells showed a significant decrease in protein abundance 
Figure 2j

Figure 2k

models compared to the three human senescent models may be at

|
cell types

2O2 Figure 3a

2O2 Figure 3b,c

Figure  and 
Figure 
surfaceome differ between cell types, we performed biological path
way analysis for both upregulated and downregulated cell surface 
proteins. The comprehensive and top 10 lists of enriched clusters 
for each comparison are provided in Table . In these comparisons 
between two distinct cell types subjected to the same senescence 

condition are visualized in Figure 
enriched biological pathways within each comparison. Our analysis 
highlights heterogeneity in senescence attributed to cell type.

|
unique CS surfaceome changes

ferent senescence inducers in the same cell type. To assess this, we 

2O2 in senescent human lung fibroblasts, 
Figure 

Figure 
Furthermore, the biological process enrichment analysis for the 

p

with a similarity >0.3 are connected by edges. Each node represents an enriched term shown as pie chart with color coding based on cell 
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|DENG ET AL.

regulation of cation transmembrane transport, are closely associ
Figure 3d 2O2 Figure 

tinctly associated with specific stressors, shown in Figure 3e and 
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Table 

Figure 3f

models. These two datasets included a whole transcriptome study 

et al., 

2O2

emerged, comprised of seven proteins, including sphingomyelin 

Figure 3f, Table 

|
targets

cells, across various human vital tissues, using data provided by the 
Figure 2014

2013 2012
Figure , Table 

ing during senescence across Homo sapiens and Mus musculus, we se

within each species and determined the corresponding homologues 
in the other species via the biological DataBase network bioDBnet 

Figure 4a,b, Table 

human and mouse vital tissues were established, with glutathione 

Figure , Table 

two cell surface molecules were identified that overlapped between 

Figure 4c, Figure  and 
Table 

et al., 

2021

conditions in our study.
In summary, we identified four senescence markers from the 

els in normal tissues of both mice and humans. The abundance of 

senescence conditions and the corresponding control cells is shown 
in Figure 4d

Figure 4e, Table 

Figure 4f, based on 

one senescent condition overlapping between Homo sapiens and Mus musculus

to the corresponding β
±

t
two groups, with *p < p < p <

= μm.
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counterparts.

|
targets in aging and age- related disease in vivo

https:// wlab. 
ethz. ch/ prott er/ start/   and shown in Figure 

shown in Figure 

Table 

Table 

Figure 

virtually undetectable in the brains of young mice, whereas old 

Figure , 

Figure 
Figure 

β

Figure 

Figure 

Figure 
old testes were located in the interstitial space outside of seminifer

β

Figure 

ing one of the four identified potential senotherapeutic targets 
in vivo, we analyzed the abundance of cells positive for these candi

2020

cluded, resulting in 130 cell types from 11 tissues for analysis. For 
brain cells, we also included an established droplet transcriptomic 

Figure 

dothelial cells, lung and bone marrow plasma cells, and tongue kera

± p <

**p < p < 's t
=

n = ± p < 's t 

= μ

n =

± p < p < p < 's t

β = μm. 
β n = ±

*p < p < p < 's t
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served in lung dendritic cells, club cells of bronchioles, lung plasma 
cells, and brain pericytes in old mice, while being absent in young 
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positive cells, with dramatic increases observed in kidney plasma 
cells, club cells of bronchioles, and olfactory ensheathing glia, while 

cipal cells, mammary gland luminal epithelial cells, marrow erythroid 

each gene are shown in Table .
To further address how our four potential senotherapeutic tar

indicates a positive correlation, while a negative LOR indicates a 

both positive and negative correlations between the presence of 
Figure 

in adipose mesenchymal stem cells, basal cells of the epidermis and 
keratinocytes of the tongue. Remarkably high and positive correla

in this cell type. LOR values and corresponding p
Table .

|

Cell surface proteins act as vital molecular mediators, facilitat

et al., 

cells differ from proliferating cells and display distinct metabolic, as 

Critical to understanding the mechanisms that shape the senescent 

Our findings indicate that the surfaceome is strongly influenced 

have altered cell adhesion capabilities, which are closely linked to cy
toskeletal reorganization, morphological changes and changes in cell 

2023; Levi et al., 2020
ization of the senescent cell surfaceome across diverse conditions 

The notable prevalence of biological pathways related to cell migra

These features significantly contribute to the compositional remod

Table 

Table 
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The shared surfaceome may contribute to a more general senes

; Rovira et al., 2022

2003
significant upregulation across diverse mouse senescent cell models, 

face signature that covers downregulated protein targets, glutathi

decline during senescence in human primary fibroblasts. This pheno

2020

2023; 

et al., 2020

mon stimulus, we have demonstrated the profound influence of cell 

surfaceome is preferentially determined by the respective cell type. 
For instance, the glial cell migration pathway was significantly en

proteins linked to muscle and skeletal system development, such as 

lial cells, notable links to blood vessel development emerged, such 

dissect potential differences induced by various senescence trig

marked by predicted abnormalities in glucose metabolism, while 

2O2

tial effects may contribute to distinct cellular stress responses and 

cytes, is closely linked to chromosome missegregation, thereby 
bridging proteasome activity with genomic instability. Furthermore, 

2004 2021

gets to enhance their therapeutic efficacy and minimize side effects, 
while optimizing administration strategies.

phorin signaling and has demonstrated increased transcript levels 

et al., 2023 2021

et al., 

which contributes to cell migration and planar cell polarity. Increased 

2023

et al., 2014 2020

2021; Lee 
et al., 2023 2023

in vivo is critical for clinical applications. Our study observed sig
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2014
2014

β

the interstitial space markedly increased with aging, consistent 
2023

region contains Leydig cells, endothelial cells, and macrophages, 
all of which can undergo senescence and have been reported to 

2022; Ozawa et al., 2023
2020

potential senotherapeutic targets, as well as positive correlations 

Figure 

not account for the spatial location of the microglia, instead ag
gregating microglia from the entire brain for analysis. Consistent 
with previous gene network analyses showing an enrichment of 

2022

didate markers preferentially increased in epithelial cells, immune 
cells, and fibroblasts in aged mice. These observations underscore 
the potential application of our candidates as senotherapeutic tar

cence inducer, lays the foundation for the development of a more 

could leverage advanced technologies such as imaging flow cytom

of senescence surface signatures in vivo. The potential utility of the 

ing research.
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