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Abstract 

Cellular senescence pla y s a significant role in tissue aging. Senescent cells, which resist apoptosis while remaining metabolically active, gen- 
erate endogenous DNA-damaging agents, primarily reactive oxygen species. Efficient DNA repair is therefore crucial in these cells, especially 
when they undergo senescence escape, resuming DNA replication and cellular proliferation. To in v estigate whether senescent cell transcrip- 
tomes reflect adequate DNA repair capacity, we conducted a comprehensive meta-analysis of 60 transcriptomic datasets comparing senescent 
to proliferating cells. Our analy sis re v ealed a striking downregulation of genes encoding essential components across DNA repair pathw a y s 
in senescent cells. This includes pathways active in different cell cycle phases such as nucleotide excision repair, base excision repair, non- 
homologous end joining and homologous recombination repair of double-strand breaks, mismatch repair and interstrand crosslink repair. The 
do wnregulation observ ed suggests a significant accumulation of DNA lesions. Experimental monitoring of DNA repair readouts in cells that 
underwent radiation-induced senescence supported this conclusion. This phenomenon was consistent across various senescence triggers and 
w as also observ ed in primary cell lines from aging individuals. These findings highlight the potential of senescent cells as ‘ticking bombs’ in 
aging-related diseases and tumors recurring f ollo wing therap y -induced senescence. 
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he stability and integrity of cellular DNA are constantly
hallenged by both spontaneous alterations in DNA compo-
ents ( 1 ) and exposure to DNA-damaging agents ( 2 ). Most
f these agents are endogenous reactive oxygen species (ROS)
enerated during normal cellular metabolism, with additional
ontributions from environmental chemicals or various forms
f radiation. By-products from food processing and health-
elated behaviors such as smoking further increase the DNA
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damage burden in human tissues. Collectively, it is estimated
that tens of thousands of DNA lesions are induced daily in
a single cell ( 3 ,4 ). Preserving genome stability against this
persistent DNA damage is paramount to preventing unwar-
ranted cell death or the onset of neoplasia ( 2 ,5 ). The primary
guardian of genome stability is the DNA damage response
(DDR)—an elaborate signal transduction network orchestrat-
ing DNA repair pathways while finely modulating numer-
ous physiological processes in a synchronized manner ( 4 , 6 , 7 ).
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Mutations compromising DDR function are commonly asso-
ciated with disorders characterized by progressive degenera-
tion, increased cancer susceptibility and segmental premature
aging ( 8 ,9 ). The link between genome instability and acceler-
ated aging is further supported by the accumulation of exces-
sive DNA damage in aging tissues ( 9 ,10 ). 

Another prevalent feature of aging tissues is the accumula-
tion of senescent cells ( 11–14 ). Cellular senescence is a state
marked by prolonged cell cycle arrest, resistance to apopto-
sis, substantial alterations in cellular morphology, metabolic
shifts, chromatin reorganization, and epigenetic and gene
expression modifications, along with elevated DNA dam-
age ( 15–18 ). A key characteristic of senescent cells is the
senescence-associated secretory phenotype (SASP), which in-
volves extensive secretion of cytokines and growth factors,
many of which are pro-inflammatory. The SASP can exert au-
tocrine and paracrine effects, profoundly influencing the tissue
microenvironment ( 19 ,20 ). 

Replicative senescence (RS), the first documented form of
cellular senescence, is readily observed in primary fibroblast
lines as they undergo successive population doublings, coin-
ciding with a gradual telomere erosion ( 21 ). Beyond telomere
shortening, various stresses can trigger cellular senescence—a
process termed ‘stress-induced premature senescence’ (SIPS).
Key examples include DNA damage from oxidative or geno-
toxic stress, oncogene activation and other cellular insults
( 15 , 22 , 23 ). 

Cellular senescence is an essential but Janus-faced process:
on the one hand, it plays essential roles in embryonic devel-
opment, tissue repair, elimination of damaged cells and tumor
suppression. On the other hand, over time, it can drive patho-
logical degeneration, promote inflammatory processes ( 24 ),
contribute to cancer progression and exacerbate age-related
diseases ( 23 , 25 , 26 ). Recently, growing awareness of the po-
tential reversibility of cellular senescence ( 24 ) has underscored
the importance of therapy-induced senescence (TIS) and the
capacity of senescent cells to escape from cell cycle arrest,
which may impact the progression from tumor dormancy to
relapse ( 27–31 ). 

Cellular senescence can be triggered by sustained DNA
damage leading to persistent activation of damage-induced
cell cycle checkpoints ( 32 ). Despite the anticipation that the
DDR would mitigate lesion accumulation in senescent cells,
these cells often display high levels of ongoing DNA damage
( 15 ,16 ). The underlying causes of this persistent DNA damage
remain poorly understood. Continuous accumulation of DNA
lesions may impact the metabolism of senescent cells and pro-
foundly destabilize their genome if they re-enter the cell cy-
cle after senescence escape. Thus, the DNA repair capacity of
senescent cells is critical not only for normal physiology but
also for pathological conditions involving senescence, includ-
ing TIS, with important clinical implications. 

Several reports have noted decreased expression of specific
DNA repair genes active during the S and G2 phases of the
cell cycle in senescent cultured cells ( 33–36 ). These findings
prompted us to investigate whether they reflected a broader,
programmed suppression of all major DNA repair pathways
in senescence. Such suppression, if confirmed, could represent
a defining characteristic of senescence with significant biologi-
cal and clinical implications. To address this question, we per-
formed a comprehensive meta-analysis of 60 publicly avail-
able transcriptomic datasets, encompassing both primary cell
lines and cancer cell lines. Our analysis revealed widespread
downregulation of genes encoding key components across 
all major DNA repair pathways in senescent cells. This re- 
duction was consistent across various senescence contexts,
including replicative, oncogene-induced and DNA damage- 
induced senescence, as well as senescence induced by treat- 
ment with chemotherapeutic agents. Notably, this trend was 
also observed in datasets with single-cell transcriptomic or 
proteomic analyses. Importantly, we found that this downreg- 
ulation intensifies as primary cell lines approach the Hayflick 

limit. Furthermore, the suppression of DNA repair genes is 
more pronounced in proliferating fibroblast lines derived from 

older donors, highlighting the persistence of this phenomenon 

across different cellular contexts and aging processes. 

Materials and methods 

Transcriptomic analysis 

A flowchart illustrating the transcriptomic analysis is pro- 
vided in Supplementary Figure S1 . 

Building a comprehensive human senescence gene expression 

dataset: from GEO retrieval to preprocessing pipelines 
This section corresponds to Figure 1 A. Relevant transcrip- 
tomic data for this study were manually curated from PubMed 

and the Gene Expression Omnibus (GEO) database. We 
used a dual search strategy, combining database keyword 

queries (e.g. ‘Senescence’) with a literature review, to iden- 
tify senescence-related RNA sequencing (RNA-seq) datasets.
Literature review tools such as Research Rabbit ( https:// 
www.researchrabbit.ai/) and Litmaps ( www.litmaps.com ) fa- 
cilitated this process. To control for cell type variability, we 
initially focused on data derived from two primary cell types: 
fibroblasts obtained from lung and skin biopsies and en- 
dothelial cells (Figure 1 A). Subsequently, we gathered and re- 
analyzed data from the SENESCopedia database ( 37 ), allow- 
ing us to extend our observation to 13 additional cell lines,
including A549, H358, HCT116, HEP3B, HEPG2, HUH7,
LOVO, MCF-7, MDA-AMB-231, PC9, RKO, SUM159 and 

TD47, covering lung adenocarcinoma, colon carcinoma, hep- 
atocellular carcinoma, breast adenocarcinoma, non-small cell 
lung carcinoma, mesenchymal triple-negative breast cancer 
and thyroid carcinoma. To capture a wide range of senescence 
triggers, we selected datasets representing various senescence 
types, including replicative, DNA damage-induced, therapy- 
induced and oncogene-induced senescence (OIS). Preliminary 
dataset selection was based on two main criteria: availability 
of raw F ASTQ / F ASTA data for unbiased analysis and inclu- 
sion of both proliferative and senescent conditions, each with 

at least two replicates. Preference was given to datasets with 

experimental validation. 
Raw data were acquired from the Short Read Archive and 

systematically preprocessed using the Galaxy platform ( 38 ).
Quality control included initial assessment with FASTQC, fol- 
lowed by read trimming (removal of 10 bases from exter- 
nal regions and reads with a quality score below Q25) us- 
ing Trimmomatic ( 39 ) and FASTQC re-evaluation. Trimmed 

reads were aligned to the GRCh38 / hg38 human genome ref- 
erence using HISAT2 ( 40 ), and alignment quality was veri- 
fied with MultiQC ( 41 ). Gene expression quantification for 
protein-coding genes (GENCODE V44) was conducted with 

FeatureCounts ( 42 ). To normalize count tables, we applied log 
counts per million (logCPM) using EdgeRCount ( 43 ), utilizing 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://www.researchrabbit.ai/
http://www.litmaps.com
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he function calcNormFactors followed by cpm(log = TRUE).
inally, the normalized data were used to validate clear sepa-
ation between proliferative and senescent conditions through
rincipal component analysis (PCA; R v3.5.3 ‘stats’ package;
ata not shown). 

ifferential expression analysis 
ifferential gene expression was performed using the DE-

eq2 package ( 44 ), applying significance thresholds of ad-
usted P < 0.05 and an absolute log 2 FC > 0.58. 

ssessing gene deregulation consistency across studies 
o identify genes consistently deregulated across the analyzed
atasets, we assigned a score to each gene based on its differ-
ntial expression in individual studies. Genes received a score
f +1 for upregulation and −1 for downregulation in studies
here their expression was significantly altered. For signifi-

ance thresholds, refer to the ‘Differential expression analy-
is’ section. Finally, the distribution of gene score was plot-
ed to provide a visual representation of this scoring system
 Supplementary Figure S2 A). 

ene set enrichment analysis 
SEA was conducted using the clusterProfiler package ( 37 ).
ene sets from both the KEGG ( 45 ) and Gene Ontology Bio-

ogical Process (GOBP) ( 46 ) were used as reference resources.
enes were ranked according to their differential expression
etween proliferative and senescent (or quiescent) conditions,
ith fold changes calculated using DESeq2. To visualize the

esults, GSEA heatmaps were generated (Figure 1 A and B, and
upplementary Figure S2 B and D), displaying the NES with
he Pheatmap package. 

nrichment analysis using the ORA 

o functionally annotate the DEGs, we conducted Gene
ntology (GO) enrichment analysis using an ORA frame-
ork, implemented with the clusterProfiler ( 37 ) or EnrichR

 47 ) packages. The background gene set consisted of all
rotein-coding genes. A significance threshold of adjusted P -
alue < 0.05 was applied, using the Benjamini and Hochberg
orrection for multiple testing. An expression heatmap was
enerated with NetworkAnalyst ( 48 ). 

atch correction and REM meta-analysis for identifying ro-
ust senescence signatures 
o construct a representative super-dataset, we arbitrarily se-

ected 10 datasets from our initial collection based on their
istinct separation observed in PCA, using the R ‘stats’ pack-
ge ( Supplementary Figure S3 A). Including > 10 datasets did
ot substantially increase the number of identified DEGs and
ould complicate downstream analyses, as some tools have
imitations on the number of samples. The chosen datasets
ere subjected to logCPM normalization using EdgeR ( 43 )

nd batch effect correction using ComBAT-seq ( 49 ), where the
tudy of origin was used as the batch variable. The comBAT
orrection was applied using the ‘sva_3.50.0’ R package with
ombat()’s default parameters or through the NetworkAna-

yst platform ( 48 ) with its default setting. Post-correction PCA
as conducted to confirm the effective removal of batch ef-

ects ( Supplementary Figure S3 B). 
To identify DEGs, we employed an REM meta-analysis,

hich accounts for heterogeneity among the individual stud-
es. REMs enhance statistical power and robustness, provid-
ing more accurate estimates of the overall effect size for DEGs.
This analysis was performed using the NetworkAnalyst tool
( 48 ) with default settings. We visualized the DEGs using a vol-
cano plot generated with ggplot2. The ‘CombinedES’ REM
effect size, which indicates the direction and magnitude of
differential expression, and corresponding P -values, which
reflect the stability of differential expression, were plotted
(Figure 1 B). Additionally, the ‘CombinedES’ effect size was
used to rank genes and conduct a GSEA (Figure 1 C), as de-
scribed earlier. Genes identified as significantly deregulated ( P -
value < 0.05 and CombinedES > |0.58|) in the REM analysis
underwent ORA using clusterProfiler ( 37 ) (Figure 1 E, upper
values). The corrected count tables from the selected datasets
were combined to generate a heatmap displaying our genes of
interest (Figure 1 E). 

Gene expression clustering to identify DNA repair repression
dynamics 
Gene expression clustering was performed for both cell pas-
sage (Figure 2 B) and aging analyses (Figure 4 A) using the
Mfuzz software ( 50 ). The optimal number of clusters was de-
termined with the RNfuzzyApp ( 51 ) utilizing its built-in el-
bow method. Subsequently, the identified clusters were used
to identify pathway enrichment as previously described. A
similar approach was applied to cluster protein level across
passage (Figure 2 D). In brief, protein level data were di-
rectly obtained from the authors’ repository ( https://github.
com/ dghendrickson/ hayflick/ tree/ main/ data/ proteomics ) and
log 2 FC values were used as input for the Mfuzz software ( 50 ).

Identification of TFs involved in gene repression 

To identify TFs potentially responsible for the repression of
DNA repair genes, we compiled a list of 159 downregulated
repair genes. An overlap analysis was conducted using the En-
richR tool ( 47 ) and its ‘ENCODE and ChEA Consensus TFs
from ChIP-X’ database to detect TFs with binding motifs that
were statistically overrepresented in our gene set. 

scRNA-seq analysis 
Data were obtained from the GEO database (accession ID:
GSE175533). The H5AD data were downloaded and con-
verted into Seurat object using the SCEasy Converter ( 52 ) The
Seurat object was then loaded in R, and classical quality con-
trol, QCmetric filtering, was applied ( 53 ) using Seurat plat-
form ( 54 ). The data were normalized using the SCtransform
method ( 55 ) as part of the Seurat workflow. Cell cycle phases
were annotated with the CellCycleScoring function, and cells
were projected using UMAP. Clustering was validated using
the Louvain algorithm and compared with PDL and cell cycle
phase. 

DEGs between clusters were identified using the FindMark-
ers function, with their fold change values subsequently used
for GSEA to identify enriched pathways. To visualize down-
regulated pathways of interest on the UMAP, Seurat modules
were created using the AddModuleScore function, and Scpubr
( 56 ) was employed for visualization. 

Experimental procedures 

Cell culture and treatment 
CAL-51 cells were maintained in complete Dulbecco’s mod-
ified Eagle medium supplemented with 10% fetal bovine
serum at 37 

◦C, 5% CO 2 and ambient oxygen. Senescence was

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://github.com/dghendrickson/hayflick/tree/main/data/proteomics
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induced by exposing the cultures to 10 Gy ionizing radiation
(IR) in an RX-650 irradiation cabinet (Faxitron Bioptics, LLC,
Tucson, AZ, USA), followed by incubation for 10 days. To in-
duce DNA damage, cells were exposed to 0.5 Gy IR, treated
with 5 mM KBrO 3 (Sigma–Aldrich, St Louis, MO, USA) for 9
h followed by two phosphate-buffered saline (PBS) washes, or
subjected to 30 J / m 

2 UVC radiation using a Stratalinker UV
2400 (Agilent Technologies, Inc., Santa Clara, C A, US A) after
medium removal and washing to optimize exposure. 

Fluorescent assays 
Senescence-associated β-galactosidase (SA- β-Gal) imaging
was performed as previously described ( 49 ). For immunoflu-
orescent detection of DNA lesions or associated markers,
5 × 10 

4 cells per well were seeded in 24-well plates with cov-
erslips precoated with 0.2% gelatin (Sigma–Aldrich). Twenty-
four hours post-seeding, cells were exposed to genotoxic
agents, washed twice with PBS and fixed in 4% paraformalde-
hyde for 20 min at room temperature (RT). Cells were per-
meabilized with 0.5% Triton X-100 (Sigma–Aldrich) for 15
min, followed by two PBS washes. For cyclobutane pyrimi-
dine dimer (CPD) staining, DNA was denatured in situ us-
ing 2 M HCl for 30 min at RT. Blocking was performed
in a buffer containing PBS, 5% bovine serum albumin and
10% normal donkey serum, followed by incubation with
primary antibodies for 1.5 h at RT with gentle agitation.
Primary antibodies included anti-53BP1 (1:500, Novus Bio-
logicals, Centennial, CO, USA), anti- γH2AX (1:500, Sigma–
Aldrich) and anti-CPD (1:10 000, Clone TDM-2, Cosmo Bio
Co., Ltd, Tokyo, Japan). Slides were washed three times for 5
min each with PBS containing 0.1% Triton X-100 and incu-
bated with secondary antibodies (Alexa Fluor 647-conjugated
goat anti-rabbit IgG or Alexa Fluor 488-conjugated goat anti-
mouse IgG, 1:1000, Thermo Fisher Scientific, Waltham, MA,
USA) in blocking buffer for 30 min. Final washes (three
times, 5 min each) were done with PBS containing 0.1% Tri-
ton X-100. Coverslips were mounted on slides using DAPI-
containing mounting medium (GBI Labs, Kentwood, MI,
USA), dried at RT and stored at 4 

◦C, protected from light. Im-
ages of randomly selected fields were captured using a Nikon
Eclipse Ti-S inverted microscope (Nikon, Tokyo, Japan). For
poly(ADP-ribose) (PAR) chain staining, cells were treated with
10 μM poly(ADP-ribose) glycohydrolase inhibitor (PARGi)
for 30 min and fixed in ice-cold acetone:methanol (1:1) for
20 min. After two PBS washes, immunostaining was per-
formed as previously described, with slides incubated with
an anti-ADP-ribose reagent (1:800, Millipore–Sigma, Burling-
ton, MA, USA) for 2 h. Following two washes with PBS con-
taining 0.2% Triton X-100, cells were incubated with an
Alexa Fluor 647-conjugated goat anti-rabbit IgG secondary
antibody (1:1000). Coverslips were mounted with DAPI-
containing medium, dried and stored at 4 

◦C. Images were cap-
tured as detailed earlier. 

Results 

Repression of genes involved in major DNA repair 
pathways during senescence 

Supplementary Table S1 provides a list of publications rep-
resenting the datasets used in this study ( 57–76 ). The tran-
scriptomic landscape of cellular senescence varies consider-
ably based on cell type, senescence trigger and microenviron-
mental context ( 15 ,62 ). To enhance the statistical power of 
our analysis, we focused on three primary cell types: lung fi- 
broblasts, skin fibroblasts and endothelial cells. To cover a 
broad spectrum of senescence triggers, we included RS, OIS,
SIPS caused by DNA-damaging agents and chemotherapeu- 
tic drugs known to cause TIS. Furthermore, we ensured that 
the selected datasets contained validated senescence markers,
such as proliferation arrest, SA- β-Gal activity and changes in 

key protein levels such as p21, p16 or LAMIN B1. 
To enable cross-study comparisons and minimize potential 

biases arising from the varying preprocessing methods used by 
different investigators, we conducted our own preprocessing 
of the raw data ( Supplementary Figure S1 ). Dataset quality 
was evaluated by examining the distinct separation between 

the transcriptomes of proliferating and senescent cells using 
PCA. Following preprocessing, each dataset was individually 
analyzed to identify DEGs ( Supplementary Table S2 A, individ- 
ual DEGs). Notably, genes within the ‘KEGG_CELL_CYCLE’ 
pathway showed significantly reduced expression in senescent 
cells across all selected datasets, further supporting evidence 
of senescence induction. 

To assess the consistency of gene deregulation during senes- 
cence, each gene in the compiled database was assigned a 
score based on the number of re-analyzed datasets in which 

its expression was significantly deregulated. A score of +1 

was assigned for significant upregulation and −1 for sig- 
nificant downregulation. The distribution of these scores 
( Supplementary Figure S2 A) showed that ∼50% of the genes 
had scores between −5 and +5, suggesting inconsistent dereg- 
ulation during senescence. Notably, this distribution skewed 

toward negative values, indicating a general trend of transcrip- 
tome downregulation during senescence. 

Among the most consistently downregulated genes (with 

scores as low as −25), the majority were involved in cell cy- 
cle progression, mitosis and DNA repair. In contrast, con- 
sistently upregulated genes included well-documented senes- 
cence markers and those associated with G1-phase mainte- 
nance and autophagy . Interestingly , CDKN1A , which encodes 
the p21 protein, was upregulated in senescent cells in only 
21 out of 27 studies, underscoring the absence of universal 
senescence markers ( 62 ). Importantly, genes whose downreg- 
ulation is recognized as a hallmark of senescence, particularly 
those involved in cell cycle progression (e.g. CENPA , AURKB ,
KIF18B ), were downregulated in 24 of the 27 studies. For in- 
stance, downregulation of LMNB1 , a documented senescence 
hallmark, was noted in 23 of the 27 studies. While our study 
offers the potential to identify novel senescence markers at the 
gene expression level, our subsequent analysis focused on the 
downregulation of DNA repair pathways. 

We employed GSEA ( 77 ) to investigate pathway en- 
richment within each study individually ( Supplementary 
Table S3 A and B). GSEA, as a ranking-based method, al- 
lows for the examination of entire transcriptomic profiles, un- 
like overrepresentation-based methods that depend on gene 
subsets defined by arbitrary thresholds ( 78 ), which can vary 
across studies. Using the KEGG pathway database ( 45 ) as 
a reference, we uncovered a complex landscape of deregu- 
lated processes during senescence, with substantial variabil- 
ity among studies (Figure 1 A, Supplementary Figure S2 B and 

Supplementary Table S3 A). Nevertheless, common features 
emerged across the datasets (Figure 1 A, left panel), includ- 
ing well-known senescence markers such as increased lysoso- 
mal activity and decreased cell cycle processes and replication.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
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Figure 1. Widespread suppression of DNA repair pathw a y s during senescence. ( A ) Heatmaps of GSEA (gene set enrichment analysis) scores 
(normalized enrichment score, NES): left panel—GSEA scores for significantly enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways 
across 27 datasets comparing senescent versus proliferating primary cells, with senescence triggers indicated above the heatmap. Right panel—GSEA 

scores from the SENESCopedia dataset comparing chemotherap y -induced senescent cells to proliferating controls. Only pathw a y s with a significant 
a v erage adjusted P -value across all studies are shown, except for the NHEJ (nonhomologous end joining) pathway. RS: replicative senescence; SISP: 
stress-induced premature senescence; OIS: oncogene-induced senescence; Ali: alisertib; Eto: etoposide. ( B ) Volcano plot of meta-analysis results: each 
dot represents a gene, with the X -axis showing the meta-fold change during senescence and the Y -axis indicating the −log 2 adjusted P -value from the 
random effects model (REM). ( C ) GSEA of DNA repair genes in senescent cells: ranked enrichment analysis based on transcriptomic meta-analysis, 
highlighting negative enrichment of DNA repair genes in senescent cells. ( D ) Topological enrichment of differentially expressed genes (DEGs): 
protein–protein interaction (PPI) modules constructed using STRING. Blue nodes represent proteins encoded by downregulated genes, while yellow 

nodes represent those produced by upregulated genes. The functions of these modules were identified via ORA (overrepresentation analysis) 
enrichment analysis, indicating highly interconnected, predominantly downregulated modules related to DNA repair. ( E ) Concurrent downregulation of 
DNA repair pathw a y s: heatmaps showing the expression of significantly downregulated DNA repair pathway genes in senescent cells [adjusted 
P -value < 0.01; log 2 fold change (log 2 FC) < −0.58], with study origins color coded in the right panel. Adjusted P -values from ORA pathway enrichment 
tests are displa y ed abo v e each heatmap. 
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RNA splicing was one of the most consistently and strongly
repressed processes. 

Notably, DNA repair pathways demonstrated consistent
downregulation across all studies (Figure 1 A, left panel).
Supplementary Table S3 A provides detailed statistics for the
enrichment of pathways identified in our analysis, while
Supplementary Table S2 A presents the expression levels of in-
dividual genes across the 27 studies. These supplementary ma-
terials allow readers to examine the data in greater depth and
focus on specific pathways of interest. 

Genes encoding key components involved in repair pro-
cesses active during the S and G2 phases, such as homologous
recombination repair (HRR) of DNA double-strand breaks
(DSBs), mismatch repair (MMR) and interstrand crosslinks
(ICL) were predictably downregulated in senescent cells with
halted proliferation. However, major repair pathways active
throughout the cell cycle, such as base excision repair (BER)
and nucleotide excision repair (NER), were also consistently
downregulated across all datasets. BER, in particular, plays a
crucial role in addressing a significant portion of DNA lesions
continuously induced by endogenous ROS ( 79 ,80 ). Addition-
ally, the NHEJ pathway for DSB repair exhibited a widespread
decline during senescence in most studies, with some excep-
tions (Figure 1 A and Supplementary Table S3 B). Notably,
NHEJ is error-prone ( 81 ), and its efficiency may come at
the cost of introducing mutations. Single-strand break repair
(SSBR), another critical pathway that addresses ongoing DNA
damage caused by endogenous agents ( 82 ,83 ), did not show a
global downregulation in the GSEA ( Supplementary Table 
S3 B). However, key genes encoding essential SSBR compo-
nents, such as PARP1 [a pivotal enzyme in many DNA re-
pair pathways ( 84 )], FEN1, XRCC1, LIG1, TDP1, PNPK and
APTX, were downregulated ( Supplementary Table S2 A, indi-
vidual DEGs). Collectively, this downregulation is sufficient to
impair SSBR effectiveness. 

The ribonucleotide excision repair (RER) pathway is
notably absent from both the GO and KEGG pathway
databases. We conducted a manual assessment of the expres-
sion of genes encoding its key components ( Supplementary 
Table S2 A, individual DEGs), revealing their downregula-
tion during senescence. These genes include those encoding
RNAseH2 subunits, FEN1, EXO1, POLE and POLD. No-
tably, the RER pathway primarily operates during the S phase,
with many of its constituent genes showing peak expression
during this phase. Thus, the downregulation of these genes in
senescent cells is expected. However, it is important to high-
light that, in proliferating cells, the genes encoding RNAseH2
subunits typically maintain constitutive expression through-
out the cell cycle ( 85 ). 

Direct reversal repair is another repair pathway absent from
both the GO and KEGG databases. We performed a man-
ual assessment of the expression of its key genes, MGMT
and ALKBH2. MGMT was found to be significantly down-
regulated during senescence in 9 studies and upregulated in 3
out of 22 studies when analyzing data from primary cell lines
( Supplementary Table S2 A). The ALKBH2 gene was signifi-
cantly downregulated in 13 studies based on the same primary
cell line data ( Supplementary Table S2 A). Overall, no consis-
tent trend was observed for these genes, suggesting that direct
reversal repair is not actively repressed during senescence. 

To ensure that the widespread downregulation observed
across multiple DNA repair pathways was not simply due to
the repression of shared gene subsets, we compared the down-
regulated gene sets for each pathway using a Venn diagram 

( Supplementary Figure S2 C). This analysis revealed that the 
vast majority of downregulated repair genes were specific to 

their respective pathways. 
Given the implications of this study for TIS, we focused 

on data from cancer cell lines treated with chemotherapeu- 
tic agents. The SENESCopedia public database, published by 
R. Bernards and colleagues ( 63 ), includes data on 13 can- 
cer cell lines treated with the chemotherapeutic drugs alis- 
ertib and etoposide. Using the preprocessed data provided 

by the authors (as raw data were unavailable), we calcu- 
lated the fold change before and after senescence induction 

( Supplementary Table S2 B). GSEA revealed consistent pat- 
terns across all cell lines and treatments (Figure 1 A, right 
panel, Supplementary Figure S2 D, and Supplementary Table 
S3 A and B). Genes involved in DNA repair pathways, includ- 
ing HRR, MMR, BER and NER, were significantly downreg- 
ulated during senescence induced by these treatments (Figure 
1 A, right panel). 

Although the downregulation of NHEJ genes did not 
reach statistical significance in every dataset, a consistent 
trend toward downregulation was observed (Figure 1 A 

and Supplementary Table S3 A and B). The re-analysis of 
SENESCopedia data expanded the scope of DNA repair re- 
pression to 13 additional cell lines (A549, H358, HCT116,
HEP3B, HEPG2, HUH7, LOVO, MCF-7, MDA-MB-231,
PC9, RK O , SUM159 and TD47), which include lung adeno- 
carcinoma, colon carcinoma, hepatocellular carcinoma, breast 
adenocarcinoma, non-small cell lung carcinoma, mesenchy- 
mal triple-negative breast cancer and thyroid carcinoma, in 

addition to the primary cell lines, such as WI-38, HFF, IMR- 
90, MRC5, BJ, MCF-7 and HUVECs. Notably, we did not ob- 
serve any significant influence of cell type or type of senescence 
on the DNA repair repression (data not shown). 

To determine whether the decrease in DNA repair gene ex- 
pression was specific to the senescence state or a general conse- 
quence of cell cycle arrest, we preprocessed and analyzed the 
publicly available dataset GSE93535 ( 64 ), which compared 

RNA-seq data from senescent and quiescent cells. GSEA re- 
vealed a significant reduction in DNA repair gene expression 

in senescent cells compared to quiescent cells ( Supplementary 
Figure S2 E). 

Our findings indicate that the repression of DNA repair 
genes is a distinct characteristic of senescent cells, rather 
than a general feature associated with prolonged cell cy- 
cle arrest. This phenomenon appears consistent across vari- 
ous cell types experiencing replicative, oncogene-induced and 

DNA damage-induced senescence. Notably, recent studies in 

Caenorhabditis elegans terminally differentiated somatic cells 
have shown a broad repression of DNA repair genes mediated 

by the DREAM complex ( 86 ). However, while terminally dif- 
ferentiated somatic cells are typically unable to re-enter the 
cell cycle and are prone to apoptosis, senescent cells exhibit 
resistance to apoptosis and may potentially escape senescence 
to initiate DNA replication. 

Dataset integration enhances statistical power, 
confirming DNA repair repression as a hallmark of 
senescence 

To provide a comprehensive analysis of DNA repair gene 
repression in senescent cells, we integrated datasets from 

multiple studies, treating them as biological replicates. This 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
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pproach enabled the identification of both common patterns
nd subtle variations across datasets ( 87 ). Integrating different
atasets required batch correction to mitigate technical vari-
tions ( 88 ). We applied batch correction using the ComBAT-
eq program ( 49 ), which allowed us to separate samples by
heir cellular states (proliferative or senescent) rather than by
heir originating study ( Supplementary Figure S3 A and B).
o ensure consistency, we selected 10 datasets where PCA
emonstrated a clear separation between proliferative and
enescent cells, with minimal variation within each state
 Supplementary Figure S3 B and Supplementary Table S1 ). We
hen merged these datasets, treating samples within the pro-
iferative or senescent groups as replicates, and conducted dif-
erential expression analysis on the corrected data. 

Various methods are available for integrating different tran-
criptomic datasets ( 89 ), including combining P -values (e.g.
isher’s method or Stouffer’s method) or combining effect
izes (e.g. the fixed effect model and REM) ( 87 ). We tested
hese methods and compared their outputs using a Venn di-
gram ( Supplementary Figure S3 C). The DEGs identified by
hese methods were consistent, confirming the robustness of
his analysis. However, each method yielded different num-
ers of deregulated genes in senescent cells, reflecting differ-
nces in stringency. For further analysis, we selected the REM
pproach ( Supplementary Table S4 ), which, due to its higher
tringency, identified 4157 significantly deregulated genes dur-
ng senescence (with thresholds of adjusted P -value < 0.01 and
log 2 FC| > 0.58) (Figure 1 B). Remarkably, the gene encod-
ng FOXM1, a known TF involved in aging and senescence
 90 ,91 ), showed the most significant decrease in expression
n senescent cells (combined log 2 FC = −8.19, adjusted P -
alue = 1.28E −09), followed by the LMNB1 , which encodes
AMIN B1 (combined log 2 FC = −7.941 and adjusted P -value
 1.31E −08). The combination of batch effect correction and
EM analysis proved to be an effective strategy for integrat-

ng diverse datasets and significantly enhancing our statistical
ower. 
Building on this solid foundation, we proceeded to a
ore detailed assessment of DNA repair gene expression
uring senescence. To perform pathway enrichment analysis,
e employed three complementary bioinformatic methods: a

anking-based approach (GSEA), an ORA and a topology-
ased approach to identify modules within PPI networks ( 92 ).
sing GSEA with KEGG and GOBP references, we found 141
enes linked to DNA repair pathways that were significantly
ownregulated during senescence ( Supplementary Table S4 ).
hese pathways included G2–S phase-associated repair mech-
nisms (HR, MMR and ICL) as well as pathways active
hroughout the entire cell cycle (NER, BER and NHEJ). The
ncreased statistical power enabled us to highlight signifi-
ant downregulation of NHEJ, NER (Figure 1 C) and telom-
re maintenance pathways ( Supplementary Table S4 ) during
enescence. Similarly, ORA performed on significantly down-
egulated genes identified through REM analysis (adjusted P -
alue < 0.01 and |log 2 FC| > 0.58) ( Supplementary Table S4 )
emonstrated marked enrichment for DNA repair pathways
Figure 1 E). To further illustrate these findings, we created ex-
ression heatmaps showing the consistent downregulation of
NA repair pathways across 64 experimental samples (Figure
 E). Finally, we applied a topology-based approach to investi-
ate PPIs among the products of deregulated genes. Using the
TRING physical interaction database ( 93 ), we constructed
 PPI map consisting of 4157 proteins encoded by genes sig-
nificantly up- or downregulated in senescence (not shown).
Within this extensive network, we used the MCODE pro-
gram ( 94 ) to identify the most densely interconnected mod-
ules. Notably, five of these modules were significantly enriched
with DNA repair proteins, with most nodes representing genes
downregulated in senescence (Figure 1 D). 

To enhance our analysis, we utilized the Pathview tool ( 95 ),
which allowed for a detailed examination of specific proteins
within each DNA repair pathway, providing additional bio-
logical insights ( Supplementary Figure S4 ). Our findings re-
vealed that most components of these pathways, regardless of
their association with specific cell cycle phases, were down-
regulated during senescence. Notably, while genes encoding
‘sensor’ and ‘transducer’ components of the DDR remained
active, those encoding essential repair enzymes, such as DNA
ligases, nucleases and topoisomerases, were significantly re-
pressed. This repression may explain the persistent DDR acti-
vation observed alongside DNA-SC AR S (DNA Segments with
Chromatin Alterations Reinforcing Senescence) in senescent
cells ( 96 ), suggesting an ineffective DNA repair response. 

In conclusion, our analysis offers a higher-resolution per-
spective on gene expression changes during senescence, pro-
viding strong evidence for the substantial downregulation of
DNA repair pathways. Additionally, our high-resolution ap-
proach highlighted the marked repression of genes encoding
spliceosome components during senescence ( Supplementary 
Figure S4 G). 

Gradual repression of DNA repair genes during 

RS in primary fibroblasts 

To investigate the dynamics of DNA repair gene downregula-
tion during RS, we aimed to determine whether this process
occurred gradually as cells approached senescence or as a sud-
den event at the onset of overt senescence. For this analysis, we
used the dataset GSE175533 ( 59 ), which comprises RNA-seq
data from primary WI-38 cells (human fetal lung fibroblasts).
The study began at 20 population doublings (PDL 20) dur-
ing active proliferation and included samples taken approxi-
mately every 5 PDLs until the cells reached full senescence at
PDL 50. The onset of senescence was confirmed by a growth
plateau at PDL 50 and validated through SA- β-Gal staining
and the expression levels of established senescence markers
( CDKN1A , CDKN2A , NNMT , TGFB2 and GLB1 ). 

We applied the same preprocessing techniques to the raw
data as used in our previous analyses and plotted the expres-
sion levels of key senescence markers (Figure 2 A) to verify the
occurrence and timing of senescence. Notably, we observed a
gradual increase in the expression of genes encoding cyclin in-
hibitors p21 and p16, along with the p53 protein, as well as a
marked decline in LMNB1 expression at PDL 50 (Figure 2 A).
This expression pattern confirmed that the cells had entered
a senescent state, aligning with the conclusions of the original
study. 

We then conducted clustering analysis to group genes with
similar expression dynamics as cells progressed through differ-
ent passage levels. This analysis resulted in 12 distinct clusters
( Supplementary Figure S5 A and Supplementary Table S5 ), 4
of which displayed a clear downward trend (Figure 2 B, left
panel). To link biological functions to these clusters, we per-
formed ORA (Figure 2 B, right panel). Notably, DNA repair
pathways were significantly enriched in three of these clus-
ters (clusters 1, 2 and 4), all of which exhibited a gradual

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
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Figure 2. P rogressiv e decline in DNA repair during R S. ( A ) Expression of senescence mark ers across cell passages, with ra w data sourced from GEO 

(accession number GSE175533). ( B ) Gene expression clusters and pathway enrichment: left panel—four distinct patterns of gene expression decline 
identified in cells undergoing RS. Right panel—KEGG enrichment plots for DNA repair pathways, highlighting significantly enriched pathways (adjusted 
P -value < 0.01) highlighted in blue. ( C ) Heatmaps depicting significantly downregulated DNA repair genes (adjusted P -value < 0.01, log 2 FC < −0.58) at 
PD50 compared to PD20. The passage levels are indicated above, and pathway enrichment statistics for the downregulated genes are provided adjacent 
to each heatmap section. ( D ) Protein level clustering and pathway enrichment analysis: left panel—two distinct clusters of proteins showing progressive 
decline across cell passages (cluster 4) or a sudden, sharp decline to w ard PD50 (cluster 5). Right panel—enrichment analysis highlighting DNA repair 
pathw a y s within these clusters, with significantly enriched pathw a y s (adjusted P -value < 0.01) marked in brown. Data adapted from ( 59 ). ( E ) UMAP 
projections of single-cell RNA sequencing (scRNA-seq) data by passage level of WI-38 cells (scRNA-seq data: GEO accession number GSE175533), 
colored according to passage le v el (population doubling le v el, PDL). ( F ) UMAP projections of scRNA-seq data colored by cell cycle phase, with the right 
panel focusing on subclustered G1-phase cells. ( G ) UMAP projections illustrating expression levels of downregulated DNA repair pathways, colored by 
expression intensity. ( H ) Volcano plot showing transcription factor (TF) gene expression changes during senescence ( X -axis) and binding enrichment of 
downregulated DNA repair genes ( Y -axis). TFs with significant deregulation and binding sites in regulatory regions of downregulated DNA repair genes 
are labeled in blue. ( I ) Heatmap of TF expression changes across passage le v els, highlighting TFs identified in panel (H). The bar chart on the left displa y s 
correlation scores between TF expression and median DNA repair gene expression across passage levels. 
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ecrease in expression, culminating in a sharp decline at the
nset of overt senescence. Cluster 2 was particularly promi-
ent, showing significant enrichment across all DNA repair
athways, indicating a tightly regulated downregulation pro-
ess. In contrast, other clusters with a decreasing pattern that
id not include DNA repair genes maintained stable expres-
ion through most passage levels, only exhibiting a sharp de-
rease at the onset of senescence (e.g. cluster 10 in Figure
 B). Additionally, another cluster ( Supplementary Figure S5 A,
luster 12) also showed a decreasing pattern but was enriched
or ‘Response to virus’ and ‘Cytoplasmic translation’ func-
ions ( Supplementary Table S5 ). 

We employed an alternative approach to analyze gene ex-
ression dynamics by identifying all genes whose expres-
ion significantly decreased at PDL 50 (full senescence) com-
ared to PDL 20 (active proliferation). This analysis identified
740 downregulated genes (adjusted P < 0.01 and log 2 FC
 −0.58). Enrichment analysis indicated a significant repre-

entation of DNA repair genes within this group (Figure 2 C,
ight panel). An expression heatmap (Figure 2 C, left panel)
urther demonstrated the progressive decline in gene expres-
ion throughout the passages, culminating in a pronounced
rop as the cells entered overt senescence. 
To validate the suppression of DNA repair at the protein

evel, we integrated proteomic data from ( 59 ), which were col-
ected in parallel with the dynamic RNA-seq analysis previ-
usly mentioned. Expression clustering analysis revealed two
lusters with a decreasing trend during senescence (Figure 2 D,
eft panel). Enrichment analysis of these clusters confirmed the
ownregulation of DNA repair genes, which corresponded
ith a reduction in their protein products in senescent cells

Figure 2 D, right panel). The only exception was the Fanconi
nemia (FA) pathway, which did not show significant enrich-
ent within the decreasing clusters. These results indicate a

ontinuous, gradual decline in the expression of DNA repair
enes and their protein products as cells progress toward RS,
ulminating in a marked reduction once senescence is fully es-
ablished (Figure 5 ). 

To broaden our understanding of the repression dynam-
cs across different cell types and senescence paradigms,
e analyzed additional datasets using a similar approach:
SE109700 for RS in IMR-90 cells ( Supplementary Figure 
5 D), GSE175533 for irradiation-induced senescence in WI-
8 cells ( Supplementary Figure S5 E) and GSE108278 for OIS
n IMR-90 cells ( Supplementary Figure S5 F). Overall, these
nalyses yielded similar results, showing rapid repression of
NA repair pathways following senescence induction. It is
orth noting that not all clusters exhibited significant en-

ichment, particularly for NER and NHEJ, due to the dis-
ribution of these genes across multiple expression subclus-
ers. However, differential expression analysis revealed sig-
ificant downregulation of all major DNA repair pathways
NHEJ, NER, BER, HRR and ICL repair) (Figure 1 A and
upplementary Table S2 A). The downregulation of NER and
HEJ genes may not have shown a consistent clustering pat-

ern, indicating variability in their expression profiles. 
To explore the heterogeneity and dynamics of DNA re-

air repression in senescent cells, particularly those in the
1 phase, we reanalyzed scRNA-seq data (accession ID:
SE175533) from ( 59 ), to identify subpopulations with dis-

inct DNA repair profiles. H5AD files were downloaded and
rocessed using the Seurat package ( 97 ). Cells were visualized
sing UMAP, with color coding validating their separation
based on PDL (Figure 2 E). Senescent cells (PDL 50) formed
a distinct cluster. To evaluate the impact of cell cycle phase on
clustering, we color coded cells according to their phase (Fig-
ure 2 F, left panel), showing that S and G2 cells formed a dis-
tinct cluster at the bottom. Given the influence of the cell cycle
on DNA repair pathway activity ( 6 , 32 , 98 ), we focused on G1-
phase cells to isolate the effect of passage level and minimize
cell cycle-related variability (Figure 2 F, right panel). Differen-
tial expression analysis between PDL 25 and PDL 50 indicated
significant enrichment of downregulated DNA repair genes,
confirming their repression ( Supplementary Table S8 ). G1-
phase cells were then color coded based on DNA repair path-
way activity, revealing a gradual decline in DNA repair gene
expression across passages (Figure 2 G). Interestingly, within
the PDL 50 cluster, a subset of cells maintained high levels
of DNA repair gene expression, suggesting that DNA repair
repression is heterogeneous among senescent cells and that
this variability might point to potential escapees within the
population. 

Bioinformatic identification of TFs regulating DNA 

repair genes repressed during senescence 

We investigated the regulatory regions of downregulated
DNA repair genes during senescence to identify specific TF
target motifs, including those that may also be downregu-
lated. A volcano plot was created to display TF binding site
enrichment versus the fold change in expression of the corre-
sponding genes during senescence (Figure 2 H). This analysis
revealed 13 out of 69 TFs as potential regulators of various
subsets of DNA repair genes ( Supplementary Table S6 ). To fur-
ther identify TFs most strongly associated with the regulation
of DNA repair genes, we analyzed their expression patterns
across different passage levels using the GSE175533 dataset
(Figure 2 I). Notably, TFs E2F1, E2F4, E2F6 and FOXM1 ex-
hibited the strongest correlation with the downregulation of
DNA repair genes during RS (Figure 2 I, left panel), suggest-
ing their potential role as repressors of these genes in this con-
text. These TFs are well-established regulators of the cell cycle
( 98–100 ) and have known associations with DNA repair pro-
cesses cycle regulators ( 90 , 98 , 101–104 ). Additionally, NFYA,
NFYB and MYC, which are involved in the regulation of
other biological processes, also emerged as potential upstream
regulators. 

These findings underscore the significance of specific TFs
whose suppression may contribute to the observed downreg-
ulation of DNA repair genes during RS. Given prior evidence
implicating the DREAM complex in repressing DNA repair
genes in terminally differentiated C. elegans cells ( 86 ), we per-
formed GSEA to examine the expression of DREAM target
genes in our datasets. Notably, these target genes were down-
regulated ( Supplementary Figure S5 B and C), suggesting that
the DREAM complex may similarly act as a repressor in the
context of senescence. Additionally, FOXM1, which has been
reported to counteract the repressive activity of the DREAM
complex ( 105 ), was also found to be downregulated during
senescence. This downregulation could potentially enhance
DREAM-mediated suppression of DNA repair genes. 

Experimental validation of impaired DNA repair 
during cellular senescence 

To validate the repression of DNA repair in senescent cells,
we investigated DNA repair dynamics in proliferating and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
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senescent CAL-51 cells exposed to various genotoxic agents
that activate distinct repair pathways. Senescence was induced
by subjecting the cells to 10 Gy X-ray irradiation, followed
by a 10-day culture period, and confirmed through SA- β-Gal
staining (Figure 3 A). To evaluate DSB repair efficiency, we
exposed cells to 0.5 Gy X-rays and monitored the dynam-
ics of co-localized 53BP1 and γH2AX nuclear foci—a well-
established marker of DSBs. As expected, senescent cells ex-
hibited elevated basal level of such foci—a known senescence
marker (Figure 3 B). Notably, both the rapid and slow phases
of DSB repair were significantly impaired in senescent cells
(Figure 3 B). 

To assess NER efficiency, we treated cells with 30
J / m 

2 of UVC radiation and monitored the dynamics of
CPDs, a primary type of DNA lesion induced by UV
exposure, using immunofluorescence. The results demon-
strated that senescent cells exhibited a significantly delayed
reduction in CPDs over time compared to proliferating
cells, indicating impaired NER function in senescent cells
(Figure 3 C). 

As a general indicator of the DDR, we measured PARyla-
tion levels, which reflect PARP1 activity, following exposure
to KBrO 3 , an oxidative stress and SSB inducer. PARP1 is a
key player in multiple DNA repair pathways, including DSB,
NER and BER ( 84 ). Our transcriptomic meta-analysis identi- 
fied PARP1 as one of the most downregulated repair factors 
( Supplementary Figure S2 A and Supplementary Table S2 A).
In proliferating cells, exposure to KBrO 3 triggered a sharp,
transient increase in PARylation, signaling an active repair re- 
sponse to oxidative damage (Figure 3 D). In contrast, senescent 
cells exhibited only a modest increase in PARylation, suggest- 
ing impaired or residual PARP1 activity and an overall weak- 
ened DDR. 

These findings confirm a broad impairment in DNA repair 
capacity in senescent cells, consistent with the transcriptional 
repression of DNA repair pathways observed in our compu- 
tational analyses. The results underscore the heightened vul- 
nerability of senescent cells to DNA damage and their signifi- 
cantly compromised repair mechanisms. 

Shared repression of DNA repair genes in 

senescing cells and proliferating fibroblast lines 

from aging individuals 

We explored whether the repression of DNA repair genes 
is a characteristic feature of proliferating dermal fibrob- 
lasts derived from aged individuals by utilizing RNA-seq 

data from the public aging dataset GSE113957 ( 106 ). This 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
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ataset includes RNA sequences from primary skin fibrob-
ast lines sourced from 143 donors, ranging in age from
 months to 96 years. Gene expression clustering was per-
ormed to group genes based on age-related expression trends
 Supplementary Table S7 ). Of the 12 clusters generated, three
xhibited a decreasing expression pattern with advancing
onor age ( Supplementary Figure S6 A). Specifically, cluster 2
howed an early decrease in expression, mainly representing
enes associated with development ( Supplementary Table S7 ).
n contrast, cluster 3 demonstrated a gradual, continuous de-
line in expression with age, while cluster 7 showed a consis-
ent decrease, with a pronounced reduction at advanced ages
 Supplementary Figure S6 A). Notably, clusters 3 and 7 were
ignificantly enriched for DNA repair pathways, unlike cluster
 ( Supplementary Table S7 ). 
Combining data from clusters 3 and 7, we observed the

ownregulation of numerous genes involved in major DNA
epair pathways as donor age increased (Figure 4 A and B). A
eatmap of these DNA repair genes highlighted a significant
eduction in expression, particularly evident starting in the
ighth decade of life (Figure 4 C). A comparison between these
age-related downregulated genes and those observed in senes-
cent cells revealed a significant overlap (representation factor:
1.8, P < 6.716E −223, based on a hypergeometric test using
all protein-coding genes as the background). Over half of the
genes downregulated in senescent cells were also downregu-
lated with aging (Figure 4 D), and this overlapping set showed
strong enrichment for DNA repair pathways (Figure 4 E) as
well as other related processes ( Supplementary Figure S6 B).
These findings indicate a marked decline in DNA repair ca-
pacity in late-stage human aging, mirroring patterns observed
in cellular senescence. 

We further analyzed the expression trends of TFs identi-
fied as potential upstream regulators of downregulated DNA
repair genes in RS. The expression of these TF-encoding
genes was visualized through a heatmap (Figure 4 F, right
panel) and correlated with DNA repair gene expression (Fig-
ure 4 F, left panel). Notably, TFs such as E2F1, E2F4, FOXM1,
BR CA1 and NFY A showed consistent declines in expres-
sion that correlated with reductions in DNA repair gene
expression in both biological conditions. These results sug-
gest that reduced expression of these TFs may contribute to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1257#supplementary-data
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the diminished DNA repair capacity observed during human
aging. 

Discussion 

In this study, we conducted a comprehensive meta-analysis
using two distinct approaches: (i) a simple counting method
that scored all genes based on their frequency of dereg-
ulation across the selected studies ( Supplementary Table 
S2 A) and (ii) a statistical integration of these studies into
a ‘super-study’ using the REM tool to enhance statistical
power ( Supplementary Table S4 ). The first approach facili-
tated effective gene scoring, highlighting the significance and
consistency of gene deregulation during senescence. By in-
corporating a wide range of datasets, this method enabled
the identification of a greater number of deregulated genes
compared to previous studies that have examined transcrip-
tomic changes during senescence ( Supplementary Table S2 A
and B). 

A distinctive feature of our study is the comparative anal-
ysis between senescent and quiescent cells—two related but
distinct cellular states ( 107 ). This analysis identified genes that
are either commonly or uniquely deregulated in these condi-
tions, shedding light on their shared and individual physiolog-
ical properties ( Supplementary Table S2 A and B). The com-
prehensive gene list generated, in combination with the REM
approach ( Supplementary Table S4 ), offers significant poten-
tial for identifying novel senescence markers, key regulatory
networks and new SASP candidates. 

Our unique methodology provided an extensive overview
of the complex transcriptome dynamics during senescence
across various cell lines and in response to different senescence
inducers. This analysis underscored a striking phenomenon
previously documented in more limited contexts ( 33–36 ): the
extensive downregulation of genes encoding key components
of major DNA repair pathways in senescent cells. In cells un-
dergoing RS, this downregulation becomes more pronounced
with increasing population doublings, culminating in a signif-
icant decline as cells transition to overt senescence. The obser-
vation of this process in proliferating cell lines derived from
aging donors suggests that it may also occur in vivo as tissues
age. 

The transcriptomic and proteomic phenomena we observed
suggest a significant reduction in the activity of various DNA
repair pathways, including NER, BER, NHEJ, HR, the FA
pathway, MMR, RER and, at least partially, SSBR. Collec-
tively, these pathways are essential for repairing continuous
DNA damage, primarily induced by endogenous ROS ( 3 ,6 ).
Although pathways such as RER, MMR and HR are typ-
ically associated with DNA replication—which is absent in
senescent cells—they remain relevant. MMR is crucial for
correcting mismatches arising from spontaneous deamina-
tion of DNA bases or during repairs involving error-prone
DNA polymerases ( 108 ). HR may retain activity in senescent
cells arrested in G2 ( 109 ), but this activity is likely impaired
due to gene repression. Moreover, the gene encoding PARP1,
a critical player in various DDR branches (DSB, NER and
BER) ( 84 ), was found to be downregulated in 22 of the 27
datasets analyzed, and we observed a corresponding reduc-
tion in PARylation activity in senescent cells. This observa-
tion is consistent with previous reports of PARP1 repression
in senescent epithelial cells ( 110 ). Our experimental findings
supported the conclusions of our bioinformatic analysis, high-
lighting severe impairment of DNA repair capacity in senes- 
cent cells. However, the computational analysis presented in 

this study spans a broader range of cellular contexts and di- 
verse senescence triggers. 

In our examination of data from primary cell lines un- 
dergoing RS, we observed a gradual decrease in DNA repair 
gene expression levels. This trend aligns with previous inves- 
tigations of transcriptome dynamics during extended cultiva- 
tion of various human ( 68 , 71 , 111 ) and mouse ( 59 ,112 ) pri-
mary cell lines. The progressive decline in DNA repair ca- 
pacity likely contributes to the accumulation of DNA dam- 
age observed in these cell lines as they advance through suc- 
cessive passages until reaching RS ( 9 ). This phenomenon is 
thought to create a feedback loop that further propels cells 
toward a senescent state ( 33 ). This concept is consistent with 

the evolutionary theory of ‘antagonistic pleiotropy’ ( 113 ,114 ),
which proposes that certain gene products provide short-term 

benefits but become detrimental over time. In the context of 
senescence, the initial suppression of DNA repair may facil- 
itate a quicker transition into senescence and reduce energy 
expenditure. However, this repression could pose long-term 

risks, potentially increasing the susceptibility to tumorigenesis 
(Figure 5 ). 

The phenomenon we describe appears to be a fundamen- 
tal characteristic of senescent cells. Notably, it occurs in the 
context of apoptosis resistance and elevated metabolic activ- 
ity, which is expected to generate substantial amounts of ROS 
( 115 ), further exacerbating DNA damage. The suppression of 
the BER pathway, essential for repairing ROS-induced DNA 

lesions ( 79 ), could be particularly detrimental under these 
conditions. Consequently, the downregulation of DNA repair 
pathways in senescent cells is likely to result in the signifi- 
cant accumulation of DNA lesions. Furthermore, the reactiva- 
tion of transposable elements—a well-documented occurrence 
during senescence ( 60 ,116 )—introduces an additional layer of 
genomic instability. 

The accumulation of DNA lesions is expected to com- 
promise transcription fidelity, leading to ‘transcriptional mu- 
tagenesis’ ( 117–120 ), which may be further exacerbated by 
the decreased spliceosome expression we observed. This phe- 
nomenon has the potential to disrupt cellular functions ran- 
domly, potentially affecting the maintenance of the senescent 
state ( 29 ). However, the greatest threat to genome stability 
arises in cells that escape senescence and re-enter the cell cy- 
cle. As these cells replicate and propagate damaged DNA, such 

lesions can lead to a surge in sequence alterations and sig- 
nificant chromosomal instability. The accumulation of muta- 
tions and chromosomal aberrations over successive cell di- 
visions may create a conducive environment for neoplastic 
transformation. 

Senescent cells that can resist apoptosis and resume the 
cell cycle could thus be likened to a ‘ticking bomb’. This 
is especially relevant in the context of TIS, which has 
been linked to tumor recurrence, even after prolonged pe- 
riods of dormancy ( 27–31 ). Relapsed tumors often exhibit 
greater aggressiveness than primary tumors, a trait driven 

largely by the accumulation of mutations and chromoso- 
mal abnormalities ( 29 ,121 ). Our study, along with oth- 
ers, indicates that this mutational burden can, at least in 

part, be attributed to the repression of DNA repair path- 
ways during senescence. Moreover, genome instability has 
been proposed as a factor contributing to senescence escape 
( 122 ). 
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Motif analysis of regulatory sequences within DNA repair
enes that were downregulated during senescence revealed tar-
et sequences for a distinct set of TFs. Notably, these TFs
ave been previously implicated in the regulation of cell cy-
le dynamics and DNA repair processes ( 98–100 , 104 , 123 ).
his finding suggests a coordinated downregulation of these
ritical processes during senescence ( 124 ). Additionally, these
Fs were recently identified as potential drivers of senescence
 123 ). However, that study reported only four DNA repair
enes as downstream targets, all of which are G2-related
rocesses. 
The E2F family of TFs is well known for its critical role

n regulating cell cycle progression and DNA repair ( 98 ) and
or orchestrating cell cycle arrest during senescence ( 125 ,126 ).
mong E2F members, E2F4 is particularly notable in the con-

ext of senescence ( 112 ). E2F1, a key regulator of DNA re-
air gene expression ( 98 ), is directly recruited to DSB sites
 104 ). Previous studies have identified E2F1 and E2F4 as po-
ential upstream factors involved in repressing DNA repair
uring senescence via p21, though this effect has been primar-
ly observed in G2-related pathways, such as MMR and HRR
 35 ,36 ). NFYA, a TF that facilitates cell cycle progression dur-
ng the G1 phase ( 127 ), also plays a role in arresting cellu-
ar proliferation during senescence ( 128–130 ) and modulates
NA repair gene expression ( 131 ). We observed a marked
ecrease in FOXM1 expression at the onset of senescence.
OXM1, which is stabilized in response to DNA damage, is
nown to activate genes involved in the BER, NER, NHEJ
nd HRR pathways ( 101–103 ). Reduced levels of FOXM1
ave been associated with aging, genome instability and mi-
otic defects ( 90 ). Notably, FOXM1 can convert the DREAM
omplex from a repressor to an activator ( 105 ). Given that
he DREAM complex represses DNA repair genes ( 86 ), the
ownregulation of FOXM1 during senescence may enhance
REAM-mediated repression of DNA repair pathways. These
ndings highlight the potential of FOXM1 as a therapeu-
ic target in progeria and other aging-related diseases ( 91 ).
uture studies should investigate the causal relationship be-
ween senescence and DNA repair repression. Manipulating
enescence-inducing factors, such as p21 and p16, and evalu-
ating DNA repair efficiency could provide valuable insights.
Additionally, investigating the role of TFs, such as FOXM1,
as well as chromatin modifications, could shed light on the
underlying mechanisms regulating DNA repair during senes-
cence. Genetic manipulation and techniques such as Chip-seq
(chromatin immunoprecipitation sequencing, A T AC-seq (as-
say for transposase-accessible chromatin using sequencing)
and omics approaches could be employed to identify key reg-
ulators and their targets. 

The gradual decline in DNA repair observed in proliferat-
ing cell lines derived from older donors aligns with previous
reports of increased DNA damage in tissue cells from aging
individuals ( 9 , 132 , 133 ). Notably, we found that many DNA
repair genes downregulated in cell lines from older donors are
also repressed during cellular senescence, suggesting a link be-
tween the mechanisms underlying aging and senescence. The
repression of DNA repair in aging skin fibroblasts may re-
sult from gradual accumulation of senescent cells or the in-
direct influence of the SASP phenotype affecting neighboring
cells. The age-related decline in genomic maintenance could
be attributed to the absence of strong selective pressures for
maintaining genome integrity in older individuals throughout
most of human history, as natural selection may not have fa-
vored the preservation of these mechanisms in later life. Fur-
thermore, the accumulation of senescent cells in the tissues of
elderly individuals ( 23 ,26 ) further underscores the relation-
ship between aging and senescence. A more direct link be-
tween DNA repair capacity and aging is evident from the seg-
mental premature aging observed in various human genome
instability disorders ( 134 ,135 ) and in mouse models deficient
in DNA repair pathways, which exhibit signs of premature
aging and accelerated tissue senescence ( 136–138 ). 

In conclusion, our study provides a novel, high-resolution
perspective on transcriptomic dynamics during cellular senes-
cence. This approach has revealed a critical aspect of these dy-
namics: the repression of DNA repair pathways during senes-
cence. This suppression likely has significant effects on the
phenotype and fate of cells that re-enter the cell cycle after
senescence, carrying important clinical implications for tumor
recurrence driven by escape from TIS. 
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