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ABSTRACT

Cellular senescence is a complex multifactorial bi-
ological phenomenon that plays essential roles in
aging, and aging-related diseases. During this pro-
cess, the senescent cells undergo gene expression
altering and chromatin structure remodeling. How-
ever, studies on the epigenetic landscape of senes-
cence using integrated multi-omics approaches are
limited. In this research, we performed ATAC-seq,
RNA-seq and ChiP-seq on different senescent types
to reveal the landscape of senescence and identify
the prime regulatory elements. We also obtained 34
key genes and deduced that NAT1, PBX1 and RRM2,
which interacted with each other, could be the poten-
tial markers of aging and aging-related diseases. In
summary, our work provides the landscape to study
accessibility dynamics and transcriptional regula-
tions in cellular senescence. The application of this
technique in different types of senescence allows us
to identify the regulatory elements responsible for
the substantial regulation of transcription, providing
the insights into molecular mechanisms of senes-
cence.

INTRODUCTION

Cellular senescence (or merely ‘senescence’) is a cell fate
that includes permanent cell cycle arrest, expression of
senescence-associated transcripts (e.g. pl6INK4a and NF-
kB), and acquisition of a senescence-associated secretory
phenotype (1). Senescent cells occur throughout life and
play beneficial roles in various physiological processes,
including embryo development, tissue repair, and tumor
suppression (1,2). Meanwhile, the steady accumulation of
senescent cells in key cellular niches that occur with age

also has adverse consequences, which could drive aging and
aging-related diseases.

Over the past decades, many epigenomic studies focused
on cellular senescence and explored novel approaches to
identify, characterize, and eliminate senescent cells (3-7).
During senescence, the cells that finally succumb to mul-
tifactorial stress undergo alterations in the general loss of
histones coupled with local and global chromatin remodel-
ing, an imbalance of activating, repressive histone modifi-
cations, and global transcriptional change (8,9). However,
information on how epigenetic alterations specifically regu-
late transcriptional changes and gene expression is still lim-
ited.

In this study, we used an integrated multi-omics ap-
proach comprising assays of transposase-accessible chro-
matin (ATAC-seq), RNA-seq and ChIP-seq to reveal the
landscape of senescence and identify the prime regulatory
elements and key genes. We chose different types of stress-
induced senescence, which were including replicative cellu-
lar senescence (RS) and oncogene induced senescence (OIS,
which often been mutant at HRASY!?), to reveal the sub-
stantial changes and elucidate the characteristics of senes-
cence.

MATERIALS AND METHODS
Cell culture

Human diploid 2BS fibroblasts cells were grown in min-
imum essential medium (Gibco, 11095080) supplemented
with 10% certified fetal bovine serum (BI, 04-001-1A), 1%
200 mM glutamine (Gibco, A2916801), 1% 10000 U/ml
Penicillin—Streptomycin (Gibco, 15140122), and 1% MEM
non-essential amino acids (Gibco, 11140050), in a humidi-
fied atmosphere with 5% CO, at 37°C. These cells were con-
sidered as ‘growing’ at PD30 or below and as ‘senescent’ at
PD50 or above.
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ATAC-seq

After 50 000 2BS cells were counted, Tn5 transposase was
used to simultaneously cut the hierarchically folded DNA.
Native nuclei were purified by MinElute PCR Purification
Kit (Qiagen, 28004) and amplified by six cycles of quanti-
tative real-time PCR. Genomic DNA of 10 ng was used as
input control.

Data download

The previous publication datasets of ATAC-seq, RNA-
seq and ChIP-seq were downloaded from GEO database
(https://www.ncbi.nlm.nih.gov/geo/). The GSM IDs of
them in this assay are listed in Supplementary Table S1.

ATAC-seq and ChIP-seq data processing

ATAC-seq and ChIP-seq libraries were sequenced on the
Illumina Hiseq PE150 sequencer or other platform to ob-
tain 60-130 million of 2 x 150 bp paired-end sequenc-
ing reads per sample. Data quality was controlled us-
ing FastQC (v.0.11.9, www.bioinformatics.babraham.ac.
uk/projects/fastqc). After trimming the adaptor and remov-
ing low-quality reads, the obtained clean data were aligned
to human genome hg38 by the Burrows—Wheeler Aligner
tool (v.0.7.10). A peak calling analysis was conducted us-
ing MASC2 (v.2,2) with the following parameters: macs2
callpeak -nomodel -f BAMPE-keep -dup 1 -q 0.05 -B-
SPMR. Integrative Genomics Viewer (IGV) (v.2.7.0) was
used to track visualization. Only peaks that were consis-
tently observed in replicates were emphasized to identify the
Tn5 hypersensitive set region (THSS) region with the high-
est confidence for each condition. The THSSs were anno-
tated to genomic feature and GC percentage using the an-
notatePeaks.pl of HOMER (v.4.11) software. Read counts
were analyzed by BEDTools, and visualization was per-
formed using ‘ggplot2’ R packages. Transcription factor
binding motifs were identified with HOMER findMotif-
sGenome.pl tool in the chromatin-accessible region; those
with P-value <0.05 were considered significant.

RNA-seq data processing

For RNA-seq, raw data were trimmed by removing the
adaptor to construct sequencing libraries. The batch effects
were removed by an empirical Bayes framework with the
‘ComBat’ function in the ‘sva’ R package. In order to main-
tain original value of batch adjustment, differentially ex-
pressed genes (DEGs) were identified by ‘limma’ R pack-
age; those with P-value < 0.05 and abs (log; FC) >0.26 were
considered significant.

Correlation between chromatin accessibility and gene expres-
sion

In order to assess the global relationship between chromatin
accessibility and gene expression, we categorized the genes
into high, medium and low. The threshold of three quantile
chromatin accessibility groups was determined by ATAC-
seq signals. The threshold of three quantile gene expres-
sion groups was determined by mRNA level. The heatmap

and its clusters (by k-means) were generated with the ‘deep-
Tools’ R package. The correlated genes were visualized by
the ‘ggplot2’ R package.

Correlation between chromatin accessibility and chromatin
characterization

Chromatin state was calculated by chromatin state seg-
mentation (ChromHMM), and the THSSs were classi-
fied by different histone post-translational modifications
(hPTMs) as follows: unspecific (high enrichment level in all
hPTMs), TSS-like (transcription start site like region) (ob-
tained enrichment in H3K4me3, depleting in H3K27me3),
enhancer-like (enriched in H3K4mel/H3K27ac, depleting
in H3K4me3), and depleted-region (low levels of enrich-
ment for all hPTMs).

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis

GO enrichment annotations were downloaded from NCBI
(http://www.ncbi.nlm.nih.gov/),  UniProt  (http://www.
uniprot.org/) and GO (http://www.geneontology.org/).
KEGG pathway enrichment annotations were obtained
from KEGG (https://www.genome.jp/kegg/) database.
Significant GO and KEGG categories were identified by
fisher’s exact test, and a false discovery rate was used to
correct the P-value.

Statistical analysis

All data were presented as mean + standard deviation.
Independent sample z-test was used to compare the two
groups. P-value <0.05 indicated statistically significant dif-
ferences between compared groups. Statistical analyses were
performed by GraphPad Prism 6 software and R packages.

Gene Expression Profiling Interactive Analysis (GEPIA)

GEPIA server (http://gepia.cancer-pku.cn/) was used to
analyze the data of The Cancer Genome Atlas (TCGA)
Program and The Genotype-Tissue Expression (GTEx)
Project, including gene correlation, disease-free survival
(DFS), and pathological stage. Correlation analysis was
conducted using data from the GTEx database, includ-
ing adipose, adrenal gland, bladder, Epstein—Barr virus-
transformed lymphocytes, artery, whole blood, leukemia
cell line, brain, breast, cervix, colon, esophagus, fallop-
ian tubes, heart, kidneys, liver, lungs, muscles, nerves,
ovaries, pancreas, pituitary gland, prostate gland, minor
salivary gland, transformed fibroblasts, skin, small intes-
tine, spleen, stomach, testis, thyroid and uterus. The co-
efficient was calculated on a non-log scale using Pear-
son correlation, and a log scale axis was applied for vi-
sualization. DFS was analyzed by log-rank test using the
TCGA database composed of 33 cancer types, namely,
adrenocortical carcinoma (ACC), bladder urothelial car-
cinoma (BLCA), breast invasive carcinoma (BRCA), cer-
vical squamous cell carcinoma and endocervical adeno-
carcinoma (CESC), cholangiocarcinoma (CHOL), colon
adenocarcinoma (COAD), lymphoid neoplasm diffuse
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large B-cell lymphoma (DLBC), esophageal carcinoma
(ESCA), glioblastoma multiforme (GBM), head and neck
squamous cell carcinoma (HNSC), kidney chromophobe
(KICH), kidney renal clear cell carcinoma (KIRC), kid-
ney renal papillary cell carcinoma (KIRP), acute myeloid
leukemia (LAML), brain lower grade glioma (LGGQG), liver
hepatocellular carcinoma (LIHC), lung adenocarcinoma
(LUAD), lung squamous cell carcinoma (LUSC), mesothe-
lioma, ovarian serous cystadenocarcinoma (OV), pancre-
atic adenocarcinoma (PAAD), pheochromocytoma and
paraganglioma, prostate adenocarcinoma, rectum adeno-
carcinoma (READ), sarcoma (SARC), skin cutaneous
melanoma (SKCM), stomach adenocarcinoma (STAD),
testicular germ cell tumor (TGCT), thyroid carcinoma
(THCA), thymoma (THYM), uterine corpus endometrial
carcinoma (UCEC), uterine carcinosarcoma (UCS) and
uveal melanoma. The pathological stage was examined us-
ing the following data from the TCGA database: ACC,
BLCA, BRCA, CESC, CHOL, COAD, DLBC, ESCA,
GBM, HNSC, KICH, KIRC, KIRP, LAML, LGG, LIHC,
LUAD, LUSC, OV, PAAD, READ, SARC, SKCM, STAD,
TGCT, THCA, THYM, UCEC and UCS. DEGs were ana-
lyzed by one-way ANOVA using the pathological stage as a
variable for calculating differential expression. Expression
data were first logy (TPM + 1) transformed for differential
analysis.

Participants

Volunteers consisting of healthy people (n = 60, with
no restriction of age), young healthy people (n = 20,
age = 25.3 + 1.53 years), old healthy people (n = 20,
age = 73.25 4+ 2.22 years), patients who suffered from stroke
(n=20, age = 74.65 4 3.30 years), patients with Pan-Cancer
(n = 20, age = 73.05 &+ 2.86 years), and patients with dia-
betes (n = 20, age = 75.2 £ 2.33 years) donated their pe-
ripheral blood with informed consent. All participants were
non-smokers, and the healthy people were free from history
of recent infection, chronic disease, or any medication sup-
plementation for 4 weeks prior to the experiment. The study
was approved by the ethics board of Xuanwu hospital Cap-
ital Medical University.

Collected whole blood samples and isolated peripheral blood
mononuclear cells (PBMCs)

Fresh peripheral blood samples were collected in Va-
cutainer® Plus Plastic EDTA-K; tubes (BD, 367862).
PBMCs were isolated from the fresh peripheral blood by
density gradient centrifugation with Ficoll (TBD, LTS1077)
following the experimental protocol. Stroke-physiological
saline solution (CR DOUBLE-CRANE, H34023609) was
applied to dilute the peripheral blood.

Western blot

The PBMCs were lysed with radioimmunoprecipitation
assay lysis buffer (Solarbio, R0010) containing phenyl-
methanesulfonyl fluoride (Solarbio, P0100) and protease
inhibitor cocktail (Beyotime, P1005). The protein concen-
tration of cell lysates was detected by Pierce BCA Pro-
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tein Assay Kit (Thermo, 23227). Then, the equal concen-
trations of protein were loaded and run on the 10% SDS-
PAGE gel (Beyotime, PO0O12A) to separate. After trans-
ferred to a polyvinylidene fluoride membrane (Millipore,
IPVHO00010), protein bands were detected by incubating
the indicated horseradish peroxidase-conjugated antibod-
ies, including GAPDH (Proteintech, 10494-1-AP), RRM2
(Proteintech, 11661-1-AP), PBX1 (Proteintech, 18204-1-
AP), and NAT1 (Proteintech, 19188-1-AP). The bands
were visualized by enhanced chemiluminescence (Yeasen,
36222ES60).

Co-immunoprecipitation (Co-1P)

To obtain the clearer bands, the cell extracts amount could
range from 100 to 1200 pg. The cell extracts from the
PBMC:s of healthy people were separately rotated and incu-
bated with 4 wg antibodies of RRM?2 (Proteintech, 11661-
1-AP), PBX1 (Proteintech, 18204-1-AP), NAT1 (Protein-
tech, 19188-1-AP), and IgG (Abcam, ab172730) at 4°C
for 12 h, followed by incubation with 50 wl (0.50 mg) of
PureProteome™ Protein A/G Mix Magnetic Beads (Mil-
lipore, LSKMAGAG10) at 4°C for 4 h with rotation. Ev-
ery 60 wg cell extracts were isolated as input. The magnetic
beads were then washed three times with ice-cold extrac-
tion buffer, mixed with 1 x protein loading buffer which was
diluted by 5x protein loading buffer (LABLEAD, G2527)
with extraction buffer, and boiled at 95°C for 10 min. Then,
the IP products were loaded and run on the 10% SDS-
PAGE gel (Beyotime, PO012A) to separate. After trans-
ferred to a polyvinylidene fluoride membrane (Millipore,
IPVHO00010), protein bands were detected by incubating the
indicated horseradish peroxidase-conjugated antibodies, in-
cluding RRM2 (Proteintech, 11661-1-AP), PBX1 (Protein-
tech, 18204-1-AP), and NAT1 (Proteintech, 19188-1-AP).
The bands were visualized by enhanced chemiluminescence
(Yeasen, 36222ES60).

RESULTS

High-resolution chromatin accessibility profiles revealed dif-
ferences between growing and senescent cells

Considering that human diploid 2BS fibroblasts are
a widely used cell model to study cellular senescence
and aging-related disorders, we employed growing 2BS
cells and senescent 2BS cells as RS representatives to
generate ATAC-seq libraries (created with BioRen-
der.com) (Figure 1A), which can sensitively measure
high-resolution chromatin accessibility (10,11). For each
age stage, we obtained two independent ATAC-seq
replicates. To explore any difference in OIS, we also ob-
tained the ATAC-seq data of cellular senescence from
GSM2774972, GSM2774973, GSM2774974, control
data from GSM2774968, GSM2774969, GSM2774970,
GSM2774971 (12). Through the unbiased clustering of
all ATAC-seq samples, we observed a correlation between
RS and OIS, suggesting their homogeneity (Figure 1B).
Principal component analysis (PCA) in RS and OIS groups
identified age as the main variation source (Supplementary
Figure S1A, B).
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The similar distribution of fragment sizes suggested that
chromatin was accessible to Tn5 transposase corresponding
to integer multiples of nucleosomes in all samples indepen-
dently of the stage of age (Figure 1C and Supplementary
Figure S1C). We also found that the THSS regions were
mostly located from 2 kb upstream of the translation start
codon (ATG) to 2 kb downstream of the nearest gene (Fig-
ure 1D and Supplementary Figure S1D). Moreover, we ob-
served the strong enrichment of ATAC-seq reads around
TSS and the enrichment of ATAC-seq signal around the
gene center (Figure 1E, F and Supplementary Figure S1E,
F).

Based on these observations, we annotated the peaks to
explore the position of accessible chromatin in the genome
and found that the chromatin accessibility around the pro-
moter region in growing cells was higher than that in senes-
cent cells (Figure 1G and Supplementary Figure S1G). Ac-
cording to the genomic distribution of peaks, the number
of promoter-enriched peaks of senescent cells was signifi-
cantly higher than that of growing cells, whether in RS or
OIS. The heatmap of ATAC-seq in Figure 1H and Supple-
mentary Figure S1H lists the most enriched genes in senes-
cent cells.

Using MACS?2 peak calling, we also performed differen-
tial binding analysis to quantitatively identify the regions of
altered accessibility. We observed 14,994 regions that were
significantly more accessible (opened) and 27 169 regions
that were significantly less accessible (closed) in RS cells
compared with that in growing cells (Figure 11). For OIS
cells, 35 584 regions were more accessible, and 29 499 re-
gions were less accessible. We found that chromatin accessi-
bility was relatively closed in RS cells (compared with con-
trol) but relatively open in OIS cells. Although RS differed
from OIS in chromatin accessibility alteration, they shared
a few overlapped genes that were enriched in altered regions
(Figure 17J).

After peak annotation by HOMER, we found that the ac-
cessible regions altered in RS and OIS cells were enriched at
distal intergenic, intronic, and promoter regions (Figure 1K
and Supplementary Figure S11). We used BEDTools to ex-
plore the relationship between chromatin accessibility and
GC richness and found that the less accessible regions in RS
cells and the highly accessible regions in OIS showed sig-
nificant GC richness and AT poorness, respectively (Figure
1L). However, the else regions showed no significant differ-
ences (opened in RS or closed in OIS).

As we known cellular senescence is closely related to nu-
merous genes that participate in multiple signaling path-
ways (3). To explore the role of chromatin-accessible regions
in gene function and in the regulation of genes involved in
signaling pathways, we analyzed different pathways and bi-
ological processes in growing cells and different types of
senescent cells.

We found that the opened regions in RS were enriched
in various signaling pathways, including focal adhesion,
mucin-type O-glycan biosynthesis, and oxytocin signal-
ing pathway, which played essential roles in hyperplas-
tic pathologies and degenerative pathologies (Figure 1M)
(13-15). This finding was analogous to the enrichment of
opened regions in OIS (Supplementary Figure S1J). The
loss of cell proliferation and the increased level of gly-
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cosylation in cellular senescence may account for some
of the above changes in the signaling pathway (2,16).
GO analysis revealed that several aging-associated biolog-
ical processes, such as GTPase activity, intracellular sig-
nal transduction, and Rho-GTPase activity, were upregu-
lated in RS and OIS (Figure 1N and Supplementary Fig-
ure S1K). Transcription plays a key role in senescence,
whether in RS or OIS, which consisted with previous studies
(17-19).

We also found that the closed regions in RS were enriched
in several pathways, including endocytosis, cell cycle, and
carbon metabolism; this finding was in line with the enrich-
ment of closed regions in OIS (Figure 10 and Supplemen-
tary Figure S1L). Several factors, such as cell cycle alter-
ation, dysfunctional endocytic components and so forth,
also play a strong part in senescence (2,20). GO analysis
showed that several aging-associated biological processes,
including gene expression, transcription, and protein trans-
port, were downregulated in RS and OIS (Figure 1P and
Supplementary Figure SIM).

Gene expression profiles revealed differences between grow-
ing and senescent cells

After observing the chromatin accessibility of senescent
cells, we focused on the expression difference between grow-
ing and senescent cells. Thus, we analyzed the RNA-seq
data of RS cells from GSM1290017, GSM1290018,

GSM1553104, GSM1553105, GSM15531009,
GSM1553110, GSM1553111, GSM2595526,
GSM2595527, GSM2828806 and GSM2828808, we
obtained control from GSMI1290015, GSM1290016,
GSM1553101, GSM1553102, GSM1553106,
GSM1553107, GSM1553108, GSM2595515,

GSM2595516, GSM2828805 and GSM2828807 (21—
26). We also obtained the RNA-seq data of OIS cells

from GSM2828815, GSM2828816, GSM2786639,
GSM2786646, GSM2786653, GSM 1861913,
GSM 1861914, GSM1861915, GSM 1861916,
GSM1861917, GSM1861918 and the control data
from GSM2828805, GSM2828807, GSM2786635,
GSM2786642, GSM2786649, GSM 1035443,
GSM 1035444, GSM 1861907, GSM 1861908,
GSM 1861909, GSM 1861910, GSM 1861911, GSM 1861912
(12,26-28).

After normalization and batch effects removal, we per-
formed PCA analysis to determine the main variation
source across the expression of RS and OIS groups (Fig-
ure 2A and Supplementary Figure S2A). Through the unbi-
ased clustering of all RNA-seq samples, we observed a cor-
relation between RS and OIS, suggesting their homogeneity
(Figure 2B).

Through identification by ‘limma’, we found that gene ex-
pression differed significantly between senescent and grow-
ing cells. The number of upregulated and downregulated
genes was 507 and 935 from RS cells, respectively, and 605
and 183 from OIS cells (Figure 2C and Supplementary Fig-
ure S2B). The heatmap of RNA-seq in Figure 2D (RS cells)
and Supplementary Figure S2C (OIS cells) lists the genes
with the most altered expression in senescent cells (Figure
2D, Supplementary Figure S2C).
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Figure 2. Gene expression profiles revealed differences between growing and senescent cells. (A) PCA (Principal com ponent analysis) analysis of RS cells
can be observed indicated. (B) Unbiased clustering of RS cells, OIS cells, and corresponding control replicates. (C) Differentially expressed genes of RS cells
were shown as a volcano plot, in which upregulated genes are indicated by red dots, and downregulated genes are indicated by green dots. (D) Heatmap of
the 50 genes with the most altered expression in RS cells. (E) GO terms associated with the expression of altered genes in RS cells. (F) Top 5 GO biological
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associated with downregulated genes in RS cells revealed by GSEA algorithm. (H) Top 5 pathways associated with upregulated genes in RS cells revealed
by GSEA algorithm. (I) Top 5 pathways associated with downregulated genes in RS cells revealed by GSEA algorithm. The results of OIS could also be
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Consistent with the literature, the altered genes (whether
in RS or OIS) were significantly enriched in several GO
terms such as cell cycle, DNA replication, and DNA re-
pair (19,29) (Figure 2E, Supplementary Figure S2D). To
distinguish the core biological process, we used the Gene
Set Enrichment Analysis (GSEA) algorithm to calculate
gene enrichment in GO-BP items (30). We found that
the upregulated genes were enriched in biological pro-
cesses such as ribosome biogenesis (ES: 0.54, FDR: 0.000),
rRNA metabolic process (ES: 0.52, FDR: 0.000), ncRNA
metabolic process (ES: 0.48, FDR: 0.000), inorganic ion
transmembrane transport (ES: 0.45, FDR: 0.026), negative
regulation of protein maturation (ES: 0.69, FDR: 0.030),
autophagosome organization (ES: 0.61, FDR: 0.024) and
so on (Figure 2F, Supplementary Figure S2E). Meanwhile,
the downregulated genes were enriched in biological pro-
cesses such as sister chromatid cohesion (ES: —0.72, FDR:
0.000), sister chromatid segregation (ES: —0.69, FDR:
0.000), nuclear chromosome segregation (ES: —0.68, FDR:
0.000), DNA replication (ES: —0.73, FDR: 0.000), DNA
recombination (ES: —0.74, FDR: 0.000), chromosome seg-
regation (ES: —0.71, FDR: 0.000) and so on (Figure 2G,
Supplementary Figure S2F). To focus on the key path-
ways in senescence, we used GSEA and found that the up-
regulated genes were enriched in pathways such as lyso-
some (ES: 0.54, FDR: 0.000), complement and coagula-
tion cascades (ES: 0.62, FDR: 0.027), snare interactions
in vesicular transport (ES: 0.54, FDR: 0.038), ribosome
(ES: 0.50, FDR: 0.026), natural killer cell mediated cyto-
toxicity (ES: 0.52, FDR: 0.034), VEGF signaling pathway
(ES: 0.53, FDR: 0.028) and the like (Figure 2H, Supple-
mentary Figure S2G). Meanwhile, the downregulated genes
were enriched in pathways including DNA replication (ES:
—0.84, FDR: 0.000), spliceosome (ES: —0.65, FDR: 0.000),
cell cycle (ES: —0.64, FDR: 0.000), ECM receptor interac-
tion (ES: —0.61, FDR: 0.003), homologous recombination
(ES: —0.80, FDR: 0.000), oocyte meiosis (ES: —0.55, FDR:
0.000) and so on (Figure 21, Supplementary Figure S2H).

Association between chromatin accessibility and gene expres-
sion in senescence

It is universally acknowledged that chromatin accessibil-
ity may have been correlated with gene expression (31). To
explore this relationship, we labeled the RNA-seq signals
as low, medium, or high and then categorized ATAC-seq
data as matched RNA-seq signals to calculate the enrich-
ment in TSS regions. The violin diagram revealed that the
highly transcribed genes possessed more open chromatin
landscapes than the genes with low transcriptional levels,
whether in RS, OIS, or the control group (Figure 3A, B
and Supplementary Figure S3A, B). We also assigned the
regions of altered accessibility (opened or closed in RS
or OIS) to nearby genes and matched them with gene ex-
pression signals, reaching the same conclusion (Figure 3C).
We constructed a Venn diagram to illustrate the associa-
tion between chromatin accessibility and gene expression.
In RS, 1725 genes were associated with the altered chro-
matin accessibility, 1442 genes were associated with the al-
tered expression, and 98 genes were associated with the al-
tered chromatin accessibility and expression (Figure 3D).
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In OIS, 5111 genes were associated with the altered chro-
matin accessibility, 726 genes were associated with the al-
tered expression, and 69 genes were associated with the al-
tered chromatin accessibility and expression (Figure 3D).

The heatmap of both altered genes in Figure 3E (RS
cells) and Supplementary Figure S3C (OIS cells) lists the
top 50 altered genes in senescent cells. In RS, the si-
multaneously increasing genes included ATP2C2, BCAS3,
CREGI1, DYNCII1, OAS2, OPRLI, PDE11A, PPFIBP2,
RAI2, SYT17 and TNFSF13B (Figure 3F), the simultane-
ously decreasing genes included RRM2, ACSS1, DMCI,
HEY1, HTR1B, SLC25A10, ZNF214 and so on (Figure
3G). In OIS, the simultaneously increasing genes included
C10RF147, IL1B, SERPINB4, TNFSF8, WTAPPI and
so on (Figure 3H), the simultaneously decreasing genes
included FPGT, GRIK2, GUCY1BI, ID2, KIAA0895,
NATI1, PBX1, PLA2G12A, ROBO2, PRSS35 and SLIT2
(Figure 31).

We also explored the enrichment of chromatin accessibil-
ity and altered gene expression in pathways. Consistent with
the findings in the previous section, the altered genes were
significantly enriched in several pathways such as cell cycle,
DNA replication, DNA repair and cellular senescence (Fig-
ure 3J and Supplementary Figure S3D).

Characterization of epigenetic factors in senescence

As mentioned above, the impact of altered chromatin
on cellular senescence can partly be attributed to gene
expression change. To characterize senescence, we em-
ployed specific hPTMs, including H3K4mel, H3K4me3,
H3K27ac and H3K27me3, to investigate the features of
epigenetic factors in senescence. We obtained RS cells’
ChIP-seq data of H3K4mel from GSM2830417 and
GSM2830418, employed control from GSM2830415 and
GSM2830416 (26). We obtained OIS cells” ChIP-seq data
of H3K4mel from GSM2775005, GSM2775006, and
GSM2775007, employed control from GSM2775000,
GSM2775001, GSM2775002 and GSM2775003 (12).
We obtained RS cells’ ChIP-seq data of H3K4me3 from
GSM897560 and employed control from GSM897556
(32). We obtained OS cells’ ChIP-seq data of H3K4me3
from GSM1922391, GSM1074459 and GSM1035438,
employed control from GSM1922387, GSM 1074457, and
GSM1035429 (28,33,34). We obtained RS cells’ ChIP-seq
data of H3K27ac from GSM2830429 and GSM2830430,
employed control from GSM2830427 and GSM2830428
(26). We obtained OIS cells’ ChIP-seq data of H3K27ac
from GSM2774996, GSM2774997, GSM2774998,
GSM2774999, GSM 1915115 and GSM2098178, employed
control from GSM2774992, GSM2774993, GSM2774994,
GSM2774995, GSM1915113, and GSM2098176 (12,35).
We obtained RS cells’ ChIP-seq data of H3K27me3 from
GSM897561 and employed control from GSM897557 (32).
We obtained OIS cells” ChIP-seq data of H3K27me3 from
GSM1035439 and employed control from GSM1035430
(28).

To validate the enrichment of H3K4mel, H3K4me3,
H3K27ac, and H3K27me3 across genes, we arranged the
genes as lines and sorted them in descending order based
on signal intensity. We found that H3K4mel, H3K4me3,
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Figure 3. Association between chromatin accessibility and gene expression in senescence. ATACseq signal at TSSs correlates quantitatively with gene
expression, (A) the left figures (in blue) show the correlation between ATACseq signal at TSS and gene expression in RS cells, (B) and the right figures
(in brown) show the correlation between ATAC seq signal at TSS and gene expression in growing cells. (C) Regions of altered accessibility (opened or
closed in RS or OIS) were assigned to nearby genes and matched with gene expression signals. (D) Venn diagram showing the genes associated with the
chromatinaccessible regions in RS cells and differentially expressed genes. (E) Heatmap of the top 50 genes with highest chromatin accessibility and most
altered expression in RS cells. (F) Upregulated genes in RS that are associated with open chromatin regions. (G) Downregulated genes in RS that are
associated with open chromatin regions. (H) Upregulated genes in OIS that are associated with open chromatin regions. (I) Downregulated genes in OIS
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expression of simultaneously altered. The results of OIS could also be seen in Supplementary Figure S3.

H3K27ac and H3K27me3 were less enriched in RS cells;
H3K27ac and H3K27me3 were less enriched in OIS cells;
and H3K4mel and H3K4me3 were highly enriched in
OIS cells (Figure 4A-D and Supplementary Figure S4A-
D). In addition, we found several GO terms enriched in
hPTMs, including ‘transcription’, ‘gene expression’, ‘cell cy-
cle’, ‘phosphorylation’, ‘cellular response to DNA dam-
age stimulus’, ‘translation’, ‘“DNA repair’ and so on. These
terms were similar to those enriched in ATAC-seq data and
RNA-seq data (Figure 4E, G, I, K and Supplementary Fig-
ure S4E, G, I, K). The pathways enriched in these epigenetic
factors included ‘Ubiquitin mediated proteolysis’, ‘MAPK
signaling pathway’, ‘Calcium signaling pathway’, ‘Cell cy-

cle’, and so on, which were also similar to those enriched in
ATAC-seq data and RNA-seq data (Figure 4F, H, J, L and
Supplementary Figure S4F, H, J, L).

Association between chromatin accessibility and epigenetic
factors modification

It is well-known that regulatory sequences, including TSSs
and enhancers, could be a novel and useful marker to iden-
tify senescence state (26,36).The regulatory sequences can
be distinguished by hPTMs, such as TSS/promoter regions
with high enrichment levels for H3K4me3 and low en-
richment levels for H3K27me3 and enhancer regions with
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Figure 4. Characterization of epigenetic factors in senescence. (A) H3K4mel, (B) H3K4me3, (C) H3K27ac, (D) H3K27me3 distribution around TSS of
each RS and control samples, in which the position of TSS were indicated. (E) GO terms associated with H3K4mel enriched genes in RS cells. (F) Pathways
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high enrichment levels for H3K4mel /H3K27ac and low
enrichment levels for H3K4me3 (37-42). Based on this
assumption, we investigated the association between the
THSS of ATAC-seq and the TSS-like or enhancer-like re-
gions identified by hPTMs. We used ChromHMM to par-
tition the genome into four distinct chromatin states ac-
cording to the relative enrichment of hPTMs: unspecific
(enriched in all hPTMs), TSS-like (enriched in H3K4me3
and depleted in H3K27me3), enhancer-like (enriched in
H3K4mel, H3K27ac, and depleted in H3K4me3), and de-
pleted (depleted in all hPTMs) (Figure 5A). After that, we
overlapped these genomic segments with the THSS regions
of ATAC-seq to identify the THSSs with the distinctive
features of TSSs and enhancers (Figure 5B-D and Sup-
plementary Figure S5A, B). We found that the THSS re-
gions with TSS-like signatures (identified by hPTMs) were
always located within 2 kb of the downstream transcript
(Figure SE and Supplementary Figure S5C). As for rest,
we focused on the TSS-like ATAC-seq peaks located 2 kb
away from the downstream transcript. In these regions,
we found that chromatin accessibility was correlated with
gene expression, suggesting that these THSSs are previ-
ously unidentified TSSs (Figure 5F and Supplementary
Figure S5D).

Integrated multi-omics approach revealed that PBXI1,
NAT1 and RRM2 could be the new markers of cellular
senescence, aging, and aging-related diseases

As stated above, ruling out some ncRNAs (such as
AC090152.1, AC108025.2 and MIR3153 etc.) and some
less studied genes (such as HTR5BP, SERPINAI2 etc.,
which TCGA and GTEx databases), we found that the fol-
lowing genes were simultaneously altered in ATAC-seq and
RNA-seq data and could play a robust part in senescence:
ATP2C2, BCAS3, CREGI1, DYNCII1, OAS2, OPRLI,
PDEI11A, PPFIBP2, RAI2, SYT17, TNFSF13B, RRM2,
ACSS1, DMCI1, HEY1, HTR1B, SLC25A10, ZNF214,
CIORF147, IL1B, SERPINB4, TNFSFS8, WTAPPI,
FPGT, GRIK2, GUCY1BI1, 1ID2, KIAA0895, NATI,
PBX1, PLA2G12A, ROBO2, PRSS35 and SLIT2. We
called these genes ‘Simultaneous-Altered-Genes.” To deter-
mine core factors in senescence, aging, and aging-related
diseases, we employed the GEPIA server to analyze TCGA
and GTEx databases and combined them with our previous
ChIP-seq data (43).

The current markers of senescence included CDKN2A,
H2AFX, LMNBI, MKI67, POLDI, RBI1, TP53 and
TP53BP1 (5,17,18,32,44-48). Thus, we focused on the
expression correlation between ‘Simultaneous-Altered-
Genes’ and the senescent markers in the GTEx database
and used the Pearson correlation method to calculate
the correlation coefficient (P < 0.05 and R > 0.3 indi-
cate correlation). We found that CIORF147, WTAPPI,
NATI1, PBX1, PLA2GI12A, FPGT, KIAA0895, BCAS3,
CREGI, DYNCIII, PDEI1A, PPFIBP2, TNFSFI3B,
OAS2, SYT17, RRM2, ACSS1, ZNF214 and DMCI1
were significantly correlated with the senescent markers
(Figure 6A, Supplementary Figure S6A). The correlations
of other ‘Simultaneous-Altered-Genes’ (which were not
correlated with any of the mentioned senescent markers)

with senescent markers were shown in Supplementary
Figure S6B.

In resent researches, senescent cells have been specu-
lated as a central contributor to aging and aging-related
diseases, including various types of cancer (2,49,50)Thus,
we focused on the role of ‘Simultaneous-Altered-Genes’
in cancer. In order to well deciphering the action of
senescent cells in cancer, we used GEPIA undertaking
33 cancer types from TCGA to investigate the DFS of
‘Simultaneous-Altered-Genes’. In univariable analysis, we
found that SERPINB4, TNFSF8, GRIK2, ID2, NATI,
PBX1, PLA2GI12A, PRSS35, SLIT2, ATP2C2, BCAS3,
CREGI1, DYNCII1, OPRLI1, PDE11A, PPFIBP2, RAI2,
TNFSF13B, RRM2, ACSS1, SLC25A10 and ZNF214
were the significant variables for the DFS of Pan-Cancer
(Figure 6B). The remaining non-significant genes of Pan-
Cancer DFS are shown in Supplementary Figure S6C.

We also employed GEPIA to investigate the relationship
between ‘Simultaneous-Altered-Genes’ and Pan-Cancer
pathological stages using the data from TCGA and GTEx
databases. We found that the expression of almost all
‘Simultaneous-Altered-Genes’ was statistically significant
with the Pan-Cancer pathological stages, except for that of
DYNCI1I1 and DMCI1 (Figure 6C, Supplementary Figure
S6D, E).

To unravel the core factors in senescence, we classified the
‘Simultaneous-Altered-Genes’ into three parts: genes that
were correlated with cellular senescence markers (19 genes),
those that were statistically significant for Pan-Cancer DFS
(22 genes), and those that were statistically significant in
Pan-Cancer pathological stage (when F-value was greater
than 20) (11 genes). The intersection of the three parts com-
prised NAT1, PBX1, RRM2 and ZNF214, as shown in Fig-
ure 7A. However, no suitable antibody can be found for
ZNF214. Hence, we can only use NAT1, PBX1 and RRM2
in further investigations.

Using IGV, we observed the enrichment of ATAC-seq,
H3K4me3, H3K27me3, H3K4mel, H3K27ac, TSS-like re-
gion (identified by hPTMs and ATAC-seq), and enhancer-
like region (identified by hPTMs and ATAC-seq). NAT]
and PBX1 were less enriched in the region around the TSS
of senescent cells, and RRM2 was highly enriched in the re-
gion around the TSS of senescent cells (Figure 7B and Sup-
plementary Figure S7A).

We employed the group of the healthy people, the stroke
patients, the Pan-Cancer patients and the diabetes patients
to explore the expression of NAT1, PBX1 and RRM2 in ag-
ing and age-related diseases. We found that the expression
levels of NAT1 and PBX1 decreased in aging, stroke, Pan-
Cancer and diabetes. However, the expression of RRM?2
fluctuated with an increase in aging and stroke, a decrease
in diabetes, and an insignificant change in Pan-Cancer (Fig-
ure 7C-F). Co-immunoprecipitation assay also showed that
NATI, PBX1 and RRM2 could interact with each other
and, therefore, could participate in aging and aging-related
diseases as protein complexes (Figure 7G).

DISCUSSION

Despite the abundant studies focusing on the alteration of
chromatin structure, gene expression, and hPTMs during
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Spearman rank correlation coefficient (rho) and corresponding pvalue were shown as indicated. The results of OIS could also be seen in Supplementary

Figure SS.

cellular senescence, the landscape of senescence at multiple ina, heterochromatin, and chromatin connections in senes-
molecular levels remains lacking. In the current study, we cence are broken down, and the distinction between ac-
provided an integrated multi-omics approach to study dif- tive and inactive chromatin domains becomes blurred (52).
ferent types of cellular senescence, identify the prime regu- In this research, we revealed the concrete alteration. A ro-
latory elements and key genes. bust loss of chromatin accessibility occurred in RS, and

Our first objective was to use ATAC-seq, a novel technol- a robust gain of chromatin accessibility occurred in OIS.
ogy that could map nucleosomes and DNA-binding pro- The phenomenon coincided with the previous studies, the
teins. This method protects sites and is faster, more sen- senescence-associated heterochromatin domains (SAHDs)
sitive, and requires fewer starting materials than other as- appear partially periphery and compacted in RS, the
says to obtain open chromatin regulatory regions in RS SAHDs displace from the periphery and lose internal com-

and OIS (51). When senescence occurs, the nuclear lam- paction in OIS (4). Moreover, differential SAHDs interac-
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Figure 6. Appearance of ‘SimultaneousAlteredGenes’ in cellular senescence and agingrelated diseases. (A) Pearson’s correlation of PBX1, NATI,
RRM2, ZNF214, C1ORF147, WTAPP1, PLA2G12A, FPGT, KIAA0895, BCAS3, CREGI, DYNCIII, PDEI11A, PPFIBP2, TNFSF13B, OAS2,SYT17,
ACSS1 and DMCI1 with cellular senescence markers indicated were shown, the data were extracted from GTEx database. We identified the significant cor-
relation coefficient as P-value < 0.05 and R > 0.3. These genes were significantly correlated with the indicated senescent markers, the else nonsignificant
results of these genes could see in Supplementary Figure S6A. The correlations of other ‘SimultaneousAlteredGenes’ (which were not correlated with any
of the mentioned senescent markers) with senescent markers were shown in Supplementary Figure S6B. (B) PanCancer DFS (DiseaseFree Survival) plot of
PBX1, NATI1, RRM2, ZNF214, DYNCII1, GRIK2, ID2, OPRLI, PDE11A, PLA2G12A, PPFIBP2, PRSS35, RAI2, SERPINB4, SLC25A10, SLIT2,
TNFSF8, TNFSF13B ACSS1, ATP2C2, BCAS3 and CREG1 were shown indicated. Cox proportional hazard ratio and 95% CI information were included
in the survival plot. The data were analyzed by logrank test. The remaining nonsignificant genes of PanCancer DFS are shown in Supplementary Figure
S6C. (C) PanCancer pathological stage plot of PBX1, NAT1, RRM2, ZNF214, OAS2, RAI2, KIAA0895, ID2, IL1B, SERPINB4, and ATP2C2 can
been observed as indicated. The Fvalue of these genes was more than 20. The data were obtained from TCGA and GTEx (Genotype-Tissue Expression)
databases. Oneway ANOVA and log, (TPM + 1) were used for the log scale. The genes which Fvalue were less than 20 could be observed in Supplementary
Figure S6D. The results of nonsignificant genes could be observed in Supplementary Figure S6E.
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Figure 7. Integrated multiomics approach revealed that PBX1, NAT1, and RRM2 could be the new markers of cellular senescence, aging, and agingrelated
diseases. (A) The genes, whose chromatin accessibility and expression were both altered in RS and OIS, were divided into the following three parts: those
correlated with cellular senescence markers (left), those statistically significant in PanCancer DFS (right), and those statistically significant in PanCancer
pathological stage (and Fvalue > 20) (bottom). The intersection of these three parts was shown in the Venn diagram. (B) Enrichment of NAT1, RRM2,
and PBX1 in TSSlike regions (identified by H3K4me3, H3K27me3 and ATACseq), enhancerlike regions (identified by H3K4mel, H3K27ac, H3K4me3,
and ATACseq), H3K4me3, H3K27me3, H3K4mel, H3K27ac and ATACseq were shown by IGV (Integrative Genomics Viewer). Light blue represents
the growing cells, and dark blue indicates the RS cells. The results of OIS could also be seen in Supplementary Figure S7. The expression of NATI,
PBX1, and RRM2 in the peripheral blood mononuclear cells (PBMCs) of (C) the healthy people in different ages (n = 20, age = 25.3 & 1.53 years) (n = 20,
age = 73.25 + 2.22 years), (D) patients who suffered from stroke (n = 20, age = 74.65 + 3.30 years), (E) patients with PanCancer (n = 20, age = 73.05 + 2.86
years) and (F) patients with diabetes (n = 20, age = 75.2 & 2.33 years). (G) ColP assay in healthy people PBMCs (7 = 60, with no restriction of age) shows
that PBX1, RRM2 and NATI can bind with each other.
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tions and differential H3K9me3 marked heterochromatin
led to the formation of senescence-associated heterochro-
matin foci (SAHFs) only in OIS, which may further account
for markedly difference between RS and OIS in nuclear ar-
chitecture accessibility. Meanwhile, through ChIP-seq anal-
ysis, we also obtained that, the enrichment of H3K4mel,
H3K4me3, H3K27ac and H3K27me3 were decreased in
RS. In the OIS, the H3K27ac, H3K27me3 were enriched
less and the H3K4mel, H3K4me3 were enriched more.
These results suggested the predominance of repressors
over activators in senescence and explained the formation
of SAHFs in the different senescent types (4,12). These con-
sequences also explained the elevated transcriptional noise,
reduced global heterochromatin, and the remodeling and
loss of nucleosomes, which have only been examined in low-
throughput studies (53-55). We also found that the altered
chromatin accessibility in cellular senescence was always an-
notated in distal intergenic, intron and promoter regions,
and the unchanged regions in RS were always annotated in
5-UTR and exon regions. In general, the switch from the
close to the open chromatin state leads to gene activation.
Nevertheless, the increasingly altered regions annotated in
distal intergenic and intron regions could lead to the noise
in gene expression and the dropped rate of gene translation
(56).

To investigate the association between chromatin acces-
sibility and gene expression, we also employed the RNA-
seq data of RS cells and OIS cells in the GEO database.
Our results conformed to the pattern in previous stud-
ies showing that the switch between the open/closed chro-
matin state is associated with a pattern of differential
gene expression (57,58). We then obtained 34 genes that
could be the core factors of cellular senescence. To eluci-
date the participation of these genes in cellular senescence,
aging, and aging-related disease, we employed GEPIA
to analyze the data of TCGA and GTEx databases. We
found 19 genes correlated with cellular senescence mark-
ers. Our findings are in agreement with some comprehen-
sive studies showing that a few of these genes, includ-
ing NAT1, PBXI, CREG], DYNCIII, PDE11A, TN-
FSF13B, BCAS3, OAS2, RRM2 and DMCI, participate
in aging and aging-related diseases, such as insulin re-
sistance, cognitive deficits, cardiovascular risk and aging-
related obesity (59-69). The remaining genes, including
CIORF147, WTAPP1, PLA2G12A, FPGT, KIAA0895,
PPFIBP2, SYT17, ACSS1 and ZNF214, could be the novel
senescent markers. We also found 22 genes associated with
the DFS of patients with Pan-Cancer and 11 genes asso-
ciated with the pathological stages of Pan-Cancer. Almost
all of these genes have been reported as core factors of can-
cer, except ZNF214 (70-92). This observation indicated that
ZNF214 could be a novel marker of cancer. We also success-
fully identified several candidate genes from the overlap of
the three independent parts, as indicated above. We deduced
that the candidate intersection genes, namely, NAT1, PBX1,
RRM2 and ZNF214, may play a major role as bridges be-
tween senescence and cancer. Western blot assay showed
that the expression levels of NAT1 and PBX1 decreased in
aging, stroke, Pan-Cancer and diabetes. We supposed that
the prognosis of RRM2 at a high expression level would
be bleak, and its expression fluctuated in aging and aging-

related diseases. The precise mechanism of RRM2 in aging-
related diseases remains unclear; additional work is needed
to explore this possibility. To the best of our knowledge,
the current study presented the first evidence that NATI,
PBX1 and RRM2 could interact with each other and there-
fore could participate in aging and aging-related diseases as
protein complexes. This result supported the notion that nu-
merous interaction networks and proteostasis network con-
tribute to aging (52,93,94).

Following the recommendation by ENCODE, we used
the integrated ATAC-seq and ChIP-seq data in the GEO
database to identify novel TSS and enhancer regions (95).
We also applied IGV to observe the enrichment of NAT]I,
PBX1, and RRM2 in ATAC-seq and ChIP-seq. We em-
ployed the integrated multi-omics approach to study the
dynamic and coordinated chromatin accessibility and gene
expression during senescence. The previous method used
to discover enhancers relies solely on a localized enrich-
ment of H3K4me3/H3K4mel in intergenic regions. Here
we considered that the combination of chromatin accessibil-
ity profiling and histone modification enrichment is a pre-
cise and powerful approach to identifying new trans- and
cis-regulatory sequences.

Consistent with the literature, the altered genes in senes-
cence were significantly enriched in several GO terms such
as cell cycle, DNA replication, and DNA repair. These
terms were similar to those enriched in ATAC-seq, RNA-
seq and ChIP-seq and to the KEGG pathways. Thus, we
deduced that the alteration of the cell cycle, DNA replica-
tion, and DNA repair may partly elucidate the mechanism
of cellular senescence, aging, and aging-related diseases.

In summary, our work provides the landscape comprising
ATAC-seq, RNA-seq and ChIP-seq to study accessibility
dynamics and transcriptional regulation in cellular senes-
cence. The application of this technique in different types
of senescence allows us to identify the regulatory elements
that are responsible for the temporal regulation of tran-
scription in vivo, thus providing new insights into the molec-
ular mechanisms of senescence (96). The challenge ahead is
to apply this approach to aging-related diseases and identify
ways in which these regulatory landscapes can be manipu-
lated to control senescence and present a unique therapeutic
opportunity for aging-related diseases.
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