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ABSTRACT

The three-dimensional configuration of the chro-
matin architecture is known to be crucial for al-
terations in the transcriptional network; however,
the underlying mechanisms of epigenetic control
of senescence-related gene expression by modu-
lating the chromatin architecture remain unknown.
Here, we demonstrate frequent chromosomal com-
partment switching during mouse embryonic fibrob-
lasts (MEFs) replicative senescence as characterized
by senescence-inactivated (SIAEs) and -activated en-
hancers (SAEs) in topologically associated domains
(TADs). Mechanistically, SAEs are closely correlated
with senescence-associated secretory phenotype
(SASP) genes, which are a key transcriptional fea-
ture of an aging microenvironment that contributes
to tumor progression, aging acceleration, and im-
munoinflammatory responses. Moreover, SAEs can
positively regulate robust changes in SASP expres-
sion. The transcription factor CCAAT/enhancer bind-
ing protein � (C/EBP�) is capable of enhancing SAE
activity, which accelerates the emergence of SAEs
flanking SASPs and the secretion of downstream fac-
tors, contributing to the progression of senescence.
Our results provide novel insight into the TAD-related
control of SASP gene expression by revealing hierar-
chical roles of the chromatin architecture, transcrip-

tion factors, and enhancer activity in the regulation
of cellular senescence.

INTRODUCTION

Cellular senescence, a process that results in permanent
proliferation defects, can be triggered by exogenous or en-
dogenous stimuli (1,2). Initially defined as a phenotype
in cultured fibroblasts, senescent cells can be identified by
elevated lysosomal senescence-associated �-galactosidase
(SA-�-gal) activity and expression of the tumor suppressor
protein p16 (3,4). In addition to the exhaustive growth ca-
pacity attributed to telomere attrition, senescence can also
be induced by DNA-damaging agents or aberrant oncogene
activation governed by the retinoblastoma (Rb) and p53 sig-
naling cascades (5,6).

Cellular senescence is recognized as a safeguard against
cancer and therefore a potential basis for therapeutic regi-
mens. Emerging evidence reinforces the concept that cellu-
lar senescence can extend beyond tumor suppression into
many other biological processes, such as embryonic devel-
opment, wound healing, tissue repair and aging-related dis-
eases (7–9). Most importantly, cellular senescence is charac-
terized by an array of secreted inflammatory factors known
as the senescence-associated secretory phenotype (SASP)
(10–12), including the well-described SASP factors, inter-
leukins (ILs), chemokines (CXCL, CCL), and insulin-like
growth factors (IGF), which are involved in the regula-
tion of immune surveillance both pathologically and physi-
ologically (13). The induced SASP factors can activate cell-
surface receptors and signal transduction pathways to influ-
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ence both extra- and intracellular microenvironments (14).
Temporary secretion of SASP warns nearby cells of the
potential danger and promotes immune clearance of dam-
aged cells (9). However, persistent SASP secretion can cause
systemic inflammation or the growth of malignant cells,
displaying negative effects in numerous pathological states
(15). Therefore, elucidation of the underlying mechanisms
that control SASP gene expression during cellular senes-
cence has become important for intervening in the aging
process.

Indeed, certain morphological changes in chromatin oc-
cur in senescent cells, which affect chromosome condensa-
tion and distribution and are likely to affect the nuclear
architecture (16–19), leading to alterations in nucleosome
positioning, epigenetic landscapes, and transcriptional pro-
filing. The use of Hi-C technology has revealed two ma-
jor levels of topological organization across the mammalian
genome. At the megabase (Mb) scale of chromatin orga-
nization, two spatially segregated compartments, A and B,
have been shown to correlate with the euchromatic and het-
erochromatic regions, respectively. The submegabase scale
consists of topologically associated domains (TADs) and
chromatin loops (20–22) that restrict or facilitate inter-
actions among cis-regulatory elements (23,24). Numerous
studies have illustrated that dynamic alterations in higher-
order chromatin organization are associated with distinct
transcriptional profiles (25–28). For example, enhancers are
cis-regulatory elements that reside far away from promot-
ers yet are able to boost gene transcription effectively when
bound to various transcription factors that regulate the ex-
pression of distal genes through specific 3D chromatin con-
formations (29,30). Cellular senescence is a multilayered
process that displays hierarchical gene repression and ac-
tivation mechanisms influenced by structural reorganiza-
tion across the genome (31–33). Considering that the com-
plex senescence regulatory network is involved in a variety
of physiological processes (34), identification of senescence-
driven enhancer repertoires across the genome is imperative.

In the present study, we report that the process of
senescence can widely affect chromatin topological ar-
chitecture as well as the epigenome and transcriptome.
TAD-related spatial rearrangement of chromatin is accom-
panied by remodeling of the epigenetic enhancer reper-
toires in which H3K27ac-enriched senescence-activated en-
hancers (SAEs) modulate the kinetics of adjacent SASP
genes. We further demonstrate that the transcription fac-
tor, CCAAT/enhancer binding protein � (C/EBP�), is re-
cruited to the SAE region and acts as a key regulator dur-
ing senescence, whereas suppression of C/EBP� reduces
the activity of SAEs as well as the expression and secre-
tion of SASP factors. In summary, our study reveals the
spatiotemporal chromatin reorganization and enhancer re-
distribution that directs critical SASP gene regulatory net-
works during senescence.

MATERIALS AND METHODS

Generation of primary MEFs and REFs

MEFs were isolated from pregnant C57BL/6 mice and
REFs were isolated from pregnant Sprague−Dawley rats.
MEFs and REFs were cultured in DMEM supplemented

with 10% fetal bovine serum (FBS, Gibco, 12800) under
5% CO2 at 37◦C. Cells were serially passaged after reach-
ing 80−90% confluence. The number for population dou-
bling was calculated using the formula: PD = log2(Ne/N0),
where Ne represents the number of counts and N0 represents
the number of seeds. Cumulative PD numbers represent the
sum of PDs from all previous passages, with cells derived
from the primary culture considered PD = 0.

In situ Hi-C

Briefly, 2 × 106 cells fixed in 1% formaldehyde were sus-
pended in Hi-C lysis buffer, to which 100 U MobI re-
striction enzyme (NEB, R0147) was added for overnight
chromatin digestion. Biotin-14-dATP (Life Technologies,
19524016) was used to fill DNA restriction ends prior to
DNA proximity ligation and crosslink reversal. To make the
biotin-labeled DNA suitable for high-throughput sequenc-
ing using the Illumina platform, the DNA was sheared
to 300−500 bp in size using a Covaris LE220 sonica-
tor (Covaris, Woburn, MA) for 135 s. Sheared DNA was
end-repaired and size-selected using AMPure XP beads
(Beckman Coulter, A63882) prior to the dATP-tailing step.
Biotin-labeled DNA was pulled down using Streptavidin T1
Dynabeads® (Life technologies, 65602). Bead-bound Hi-
C DNA was amplified by 13 cycles of PCR. Hi-C libraries
were constructed according to the NEBnext library prepa-
ration protocol (NEB, E7335) and sequenced on the Illu-
mina Hiseq-PE150 platform (X, Corp). Further essential
details regarding the in situ Hi-C experiment have been pre-
viously published (35).

Cellular senescence assays

In brief, cells for immunofluorescence were seeded on cover
slides in 100-mm culture dishes. At a confluence of 70−80%,
cells were washed twice with ice-cold 1 × PBS and fixed with
4% paraformaldehyde at room temperature for 10 min. Sub-
sequently, the cells were blocked with 1% BSA at room tem-
perature for 30 min and incubated overnight at 4◦C with an
anti-Ki67 primary antibody (Abcam, ab15580; 1:200). The
following day, the cells were washed and incubated with 150
�l secondary antibody (Alexa Fluor 488 anti-rabbit; Alexa
Fluor 594 anti-mouse, Life Technologies) at room temper-
ature for 2 h. The DAPI (final concentration of 2 ng/�L)
staining time was controlled at 3 min to avoid excessive
background. Finally, the cover slides were washed, sealed
with 5 �l Fluoromount-G® mounting medium, and ob-
served under a fluorescence microscope 5 h later.

SA-�-gal assays were performed using senescence histo-
chemical staining kits (Sigma-Aldrich, CAS0030) accord-
ing to the manufacturer’s instructions. Briefly, cells were in-
cubated in fixation solution for 8 min, followed by staining
solution containing the substrate X-gal at 37◦C overnight.
The following day, cells were washed prior to observation
under a microscope. For long-term conservation, the plates
were stored in 75% glycerin.

Expression analysis

For western blotting, cells were harvested using TRIzol
reagent (Invitrogen, 10296028), and total protein was iso-
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lated according to the manufacturer’s protocol. Total pro-
tein was dissolved in 1% SDS, subjected to SDS-PAGE, and
transferred to nitrocellulose membrane. The membranes
were incubated overnight at 4◦C with the primary anti-
bodies of interest, followed by washing three times with
PBST (1 × PBS + 0.1% Tween-20). Subsequently, the mem-
branes were incubated with a secondary antibody [IRDye
800CW goat anti-mouse (LI-COR, 926-32210)] for 2 h at
room temperature and washed three times with PBST prior
to visualization using the Odyssey infrared imaging system
(Odyssey, LI-COR).

For total RNA analysis, cells were harvested using TRI-
zol reagent (Invitrogen, 10296028), and total RNA was iso-
lated according to the manufacturer’s protocol. For RT-
qPCR analysis, 1 �g total RNA was reverse-transcribed us-
ing random hexamer DN6 and M-MLV reverse transcrip-
tase (Invitrogen). A 10 �L reaction system including 2 �l
reverse-transcribed product (1:50) and 8 �l SYBR Green
I Master Mix (Takara) was evaluated using a LightCycler
450 instrument. The primers used are listed in the Supple-
mentary Data. For RNA-seq analysis, strand-specific RNA
libraries, from which ribosomes had been eliminated prior
to sequencing, were implemented to acquire mRNA and
lncRNA data on the Illumina Hiseq-PE150 platform (X,
Corp).

For detection of soluble protein, the supernatants from
serially passaged cells were collected and analyzed using a
mouse cytokine array kit (R&D Systems, ARY028) accord-
ing to the manufacturer’s instructions.

ChIP-qPCR and ChIP-seq analyses

Cells were crosslinked with 1% formaldehyde solution
(Sigma, F8775) for 10 min at room temperature, following
which the fixation reaction was quenched for 5 min using
glycine at a final concentration of 0.125 M. Subsequently,
chromatin was sheared using a Bioruptor® until the DNA
was fragmented to 300−500 bp. The supernatant was pre-
cleared with 20 �l salmon sperm DNA/Protein A sepharose
beads (Sigma, GE17-5280). Next, 3 �g histone modification
antibody (H3K27ac, Abcam, ab4729; H3K4me1, Abcam,
ab8895; C/EBP�, Santa Cruz, sc365318X; C/EBP�, Santa
Cruz, sc7962X) was added to a 250-�g fraction of super-
natant and agitated overnight at 4◦C. Antibody–protein–
DNA complexes were pulled down using 30 �l Protein A
sepharose bead slurry. After washing, the eluted complexes
were subsequently decrosslinked at 65◦C for 5 h. Following
the phenol chloroform extraction step, ChIP DNA was pu-
rified for further study. The primers used in ChIP-qPCR are
listed in the Supplementary Data. For ChIP-seq analysis,
sequencing libraries were established from ChIP DNA ac-
cording to the Illumina protocol, and the libraries were se-
quenced on the Illumina Hiseq-PE150 platform (X, Corp).

Hi-C data processing

All paired-end reads were processed by HiC-Pro (version
2.7.8) to generate the interaction matrix. Subsequently,
the matrix was normalized using Iterative Correction and
Eigenvector decomposition (ICE) and library size. HiTC

(R package) was used to visualize the interaction matrix
and calculate the A/B compartments (at 100-kb resolution).
When defining compartment B to A changes by compar-
ing PD2 and PD14, we restricted the changes in PC1 values
from ←0.2 to >0.2; and for A to B changes, we restricted
the changes in PC1 values from >0.2 to ←0.2. The TADs
were detected using the method described by Crane et al.
(https://github.com/dekkerlab/crane-nature-2015).

RNA-seq data processing

Strand-specific RNA-seq reads were mapped to the mouse
reference genome (version mm10) by hisat2 (version 2.0.5)
with the parameter ‘–rna-strandness RF,’ and the gene ex-
pression level was measured by TPM using StringTie (ver-
sion 1.3.1c). All mapped bam files were converted to bigwig
using bedtools genomecov (version 2.24.0) for visualization
in IGV.

ChIP-seq data processing

All ChIP-seq data were mapped to mm10 by Bowtie2
(version 2.3.2). Following removal of unmapped and
nonunique mapped reads using SAMtools (version
1.3.1), duplicate PCR reads were filtered out by Picard
Tools (version: 1.118). All peaks were called by MACS2
(version 2.1.1.20160309); however, histone modifications
(H3K4me1, H3K27ac) and transcription factors (C/EBP�)
were analyzed using different parameters. The former used
‘–broad -g mm -B –broad-cutoff 0.1,’ and the latter used ‘-f
BAM -g mm -B -q 0.01.’ For comparison of the ChIP-seq
and ENCODE data, H3K4me1, H3K27ac and CTCF
ChIP-seq data generated in MEFs were downloaded from
https://www.encodeproject.org/. Subsequently, reads were
mapped to mm10 using the same process used for our
ChIP-seq data. The correlations among all mapped bam
files from our ChIP-seq and downloaded ENCODE data
were calculated using Wigcorrelate, a tool downloaded
from the UCSC website.

Identification of senescence-associated enhancers

A peak with both H3K4me1 and H3K27ac modifications
that was at least 2-kb away from any gene TSS was defined
as an enhancer. All enhancers from PD2, PD8, and PD14
were merged using BEDTools. To measure the activity of
the enhancers, the H3K27ac read coverage for each merged
enhancer was calculated and subsequently compared be-
tween PD2 and PD14 using edgeR (R package) to identify
the senescence-associated enhancers. The enhancers were
annotated using annotatePeaks.pl in homer2.

Statistical analysis

Data were analyzed by either a two-tailed unpaired Stu-
dent’s t-test or one-way ANOVA with Dunnett’s multiple
comparison test (GraphPad Prism software, version 5.01).
The results are expressed as the mean ± S.D. Probability
values (P) < 0.05 were considered statistically significant.

https://github.com/dekkerlab/crane-nature-2015
https://www.encodeproject.org/
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RESULTS

Chromatin structure reorganizes during cellular senescence

We established a cellular senescence model by the serial
passage of primary mouse embryonic fibroblasts (MEFs).
Late passage MEFs exhibited well-characterized senes-
cence phenotypes, including limited cell growth capac-
ity, elevated senescence-associated �-galactosidase (SA-�-
gal) staining, and attenuated Mki67 signaling (Supplemen-
tary Figure S1A−C). To map the 3D organization of the
genome, we performed in situ Hi-C in three population
doublings (PDs) of MEFs: PD2, PD8 and PD14, repre-
senting the different stages from proliferation to senes-
cence. Each population was sequenced using two repli-
cate libraries, and the data showed high reproducibility
(Supplementary Figure S1D). RNA-seq was performed
in these three passages to detect genome-wide transcrip-
tome profiling (Supplementary Figure S1E). The replica-
tive senescent genes, including p16 (Cdkn2a), p21(Cdkn1a)
and the other well-recognized senescent genes showed el-
evated expression during senescence (Figure 1A). Gene
set enrichment analysis (GSEA) showed cell cycle check-
point genes were down-regulated upon senescence entry,
while the SASP-related interferon factor genes and top
100 up-regulated genes from public MEFs and WI38 data
were positively correlated with our MEFs senescence data
(36,37) (Supplementary Figure S1F and Supplementary
Data).

The Hi-C matrices displayed a typical checkerboard pat-
tern of self-interacting topologically associated domains
(TADs) in PD2, PD8, and PD14 cells. The interaction
heatmaps displayed similar spatial chromatin interactions
in the three PDs (Supplementary Figure S2A). In addi-
tion, the insulation scores (38) in the three PDs showed
similar patterns, and the correlations between the con-
ditions were significantly higher than those in other cell
types (Supplementary Figure S2B−D), indicating stabil-
ity of the TADs during senescence. Despite the conserved
TADs and TAD boundaries during senescence, we per-
formed pairwise subtraction of interaction frequency ma-
trices between conditions to gain greater insight into the dy-
namics of 3D chromatin structures. The differences between
PD2 and PD14 cells demonstrated prominent changes in
the interaction frequency, with increased long-range inter-
actions and decreased short-range interactions, while the
other two pairwise comparisons exhibited similar but less
dramatic trends (Supplementary Figure S3A). To investi-
gate the changes in intrachromosomal interactions in more
detail, we examined the mean contact probability and found
that the contact probability ratio showed a >2.5-fold de-
crease in interactions within a 1-kb distance when compar-
ing PD14 and PD2 (Supplementary Figure S3B). More-
over, the ratio of long-range interactions (≥ 2 Mb) ver-
sus short-range interactions (<2 Mb) in PD14 was sig-
nificantly higher than that in PD2 (Supplementary Figure
S3C). Further, in comparison with that of cis-interaction,
a progressively increased level of trans-interaction was de-
tected during the progression of senescence (Supplemen-
tary Figure S3D). Taken together, these results show the
gain of long-range interactions and loss of short-range in-
teractions at both the intra- and inter-chromosomal lev-
els, which is in accordance with previous reports (39,40),

suggesting profound nuclear chromatin remodeling during
senescence.

A and B compartment switching occurs upon entry into senes-
cence

Chromosomal compartments were defined by the first prin-
cipal components scores (PC1) after matrix decomposi-
tion of the Hi-C correlation matrix. A positive PC1 repre-
sented an A compartment, which was correlated with eu-
chromatin markers, active gene expression, and high gene
density, while a negative PC1 represented a B compartment,
which was correlated with heterochromatin markers, silent
gene expression, and low gene density (Supplementary Fig-
ure S4A−C), consistent with a previous study (20). Subse-
quently, we examined the dynamics of chromosomal com-
partments and found that 11.2% of the genome changes
compartment during senescence. We then classified com-
partment changes into four categories as defined by PC1
signals in PD2 and PD14: unchanged states in A (A to A)
or B (B to B) and switched states between A and B (A
to B and B to A) (Figure 1B). Using the GREAT web-
server (41), several significant gene ontology terms were en-
riched in compartment-switching regions, such as the re-
sponse to cytokines for B to A compartment switching and
programmed cell death for A to B compartment switching
(Figure 1C). Lamina-associated domains (LADs) are nu-
clear lamina-anchored large heterochromatic regions that
display frequent changes during differentiation and senes-
cence (42). LADs can be divided into two classes: constitu-
tive LADs (cLADs), which are strongly conserved, and fac-
ultative LADs (fLADs), which exhibit cell type-dependent
characteristics (43). Investigation into the relationship be-
tween LADs and compartment switching revealed modest
enrichment of fLADs in compartment-switching regions as
compared with cLADs (Figure 1D and Supplementary Fig-
ure S4D−F), suggesting the redistribution of LADs during
senescence (18,39,40,44).

To understand the relationship between compartment
switching and regulatory elements, we subsequently em-
ployed chromHMM to train 10 chromatin states of MEFs
using eight epigenetic markers (45). The chromatin states
were trained using ENCODE ChIP-seq data generated
from proliferating MEFs. As expected, stable A compart-
ments were strongly enriched with enhancer, promoter,
and active transcription states. Surprisingly, we found a
dominant rearrangement of enhancer signals within the
A/B compartment switching loci (Figure 1E). Specifi-
cally, the chromatin states of the strong and weak en-
hancers more often resided in the B to A compartment-
switching regions than in the stable B compartments.
In contrast, A to B compartment switching was accom-
panied by a lower enrichment of enhancer signals as
compared with that in stable A compartments (Figure
1E). These results indicate that 3D chromatin reorga-
nization, in particular compartment switching, is corre-
lated with the redistribution of enhancer elements during
senescence.

Enhancers undergo global remodeling during senescence

Given that distinct enhancer landscape changes occurred
during compartment switching, we subsequently asked the
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Figure 1. Remodeling of the enhancer landscape occurs during A and B compartment switching. (A) The heatmap displaying normalized genes expression
among PD2, PD8 and PD14. Senescence-relevant genes are listed. The −1, +1 values are the t-statistic used to normalize the expression TPM values. (B)
The first principal components values (PC1) from the Hi-C correlation matrix at 100-kb resolution represented the A (positive value) and B (negative value)
compartment. Classification of four categories for A and B compartment switching as defined by PC1 values in a paired comparison of PD2 and PD14
(left) or comparison among PD2, PD8, and PD14 (right). (C) GO analysis of compartment switching from B to A (red, top) and A to B (blue, bottom)
by GREAT. The top five most significant GO terms and their enrichment scores are displayed. (D) Overlapping enrichment for the genomic features
of replication time and LAD distribution at the loci of the four categories of compartment switching. (E) Eight chromatin markers were used to train
the chromatin states in MEFs by chromHMM. Heatmaps showing the distribution of the four compartment switching categories in epigenomic-marked
chromatin states; enhancers are highlighted in a red box. (F) Violin plots displaying the H3K27ac, H3K4me1 and gene expression levels of PD2 versus
PD14 in the four compartment switching categories. (G, H) Integrative Genomics Viewer (IGV) showing A to B compartment switching (G) and B to A
compartment switching (H) dynamics accompanied by epigenetic enhancer profiling and gene expression analysis at the Rbp4 and Il1rn gene loci.
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question whether reorganization of the enhancer landscape
coordinates with chromatin architecture to affect the tran-
scriptional profiles of downstream genes. We performed
ChIP-seq of H3K4me1 and H3K27ac in PD2, PD8 and
PD14 MEFs to profile global enhancer activities. Our data
showed high correlations with ENCODE data, and the
H3K4me1 and H3K27ac signals were enriched around gene
transcription start sites (TSSs) (Supplementary Figure S5A
and B), which is in accordance with previous studies (46,47).
Using the MACS2 peak-calling software (48), we identi-
fied a total of ∼160 000 H3K4me1 and ∼100 000 H3K27ac
peaks in the different PDs, with most peaks being dis-
tributed in distal intergenic and intronic regions, as previ-
ously reported (49) (Supplementary Figure S5C).

Integration of our genome topology architecture,
epigenome, and transcriptome data provided us with a
better understanding of the senescence process at different
regulatory levels. Indeed, switching from compartment A
to B was accompanied by prominently weakened H3K27ac
and H3K4me1 signals and decreased gene expression
(Figure 1F). In contrast, switching from compartment B to
A was accompanied by gradual enhancement of H3K27ac
and H3K4me1 signals and increased gene expression
(Figure 1F). Furthermore, the Il1rn locus, a SASP gene
involved in immune signaling (50), exhibited compartment
switching from B to A accompanied by elevated enhancer
signaling and gene expression during senescence. On the
other hand, the Rbp4 locus, a member of the lipocalin
family that induces mitochondrial damage and oxidative
stress, exhibited compartment switching from A to B
accompanied by attenuated enhancer signaling and gene
expression during senescence (51) (Figure 1G and H).
Collectively, these data demonstrate that chromatin com-
partment switching is accompanied by consistent changes
in gene expression and histone modifications during
senescence.

The H3K27ac marker can distinguish between active en-
hancers and inactive/poised enhancer elements contain-
ing H3K4me1 alone (52,53). Half the H3K4me1 peaks in
the three PDs overlapped with the H3K27ac peaks (Sup-
plementary Figure S5D). In addition, the H3K27ac levels
changed to a much greater extent than the H3K4me1 lev-
els between PD2 and PD14, especially at distal enhancers
(Supplementary Figure S5E). Alterations in the levels of
H3K27ac but not H3K4me1 suggest redistribution of ac-
tive enhancers during senescence. Considering that the com-
plex senescence regulatory network is involved in a variety
of physiological processes, we were interested in identify-
ing senescence-driven active enhancer repertoires across the
genome. Accordingly, based on quantitative genome-wide
changes in H3K27ac levels during senescence, we divided
enhancers into three categories: senescence-activated en-
hancers (SAEs), senescence-inactivated enhancers (SIAEs),
and constant enhancers (CEs) (Figure 2A−C). Randomly
selected enhancers from different categories were further
verified according to changes in their H3K27ac signal by
ChIP-qPCR (Figure 2D). In addition, SAEs were prefer-
entially located in the regions switching from B to A com-
partments, while SIAEs tended to be located in the regions
switching from A to B compartments (Figure 2E). These
findings reinforce the notion that reorganization of chro-

matin compartments is coupled to changes in enhancer ac-
tivity.

Senescence-activated enhancers (SAEs) regulate the expres-
sion of adjacent SASP genes

Since enhancers can activate the transcription of nearby
and distal genes (54), we subsequently addressed the im-
pact of enhancer remodeling during senescence on global
gene expression. A total of 1452 and 2055 genes were adja-
cent to SAEs and SIAEs, respectively. Increased enhancer
activity was associated with the upregulation of gene ex-
pression during senescence but was independent of the dis-
tance between enhancers and their target genes (Figure 2F).
Furthermore, the genes near SIAEs were downregulated
but CEs had no influence on gene expression (Figure 2G
and Supplementary Figure S6A and B). p16 (encoded by
Cdkn2a), a protein that regulates the cell cycle, was asso-
ciated with SAEs and showed increased expression upon
entry into senescence (Figure 2H). Lamin B1 (encoded by
Lmnb1), a protein involved in maintaining nuclear archi-
tecture and lamina-anchored regions, was associated with
SIAEs and showed decreased expression upon entry into
senescence (Figure 2I).

To substantiate the biological functions of genes adjacent
to the senescence-associated enhancers, we performed gene
ontology (GO) enrichment analysis using the GREAT al-
gorithm. The pathways associated with SAEs included the
positive regulation of cytokine secretion and NF-�B and
growth factor signaling, which are crucial to the regula-
tion of the SASP (Figure 3A). The SIAE-enriched path-
ways contributed to the senescence-associated exhaustion
of growth capacity and dysregulation of the cell cycle (Fig-
ure 3B). In agreement with the GO enrichment analysis,
many genes adjacent to SAEs were upregulated during
senescence, including the well-described SASP gene family,
Cxcl (Figure 3C and D). In contrast, Hox genes, key regu-
lators of embryonic development (55,56), were flanked by
SIAEs and showed decreased expression during senescence
(Figure 3E). These results are consistent with the knowl-
edge that senescence is a normal developmental mecha-
nism found throughout the embryo, suggesting that en-
hancer dynamics contribute to, or are a prerequisite for, the
stable repression of development-related genes. Taken to-
gether, these results demonstrate that numerous character-
ized SASP genes are adjacent to SAEs and the activation of
SAEs may underlie the regulation of SASP expression upon
entry into senescence.

C/EBP� is recruited to SAEs to accelerate senescence

To investigate the transcriptional factors that regulate SAEs
and influence the expression of downstream SASP genes,
we performed motif enrichment analysis with a view to
identifying putative transcription factors (TFs) that bind to
SAEs. Several distinct motifs were significantly enriched in
the three categories of enhancers (Figure 4A). These top-
ranked motifs closely resembled consensus binding sites
for basic leucine zipper domain (bZIP) factors, basic helix-
loop-helix (bHLH) factors, and CCAAT box-binding tran-
scription factors (CTF). Considering the bZIP family mo-
tif as two subclasses, bZIP in C/EBP (CCAAT/enhancer
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Figure 2. Genome-wide identification and characterization of senescence-associated enhancers. (A) Scatter plot showing the normalized H3K27ac signal
dynamics in PD2 and PD14. SAEs, senescence-activated enhancers; SIAEs, senescence-inactivated enhancers; and CEs, constant enhancers. (B) Aggregate
plots of H3K27ac showing the replicated SAEs, SIAEs and CEs in MEFs, at the enhancer peak center. (C) Heatmaps of H3K27ac signals surrounding
the SAEs, SIAEs, and CEs. The number of enhancers in each of the three categories is listed on the right. Rows correspond to ±10-kb regions across the
midpoint of each H3K27ac-enriched union enhancer. (D) The relative levels of H3K27ac for randomly selected SAEs and SIAEs in MEFs of different
passage numbers were measured by ChIP-qPCR. The enrichment of H3K27ac was normalized to 10% input, and IgG was used as a negative control. Error
bars represent the S.D. obtained from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA with Dunnett’s multiple
comparison test was performed. (E) The proportion of compartment switching clusters located in the different enhancer categories. (F, G) Violin plots
showing the correlation between the expression of genes adjacent to the enhancers (SAEs: F, SIAEs: G) and the distances to the TSSs of the nearest genes
during senescence. (H, I) H3K27ac ChIP-Seq occupancy profiles at representative SAE and SIAE loci for Cdkn2a and Lmnb1.
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Figure 3. Senescence-activated enhancers (SAEs) affect adjacent SASP gene expression profiles. (A, B) Gene Ontology enrichments of SAEs (A) and SIAEs
(B) by GREAT. The length of each bar represents the enriched P value for each biological process. (C) Heatmaps displaying normalized gene expression
among PD2, PD8, and PD14. SAE- (left panel) and SIAE- (right panel) adjacent genes are listed. (D, E) H3K27ac ChIP-Seq occupancy profiles at
representative SAE and SIAE loci for the Cxcl and Hoxc families. The genes in these two families that are adjacent to SAEs and SIAEs are marked by blue
boxes.

binding protein) and bZIP in AP-1 (Activator protein 1),
the C/EBP motif was strongly enriched in SAEs, whereas
the bHLH family motif was enriched in SIAEs (Figure 4B).
The CTF and bZIP (AP-1) family motifs displayed no en-
richment preference for SAEs or SIAEs.

Given the enrichment of the C/EBP motif in SAEs, we
subsequently filtered TFs showing trending changes in ex-
pression in serially passaged MEFs to identify putative TFs
that regulate these enhancer regions. Notably, only Cebpa,
which encodes the C/EBP� protein, exhibited prominent
upregulation in senescent cells at both the mRNA and pro-

tein levels (Figure 4C and D and Supplementary Figure
S7A). C/EBP� is a tumor suppressor that constrains pro-
liferation by inhibiting the transcriptional activity of E2F
complexes (57) and its aberrant activity is involved in vari-
ous cancers (58). Considering the role of C/EBP� in main-
taining the nuclear architecture by ‘assisted regions’ that
exhibit epigenetic features in breast cancer cells (59), we
asked the question whether C/EBP� fulfils previously un-
known functions as a modulator of senescence regulation.
The expression of p16 is increased in replicative senescent
cells and is considered a biomarker of senescence. Notably,
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Figure 4. Recruitment of C/EBP� leads to premature cellular senescence. (A) Top-ranked enriched motif families among SAEs, SIAEs, and CEs (regions
defined by Figure 2A−C) determined via Homer2 algorithms are listed. (B) Position-weight matrix showing the observed enhancer densities in four motif
families containing C/EBP, AP-1, bHLH, and CTF sites. (C) Heatmaps showing the expression of filter genes from four motif families. The colorful
modules are consistent with the classification in (B). (D) Western blotting analysis of total C/EBP� and p16 protein expression in serially passaged MEFs.
Tubulin served as a loading control. (E) Western blotting showing the expression of C/EBP� and p16 after down- or upregulation of C/EBP� expression
via lentiviral particles. Tubulin served as a loading control. (F) SA-�-gal staining in PD8 and PD14 after down- or upregulation of C/EBP� expression
via lentiviral particles. Scale bar, 50 �m. (G) Immunofluorescence staining of Mki67 after down- or upregulation of C/EBP� expression. DAPI staining
shows the position of the nucleolus. P represents proliferating cells, and S represents senescent cells. Scale bar, 10 �m. (H) The relative levels of C/EBP�
and SASP genes flanking SAEs in MEFs of different passage numbers were measured by ChIP-qPCR. Specifically, C/EBP� enrichment for Mamstr served
as a negative control, and C/EBP� enrichment for Pck1 and p21 served as positive controls, as previously described (68,69). The enrichment of C/EBP�
was normalized to 10% input. Error bars represent the S.D. obtained from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. One-way
ANOVA with Dunnett’s multiple comparison test was performed.
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shRNA-mediated knockdown of C/EBP� expression led to
a reduced abundance of the p16 protein, while overexpres-
sion of C/EBP� restored p16 expression (Figure 4E). In
addition, attenuated SA-�-gal staining was found in senes-
cent C/EBP�-knockdown cells, while SA-�-gal staining in
C/EBP�-overexpressing cells was increased (Figure 4F and
Supplementary Figure S7B). Immunofluorescence staining
of the proliferation marker, Mki67, was measured to as-
sess the role of C/EBP� during the cell cycle. A decrease
in Mki67 fluorescence intensity was seen following inhibi-
tion of C/EBP� expression in senescent cells, indicating
reduced proliferation of late-stage MEFs (Figure 4G and
Supplementary Figure S7C). Together, our results demon-
strate that C/EBP� positively regulates senescence.

Considering the potential regulatory role of C/EBP� in
senescence, we speculated that C/EBP� may be recruited
to SAEs to regulate downstream SASP genes. Accordingly,
we performed ChIP-qPCR analysis of C/EBP� on selected
activated SASP genes adjacent to SAEs in cells of different
passage numbers. Indeed, we revealed that C/EBP� could
bind to SAEs, displaying a progressive increase in signal
strength from PD2 to PD14 (Figure 4H). These results sug-
gest that C/EBP� is recruited to a subset of SAEs flanking
SASP genes during senescence, promoting the emergence of
a senescence phenotype.

C/EBP� promotes the expression of SASP genes adjacent
to SAEs

After confirming C/EBP� enrichment at SAEs during
senescence, we next sought to determine the impact of this
factor on the transcriptional output of senescent cells. Im-
portantly, a myriad of SASP genes showed upregulated ex-
pression upon entry into senescence (Supplementary Fig-
ure S8A). Moreover, knockdown of C/EBP� in senescent
cells caused a robust depression of SASP genes (Supple-
mentary Figure S8B). Given the potential regulatory ef-
fect of C/EBP� on SASP genes, we examined whether
C/EBP� affects the expression of SASP genes by regulat-
ing enhancer activity. Focusing on the elevated SAE peaks
described above, we found overall reduced SAE activity fol-
lowing knockdown of C/EBP� expression (Figure 5A). In
addition, using the ChIP-qPCR approach, we confirmed
that knockdown of C/EBP� led to reduced activity of
SAEs flanking SASP genes such as Cxcl1, Cxcl5, Cxcl15,
Igfbp2 and Igfbp6 (Figure 5B). The H3K27ac signals for
representative Cxcl genes are shown in Figure 5C.

Since the SASP comprises several soluble and insoluble
factors that alter the cellular microenvironment, we inves-
tigated the influence of C/EBP� on the extracellular secre-
tion of SASP factors. We examined a subset of the senescent
cell secretome using commercially available cytokine arrays
and observed dominant accumulation of CXCL1 (GRO�),
CXCL5, IGFBP2, IGFP6, GAS6 and CCL11 in the media
of senescent cells as compared with those in the media of
proliferating cells (Figure 5D). Importantly, SASP genes en-
coding these factors were modulated by C/EBP�-induced
SAE activity. Cells cultured in senescent media following
C/EBP� knockdown showed a prominent reduction in cy-
tokine expression, while those cultured in proliferating me-
dia following C/EBP� overexpression showed elevated cy-

tokine expression, demonstrating that C/EBP� controls the
SASP secretome in senescent cells (Figure 5D, E). In sum-
mary, these results support the notion that C/EBP� pro-
motes enhancer activity by being recruited to SAEs, which
facilitates SASP gene expression and factor secretion.

The enhancer landscape is reprogrammed at the TAD scale
during senescence

Previous studies have shown that TAD is the basic unit
of chromatin structure and contains boundaries that insu-
late communication between TADs (20–22). We questioned
whether TAD is also a regulatory unit that mediates en-
hancer activity during senescence, resulting in the preferred
location of certain SAEs/SIAEs in one TAD. We examined
the genome-wide locations of SAEs and SIAEs and found
that the same classes of enhancers were likely to group
together (Figure 6A). We speculated that these enhancers
grouped together at the TAD scale; therefore, we calculated
the ratio of SAEs in each TAD. The bimodal distribution of
SAE proportions in comparison with random genomic re-
gions implies the preferred clustering of SAEs/SIAEs in one
TAD (Figure 6B). The dynamic change in enhancers is re-
stricted within a TAD unit, demonstrating broad enhancer
landscape reprogramming during senescence. This feature
indicates that C/EBP� regulates groups of enhancers at the
TAD scale. As an example, the IL1 family of SASP pro-
teins was located in one TAD that switched from the B to A
compartment and was associated with elevated H3K27ac-
decorated enhancer levels during senescence. Accordingly,
the H3K27ac signals related to this TAD were greatly re-
duced following knockdown of C/EBP�, but the enhancer
signals in nearby regions were not affected (Figure 6C).
Other examples are provided in Supplementary Figure S9.
Such SAE clustering in TAD units may help to ensure that
C/EBP� affects specific downstream SASP genes. In sum-
mary, these results highlight that the enhancer landscape is
reorganized at the TAD scale during senescence, in which
C/EBP� binds to enhancer elements to promote SASP.

DISCUSSION

Senescent cells dramatically increase the secretion of proin-
flammatory cytokines, chemokines, growth factors and pro-
teases. These widespread changes can be subject to the epi-
genetic control of the 3D architecture of the genome. The
Hi-C approach has been applied to explore changes in the
3D architecture of the genome in several senescence mod-
els (39,60), and a potential link between the 3D genome
architecture and transcriptional senescent network control
has been indicated. Considering the limited knowledge of
the SASP to date, it is imperative to comprehensively elu-
cidate the chromatin structure-dependent mechanism of
SASP gene regulation. In the present study, we identified
changes in the 3D genome structure at both the inter- and
intrachromosomal levels during cellular senescence, in ad-
dition to the frequent transition of compartments. We also
observed TAD-related redistribution of active enhancers
associated with chromosomal compartment switching and
defined SAE dynamics. Moreover, the transcription factor
C/EBP� can be recruited to activate SAEs, which upregu-
late the expression of flanking SASP genes and promote the
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Figure 5. Activation of C/EBP� accelerates the secretion of SASP factors by modulating the flanking SAEs. (A) The enrichment of H3K27ac ChIP-Seq
signals at SAEs during senescence (left) and after downregulation of C/EBP� expression (right). C/EBP� knockdown was performed in proliferating
MEFs that were harvested at PD8. (B) ChIP-qPCR analysis of H3K27ac measuring the SAE activity adjacent to SASP genes after downregulation of
C/EBP� expression. The enrichment of H3K27ac was normalized to 10% input, and IgG was used as a negative control. (C) IGV showing the H3K27ac
ChIP-seq signals after inactivation of the C/EBP� and C/EBP� ChIP-seq signals at the Cxcl loci. The Cxcl genes adjacent to SAEs are marked by blue
boxes. (D, E) Cytokine array analysis of secreted proteins and relative quantitation of SASP factors in proliferating (P), senescent (S), and C/EBP�-
knockdown cells (D) or in control and C/EBP�-overexpressing cells (E). Error bars represent the S.D. obtained from three independent experiments. *P
< 0.05, **P < 0.01, ***P < 0.001. Statistical analysis was performed using one-way ANOVA (D) and a Student’s t-test (E).
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Figure 6. Enhancer repertoires orchestrate gene expression in TAD units. (A) The distribution of SAE and SIAE clusters along each chromosome; each
red bar represents an SAE location in the reference genome, and the blue bars represent SIAE locations. (B) The SAE density calculating the ratio of
SAE to total enhancer (SAE + SIAE) in one TAD unit as compared with random sequences during senescence. (C) Visualization of the TAD structure,
A/B compartments, and H3K27ac signals at interleukin 1 family loci. TADs are marked by dashed triangles. A compartments are colored red, and
B compartments are colored blue. H3K27ac signals are shown as red bars during senescence and as blue bars following downregulation of C/EBP�
expression. (D) Summary schematic depicting the chromatin architecture, epigenetic enhancer repertoires, and SASP gene kinetics mediated by C/EBP�
during cellular senescence. The imaginary line under the compartments denotes the detailed enlargement at the transcriptional level.

secretion of SASP factors (Figure 6D). Our study expands
the role of C/EBP� in senescence and links chromatin re-
organization to the SASP gene expression network.

Even though certain components of the SASP are con-
served across various senescent cells, many SASP factors
are expressed in a cell-context and tissue-specific manner
in different senescence scenarios (61). For example, several

well-described SASP factors, such as IL6, IL7 and GM-
CSF, presumably help to establish persistent growth ar-
rest in the context of oncogene-induced senescence (OIS)
(10); however, IL6, IL1A and IL1B are not expressed in
MEFs during senescence (61). Indeed, we reveal the role of
C/EBP� in the control of SASP expression during MEFs
senescence, while C/EBP� has been shown to either not be
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expressed or its expression fluctuates in IMR90 and WI38
cells of different passage number (58,62). Given that SASP
factors vary in distinct cell types and in the presence of
different senescence-inducing stimuli, the seemingly para-
doxical alterations in C/EBP� abundance among models
of senescence may be due to cell type specificity and con-
text dependence. Consistent with this notion, the expres-
sion of C/EBP� was found to be increased in other rodent
senescent cells, rat embryonic fibroblasts (REFs), which
exhibit senescent phenotypic alterations in C/EBP� and
SASP profiles similar to those of MEFs (Supplementary
Figure S10A−C). In addition, knockdown of C/EBP� ex-
pression inhibited the expression of SASP genes flanking
SAEs, while overexpression of C/EBP� led to the opposite
phenotype (Supplementary Figure S10D and E). Thus, the
activation of SAEs by C/EBP� stimulates SASP expression
in MEFs and REFs, but not in IMR90, WI38, or oncogene-
induced senescent cells, indicating that cell type and tissue
context determine the specific response to C/EBP�. Hence,
we propose that C/EBP�-mediated SASP activity at the
TAD-scale contributes to senescence in a cellular-context
and tissue-specific manner.

It is noteworthy that in addition to C/EBP�, another
member of the C/EBP family, C/EBP�, has also been
demonstrated to be critical for the induction of cer-
tain SASP genes by binding to their promoters and ac-
tivating gene expression during oncogene-induced senes-
cence (11,12,63). However, unlike C/EBP�, we found that
C/EBP� exhibited limited regulation of the C/EBP�-
targeted SAEs at both the transcriptional and secretory lev-
els during MEFs senescence, and knockdown of C/EBP�
or C/EBP� did not affect the protein expression level of
the other (Supplementary Figure S11A−E). Consistently,
we observed profound changes in the SASP transcriptional
repertoire including the Il1 and Cxcl clusters, but the well-
described C/EBP�-targeted SASP such as IL6, IL1A and
IL1B were not expressed in the MEF senescence model.
These results suggest that the divergent SASP programs are
modulated in a C/EBP member-dependent manner in dif-
ferent senescence scenarios, and various transcription fac-
tors orchestrate the enhancer dynamics to regulate SASP
expression profiles (64).

Moreover, several studies have revealed the cooperation
between NF-�B signaling and C/EBP� in the regulation
of inflammatory factors; C/EBP� can reduce NF-�B ex-
pression, thus increasing the levels of downstream secre-
tory components (65). Here, during MEFs senescence, the
NF-�b pathway displayed a higher P value as compared
with that of the top-ranked transcription factor families
with respect to SAE motif enrichment (Supplementary Fig-
ure S12A−C), indicating no binding of the NF-�b motif
to SAE sequences. Furthermore, neither knockdown nor
overexpression of C/EBP� had an impact on NF-�B levels
(Supplementary Figure S12D), implying that NF-�B is not
a target of C/EBP�. However, although we failed to find co-
operation between NF-�B and C/EBP�, we cannot exclude
the possibility that C/EBP�-activated SAEs may induce the
binding of NF-�B to promoters of some SASP genes, re-
sulting in their expression (66,67). Therefore, considering
the well-known effects of NF-�B and C/EBP� on SASP
expression, the possibility that the NF-�B-C/EBP� axis in-

teractively or alternatively regulates the C/EBP�-mediated
SASP mechanism needs to be further explored.

Cis-regulatory elements display cell type-specific patterns
that are critical to transcriptional regulation. The epigenetic
dynamics of chromatin remodeling often anticipate changes
in chromosome compartmentalization and mediate switch-
ing between the A and B compartments. Our study, per-
formed using multiple high-throughput sequencing tech-
nologies, illuminates the dynamic relationship among the
chromatin architecture, enhancer repertoires, and gene ex-
pression. The 3D chromatin reorganization in senescent
cells is associated with the widespread redistribution of ac-
tive enhancers. Characterizing enhancer dynamics enables
us to understand the chromatin-remodeling function of the
tumor suppressor C/EBP�, which contributes to the SASP
during cellular senescence. Elucidation of the regulatory
mechanisms of SASP factors is essential for understanding
how the physiology and behavior of senescence is regulated,
and in the longer term, for developing therapeutic interven-
tions.
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