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FOXM1 expression reverts aging chromatin
profiles through repression of the
senescence-associated pioneer factor AP-1

Fábio J. Ferreira 1,2,3,4, Mafalda Galhardo 1,2,3, João M. Nogueira 1,2,5,
Joana Teixeira 1,2,5, Elsa Logarinho 1,3 & José Bessa 1,2

Aging is characterized by changes in gene expression, some of which can drive
deleterious cellular phenotypes and senescence. The transcriptional activation
of senescence genes has been mainly attributed to epigenetic shifts, but the
changes in chromatin accessibility and its underlying mechanisms remain
largely elusive in natural aging. Here, we profiled chromatin accessibility in
human dermal fibroblasts (HDFs) from individuals with ages ranging from
neonatal to octogenarian. We found that AP-1 binding motifs are prevalent in
elderly-specific accessible chromatin regions while neonatal-specific regions
are highly enriched for TEAD binding motifs. We further show that TEAD4 and
FOXM1 share a conserved transcriptional regulatory landscape controlled by a
not previously described and age-dependent enhancer that loses accessibility
with aging andwhose deletion drives senescence. Finally, we demonstrate that
FOXM1 ectopic expression in elderly cells partially resets chromatin accessi-
bility to a youthful state due to FOXM1’s repressive function on several
members of the AP-1 complex, which is known to trigger the senescence
transcriptional program. These results place FOXM1 at a top hierarchical level
in chromatin remodeling required to prevent senescence.

Aging is characterized by the time-dependent functional decline that
affects virtually all organisms. A relevant hallmark of such process is
the progressive accumulation of senescent cells in many tissues1. Cel-
lular senescence, although historically seen as an irreversible cell-cycle
arrest mechanism to prevent cancer, has gained solid evidence for its
role in many biological processes like development, tissue repair,
aging, and age-related diseases2. According to several findings,
senescence is actually a sequence of progressive and phenotypically
different cellular states rather than a static terminus3,4. Early senescent
cells with activation of the p16INK4a and/or p53–p21 pathways progress
to full senescence by triggering extensive chromatin remodeling

underlying the production of a senescence-associated secretory phe-
notype (SASP).

Epigenetic changes play a key role during senescent cell evolution
based on the discovery that partial reprogramming can modulate
aging phenotypes in functionally compromised aged cells5,6, and that
epigenetic clocks are capable of estimating age accurately7. Epigenetic
changes have been explored as part of the mechanisms controlling
age-related transcriptional alterations, either by measuring the total
load of histone modifications in human aging cells8 or by examining
the genome-wide distribution of specific histone marks associated
with transcriptional regulatory functions9. Moreover, remodeling of
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the chromatin accessibility landscape has been reported in several cell
and tissue types10–12, with pioneer transcription factors (TFs) estab-
lishing accessible chromatin to which subsequent TFs can bind13.
Furthermore, chromatin accessibility profiling in cellular models of
oncogene-induced and replicative senescence has defined the
dynamics and organizational principles of cis-regulatory elements
(CREs) driving senescence transcriptional programs14,15. One key player
that imprints the senescence cis-regulatory signature is the activator
protein 1 (AP-1) complex14–17. Importantly, impairment of the pioneer
TF JUN, a member of the AP-1 complex, partially reverts a transcrip-
tional program of senescent cells14. These results suggest that
increasedAP-1 function leads to a senescent cellular state, although the
mechanisms controlling AP-1 expression remain unknown.

Here, we investigated chromatin remodeling and TF redistribu-
tion in naturally aged human fibroblasts. We profiled age-related
chromatin accessibility changes by performing Assay for Transposase-
Accessible Chromatin using sequencing (ATAC-seq)18 in early passage
human dermal fibroblasts (HDFs) retrieved from neonatal to octo-
genarian individuals. We found that elderly-specific accessible regions
of the chromatin are enriched for AP-1 binding motifs, while neonatal-
specific regions are enriched for binding motifs of TEAD TFs which, in
complex with YAP/TAZ TFs, are key players of the Hippo signaling
pathway regulating cell proliferation, stemness and differentiation19.
We also found that changes in chromatin accessibility during aging
correlate with transcriptional changes in regulatory landscapes. One
example is the transcriptional regulatory landscape comprising TEAD4
and FOXM1, which we found to be modulated by a not previously
described enhancer whose accessibility is lost with aging. Excitingly,
we demonstrated that FOXM1 repressive function in the promoters of
several members of the AP-1 complex is required to sustain chromatin
accessibility at a youthful state. Thus,webringmechanistic insight into
FOXM1 repression during natural aging and disclose its top hier-
archical function in rescuing AP-1-driven senescence.

Results
Changes in chromatin accessibility during cellular aging are
associated with enrichment of AP-1 binding motifs and loss of
TEAD binding motifs
To understand the impact of natural aging in the accessibility of
chromatin profiles in a genome-wide manner, we performed ATAC-
seq in neonatal and elderly HDFs at early cell culture passage, with
population doublings well below replicative exhaustion20. We
assessed peak reproducibility and differential accessibility (IDR and
DESeq2; Log2FC > 1, adjusted p-value < 0.05). We found
18377 sequences that are more accessible in neonatal cells (neona-
tal-specific), 39611 sequences more accessible in elderly cells
(elderly-specific), and 74736 sequences without statistically differ-
ent chromatin accessibility between neonatal and elderly cells
(common; Fig. 1a–c; Supplementary Data 1). We intersected the
ATAC-seq peaks with available ENCODE candidate cis-regulatory
elements (cCREs)21 (Fig. 1d; Supplementary Data 2) and found that
about 60% of peaks fromboth ages overlapwith distal enhancer-like
elements. In contrast, we found that the percentage of overlap with
promoter-like and proximal enhancer-like elements is smaller in
age-specific sequences than in common sequences (19% of com-
mon, 7% of neonatal-specific and 3% of elderly specific sequences
overlap with promoter-like elements; 21% of common, 14% of
neonatal-specific and 10% of elderly-specific sequences overlap with
proximal enhancer-like elements; Supplementary Data 2). These
data suggest that most age-associated changes in chromatin
accessibility in HDFs occur in distal enhancer-like elements (62.8%
of all ATAC-seq peaks in these datasets; Fig. 1d), which typically
regulate multiple genes. Next, we performed a motif enrichment
search for TF binding sites in neonatal- and elderly-specific open
chromatin regions. We analyzed and compared the enrichment of

each TF motif in elderly- and neonatal-specific regions (Fig. 1e;
Supplementary Data 3). We observed that binding motifs for TEAD
proteins were less enriched in elderly-specific sequences (ΔΔ
enrichment: TEAD3: −8.2%; TEAD1: −7.7%; TEAD4: −6.3% and TEAD2:
−4.8%), followed by binding motifs for AP-2 proteins (TFAP2C:
−5.0%; TFAP2A: −4.6%), FOX proteins (FOXF1: −4.1%; FOXM1: −3.9%;
FOXO3: −3.4%) and bHLH factors (TWIST2: −3.1%; BHLHA15: −3.1%;
TCF4: −2.9%), while members of the AP-1 complex were more enri-
ched in elderly-specific sequences (ΔΔ enrichment: JUN: 13.0%;
ATF3: 12.7%; FOS: 11.8%; and JUNB: 10.8%; Fig. 1e). Similar results were
obtained when using an extended number of HDF samples (N = 8;
age range: 1 day-old to 87 years-old) to compare the specific
accessible regions in young individuals (N = 4; age range: 1 day-old
to 10 years-old) vs. older individuals (N = 4; age range: 42 to 87 years
old) (Supplementary Fig. 1a–e; Supplementary Data 1, 4). Note-
worthy, these results suggest that both TEAD and FOX TFs exhibit
inversely correlated dynamics with AP-1 TFs during aging. This is in
agreement with previous studies reporting TEAD-mediated senes-
cence inhibition by the Hippo pathway22, and senescence accrual by
age-associated downregulation of FOXM120,23 and FOXO324,25. Also, it
is concurring with the reported enrichment of AP-1 binding motifs
in open chromatin regions of induced senescent cells14,15 andmurine
aged cell types26,27. Inversely correlated dynamics between
TEAD (but not FOXM1) and AP-1 TFs were also found when
we analyzed the ATAC-seq data from Martínez-Zamudio and col-
leagues using oncogene-induced senescent (OIS) WI-38
fibroblasts14 (Supplementary Fig. 1f–h; Supplementary Data 5).
Binding motifs for TEAD proteins were less enriched (ΔΔ enrich-
ment: TEAD3: -13.9%; TEAD1: -13.8%; TEAD4: -11.5% and TEAD2: -8.0%)
and binding motifs of members of the AP-1 complex were more
enriched (ΔΔ enrichment: JUN: 15.1%; ATF3: 14.6%; FOS: 13.4%; and
JUNB: 12.8%) in senescent vs. control cells (Supplementary Fig. 1f–h;
Supplementary Data 5). This suggests that the differences in the
chromatin accessibility profile in naturally aged and induced
senescent fibroblasts are partially conserved.

Changes in chromatin accessibility during aging correlate with
transcriptional shifts in genomic landscapes
To evaluate the relevance of the chromatin state during aging, we
correlated the accessibility of age-specific regions with the tran-
scriptional output of nearby genes. We analyzed available tran-
scriptomic datasets for HDFs retrieved from the same neonatal and
elderly donors, cultured under the same conditions20 and we
established two sets of genes, either up or downregulated during
aging. For each gene of the up or downregulated set, we quantified
the number of neonatal-specific (closed with age) and elderly-
specific (open with age) ATAC-seq peaks that are located in their
genomic vicinity (from 20 kb to 100 kb). We observed that the
number of neonatal-specific peaks is higher in the genomic land-
scapes of downregulated genes than in upregulated genes with
aging (Fig. 1f). Conversely, the number of elderly-specific peaks is
higher in the genomic landscapes of upregulated genes than in
downregulated genes with aging (Fig. 1g). Importantly, in both
comparisons, these differences became more striking when ana-
lyzing larger genomic landscapes, up to 100 kb centered in each
gene (Fig. 1f, g). Noteworthy, the number of age-independent
accessible peaks between genes that are up and downregulated
during aging was not significantly different (Supplementary Fig. 1i).
Altogether, these results suggest that genes whose expression
changes with advancing age are under the control of CREs, which in
turn are modulated by changes in chromatin accessibility during
aging. Moreover, the difference in the average number of ATAC-seq
peaks near up and downregulated genes increases with the exten-
ded span of the genomic landscapes (from 20 kb to 100 kb), both for
neonatal and elderly-specific peaks, pointing to the existence of
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large genomic landscapes where multiple genes are tran-
scriptionally coordinated by common CREs during aging. To
explore this hypothesis, we defined clusters of genes that are no
more than 100 kb apart from each other and we asked if they pre-
sented a similar transcriptional change, either upregulation or
downregulation during aging, in comparison to a theoretical
assumption of no co-regulation. We observed that the gene clusters,
regardless of their size (2 to 5 genes), exhibited coordinated tran-
scriptional changes during aging (Fig. 1h; Supplementary Data 6),
further supporting the existence of age-associated regulatory
landscapes. Overall, we found 500 gene clusters containing 1268 out
of 3295 (38.5%) differently expressed genes in aging HDFs (356
clusters with 2 genes, 88 clusters with 3 genes and 56 clusters with 4
or more genes). Examples are shown in Supplementary Fig. 1j, k: the
cluster comprising the inflammation-related genes MMP2, LPCAT2
and CAPNS228, all upregulated in elderly HDFs and containing a
higher density of elderly-specific accessible regions than neonatal-
specific; and the cluster comprising the cell growth-associated

genes FENDRR, FOXF1 and FOXL128, all downregulated in elderly
HDFs and containing a higher density of neonatal-specific accessible
regions than elderly-specific.

TEAD4, FOXM1 and RHNO1 belong to an aging-associated reg-
ulatory landscape
To understand if the coordinated transcriptional changes of several
genes within a regulatory landscape could be determinant for aging,
we focused on the landscape containing TEAD4, amember of the TEAD
gene family that encodes TFs whose binding motifs were the most
enriched in neonatal-specific ATAC-seq peaks (Fig. 1e; Supplementary
Data 3). TEAD4 is known to regulate cell proliferation, tissue growth
and apoptosis29,30 and its repression has been associated with senes-
cence in human mesenchymal stem cells31. Within the same genomic
landscape, we found FOXM1, a gene encoding a TF required for a wide
spectrum of essential biological functions, including DNA damage
repair and cell proliferation32,33, and whose ectopic expression was
shown to revert senescence phenotypes in in vitro and in vivo models
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Fig. 1 | Chromatin accessibility variation during aging. a Heatmaps showing
ATAC-seq signals across age-specific and common peaks in neonatal and octo-
genarian HDFs. Distance from center in kb. Y axis represents mean aligned reads
per base from two biological replicates. b Profile plots of age-specific and common
ATAC-seq peaks in neonatal and octogenarian HDFs. Distance from center in kb. Y
axis represents mean aligned reads per base from two biological replicates, across
all peaks. c Venn diagram showing overlap between neonatal- and elderly-specific
ATAC-seq peaks.d Relative quantification of overlapbetween each set of ATAC-seq
peaks and cCRE signatures defined from ENCODE data. PLS promoter-like sig-
natures, pELS proximal enhancer-like signatures dELS distal enhancer-like sig-
natures, Other: DNAse-H3K4me3 and CTCF-only signatures; No signature: no
overlapwith anymapped cCRE signature. eComparison of HOMER-defined Known
Motif Enrichment between elderly- and neonatal-specific ATAC-seq peaks. Colors
highlightmotifs of TEADTFs (purple), FOXTFs (red), andAP-1 complexTFs (green).
p-value determined using a two-tailed a z-test, adjusted with Bonferroni–Dunn

correction. Motifs with adjusted p-value < 0.05 with a black border, motifs with
adjusted p-value ≥0.05 with a gray border. Exact p-value and n for each motif
reported in Supplementary Data 3. f, gQuantification of ATAC-seq peaks that close
(f, neonatal-specific) or open (g, elderly-specific), in genomic landscapes of genes
that are down- (blue) or upregulated (red), during aging. Values represent
mean ± SD number of ATAC-seq peaks across 1435 downregulated genes and 1860
upregulated genes. **p-value ≤0.01; ****p-value ≤0.0001 determined by a two-
tailed Mann–Whitney U test. h Quantification of gene clusters, 2 to 5 genes per
cluster, showing co-regulation (either up- or downregulation) or no co-regulation
of gene expression during aging. Among the 500 clusters found, 356 had 2 genes,
88 had 3 genes, 30 had 4 genes and 14 had 5 genes. The other 12 clusters had 6 or
more genes (not shown). p-value was determined by Χ2 test between the expected
(E) and observed (O) number of clusters per class. Source data are provided as a
Source Data file.
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of premature and natural aging20,23. Importantly, the FOXM1 binding
motif was enriched in neonatal-specific ATAC-seq peaks (Fig. 1e; Sup-
plementary Data 3). Furthermore, in the close genomic vicinity of
FOXM1we foundRHNO1, whichhasbeen implicated inDNA replication
stress response34–36. FOXM1 and RHNO1 exist in a head-to-head orien-
tation, sharing a bidirectional promoter37, further supporting that
genes within this landscape might share regulatory information.
Moreover, except for ITFG2, all the genes within this putative reg-
ulatory landscape (FKBP4, FOXM1, RHNO1, TULP3, TEAD4 and TSPAN9;
no information for NRIP2 and TEX52) were found downregulated in
elderly cells (Supplementary Fig. 2a; Supplementary Data 7), suggest-
ing that the co-expression of these genes might sustain a youthful cell
fitness. Promoter DNA methylation was ruled out as the causal
mechanism behind the aging-associated coordinated transcriptional
downregulation of the TEAD4/FOXM1/RHNO1 gene cluster since we
found the FOXM1/RHNO1 promoter to be hypomethylated in both
neonatal and elderly HDFs (p-value = 0.964; Supplementary Fig. 2b).
To assess co-regulation by shared CREs as an alternative mechanism,
wepursuedwith a 4C-seq analysis of chromatin interactionswithin this
gene cluster in neonatal HDFs. We selected the bidirectional promoter
of FOXM1/RHNO1, roughly located in themiddle of the gene cluster, as
the viewpoint for the 4C-seq experiment. We found interactions of the
FOXM1/RHNO1 promoter with several genomic regions, including
promoters of nearby genes, spanning approximately 300 kb (Supple-
mentary Fig. 2c), thereby supporting transcriptional co-regulation of
genes within this regulatory landscape by shared distal CREs.

Attesting its functional relevance, the TEAD4/FOXM1/RHNO1 gene
cluster is conserved in several vertebrate lineages, including distant
Gnathostomata species (about 473 million years) (Supplementary
Fig. 3a)38,39. Non-vertebrate species such as lancelets also present the
bidirectional promoter configuration of FOXM1 andRHNO1 (orRHNO1-
like)38,40–42 (Supplementary Fig. 3b, c). Moreover, the tunicate Ciona
intestinalispresents a bidirectional promoter co-regulating FOXM1 and
a CCNB1IP1-like gene39,43, whose E3 ubiquitin-protein ligase function is
shared with the human 9-1-1 complex comprising RHNO134,44 (Supple-
mentary Fig. 3d). These data suggest this genomic organization dates
back about 550 million years and it is functionally advantageous to all
Chordata38 (Supplementary Fig. 3e).

C10 is an age-dependent CRE that controls the expression of
TEAD4, FOXM1 and RHNO1
Using the ATAC-seq datasets described above, we found many acces-
sible chromatin regions in the genomic landscape of FOXM1 and
RHNO1 (Fig. 2a). The promoter regions of FOXM1/RHNO1 and the
nearby genes overlap with open chromatin regions, supporting active
gene transcription in neonatal HDFs20. Many accessible loci are loca-
lized in inter- and intragenic regions, pointing to the existence of
functional non-coding CREs regulating gene expression within the
landscape. We then crossed our datasets from neonatal HDFs (4C-seq
and ATAC-seq) with ChIP-seq data for H3K27ac, H3K4me3 and tran-
scription factor clusters (TF clusters) frommultiple cell types from the
ENCODE project45,46 to explore putative functions of the open chro-
matin regions interacting with the FOXM1/RHNO1 promoter. This
combined analysis allowed us to select 14 putative CREs, which we
designated C1 through C14 (Fig. 2a; Supplementary Data 8). All selec-
ted putative CREs include at least one open chromatin region (ATAC-
seq) and very low levels of the H3K4me3 mark, thus excluding likely
promoter regions47. We then performed luciferase reporter assays to
test the enhancer activity of the 14 putative CREs in neonatal HDFs
(Fig. 2b). We found regions C2, C5, C9 and C10 to induce significant
luciferase activity in comparison to the control, thus indicating that the
FOXM1/RHNO1 promoter interacts with active enhancers in neonatal
HDFs. To determine if these enhancers contribute to FOXM1 expres-
sion in these cells, we performed CRISPR/Cas9-mediated genomic
deletions (Fig. 2c; Supplementary Fig. 4a–c) of the regions C2, C5, C9

and C10, as well as of the region C8, the closest open chromatin region
to the FOXM1/RHNO1 promoter without enhancer activity. Deletion of
enhancers C5, C9 and C10 significantly downregulated FOXM1
expression in polyclonal populations of neonatal HDFs retrieved using
a Fluorescence-activated Cell System (FACS) (Fig. 2d). As expected,
deletion of the C8 region had no impact on gene expression. These
results suggest that enhancers C5, C9 and C10 are required to sustain
FOXM1 expression in neonatal HDFs. To examine if changes in the
interactome of FOXM1/RHNO1 promoter account for the FOXM1
downregulation previously observed along aging20, we then per-
formed 4C-seq in elderly HDFs (Supplementary Fig. 5a). We found the
interactome of the FOXM1/RHNO1 promoter to be kept similar in
neonatal and elderly HDFs. Thus, conformational changes at the
FOXM1/RHNO1 regulatory landscape unlikely explain the transcrip-
tional shift observed in elderly cells. In contrast, we foundmany ATAC-
seq peaks to be specific to either neonatal or elderly cells (Supple-
mentary Fig. 5b), suggesting that alterations in accessible chromatin
may contribute to the age-associated transcriptional changes. Hence,
we took a closer look on the ATAC-seq peaks of the enhancer regions
C2, C5, C9 (Supplementary Fig. 5c–e) and C10 (Fig. 3a) to explore
differences between neonatal and elderly HDFs. We found chromatin
accessibility to be retained in enhancers C2, C5, and C9, but not in
enhancer C10, in elderly HDFs. Enhancer C10 comprises two open
chromatin regions in neonatal HDFs, one of which becomes closed in
elderly HDFs (Fig. 3a). We designated the age-independent region as
C10-P1 and the age-dependent region as C10-P2. We further explored
the chromatin accessibility of C10-P2 in individuals with intermediate
ages and found a progressive loss of chromatin accessibility with aging
(Supplementary Fig. 6a). Moreover, interrogation of previously pub-
lished data14 showed that while C10-P1 is not affected by oncogene-
induced senescence in WI-38 fibroblasts, C10-P2 loses chromatin
accessibility in senescent cells (Supplementary Fig. 6b). Next, we
observed that the deletion of either C10-P1 or C10-P2 in neonatal HDFs
resulted in significant downregulation of FOXM1 (Fig. 3b), suggesting
that both C10 regions are functionally required for proper gene
expression. Similarly, both C10-P1 and C10-P2 deletions restrained
RHNO1 and TEAD4 expression (Fig. 3c, d). Noteworthy, deletion of the
age-dependent region C10-P2 in HDFs derived from 1 and 10-year-old
individuals was also found to be required for proper FOXM1, RHNO1
andTEAD4 expression (Supplementary Fig. 6c–h). Also, supporting the
specific effect of C10-P2 deletion within the regulatory landscape, we
did not observe downregulation of other genes in chromosome 12
(Supplementary Fig. 6i–l). Overall, the results demonstrate that the
age-dependent C10 enhancer coordinates the expression of FOXM1,
RHNO1, and TEAD4.

C10 deletion is sufficient to trigger senescence in neonatal HDFs
Since C10-P2 accessibility is lost in naturally aged cells, we asked if the
deletionof this region in youngHDFs (neonatal, 1-year-old and 10-year-
old) is sufficient to trigger senescence, through TEAD4/FOXM1/RHNO1
gene cluster downregulation. As previously reported for TEAD4,
FOXM1 and RHNO1 repressions20,33,34,44,48–52, we found that CRISPR/
Cas9-mediated deletion of C10-P2 induced a decreased percentage of
cells staining positive for the Ki67 proliferation marker (Supplemen-
tary Fig. 7a, b), and an increased percentage of cells staining positive
for 53BP1/p21, a combination of markers indicative of cell cycle arrest
associated with DNA damage (Supplementary Fig. 7c–g). Further
supporting that C10-P2 deletion drives senescence, we found an
increased percentage of p16-positive cells (Fig. 3e, f; Supplementary
Fig. 7h–j) and a higher activity of the lysosomal enzyme senescence-
associated β-galactosidase (SA-β-gal) (Fig. 3g, h; Supplementary
Fig. 7k–n) in C10-P2-deleted vs. control cell populations fromneonatal
to 10 years-old individuals.We additionallymeasuredmitoticduration,
which increases with aging due to FOXM1 repression20, finding that
C10-P2 deletion leads to mitotic delay (Supplementary Fig. 7o).
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Overall, the data demonstrate that CRISPR/Cas9-mediated deletion of
C10-P2 induces a set of senescence-associated phenotypes in young
HDFs, and suggest that the age-associated functional decline of an
enhancer leads to a coordinated downregulation of (at least) three
genes (TEAD4, FOXM1 and RHNO) whose knockdown has been asso-
ciated to senescence.

FOXM1 overexpression in elderly HDFs restores a youthful
chromatin accessibility profile
Among the co-regulated senescence-associated triad of genes - TEAD4,
FOXM1 and RHNO1 - FOXM1 stands out for its well-established role as
modulator of aging phenotypes20,23. We asked if this could be ascribed
to a potential FOXM1 function in chromatin remodeling. To test this,
we ectopically expressed a constitutively active truncated form of
FOXM1 (FOXM1-dNdKEN)20,53,54 in elderly HDFs (Supplementary Fig. 8a,
b) and performed ATAC-seq for chromatin profiling. We found that,
after FOXM1 ectopic expression, 25016 peaks became inaccessible
(26.2% of all control peaks) and 14899 new accessible peaks were
identified (17.5% of all peaks in elderly HDFs expressing FOXM1-

dNdKEN; Supplementary Fig. 8c). We then compared the peaks whose
accessibility was altered by FOXM1 overexpression with the neonatal-
specific accessible peaks described above (Fig. 1c). We observed that
14840 out of the 25148 elderly-specific regions were closed (59.0%)
and that, out of the 26334neonatal-specific regions, 7042wereopened
in elderly HDFs upon FOXM1 overexpression (26.7%; Fig. 4a and Sup-
plementary Fig. 8d; Supplementary Data 1). Conversely, 85.5% of the
regions whose availability is kept during aging remain available upon
FOXM1 overexpression (60093 out of 70269; Supplementary Fig. 8d;
Supplementary Data 1). These results suggest that the ectopic
expression of FOXM1 partially shifts the chromatin accessibility profile
towards a youthful state. This shift is more evident in the number of
closed chromatin regions (26.2%of all control elderly regions, 59.0%of
elderly-specific regions) than in the number of opened regions (17.5%
of all regions in FOXM1-overexpressing cells, 26.7%of neonatal-specific
regions) in elderly HDFs as result of FOXM1 overexpression, suggest-
ing that FOXM1 might predominantly repress factors that contribute
to the establishment and maintenance of elderly-specific open chro-
matin regions. After performing motif discovery in elderly-specific
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normal FOXM1 expression. a Epigenetic features nearby FOXM1/RHNO1. 4C-seq
data (dark blue) and ATAC-seq data (light blue) in neonatal HDFs. ChIP-seq data for
H3K27ac (purple) and H3K4Me3 (pink), and TF clusters, all from the ENCODE
project. Based on these attributes, 14 putative CREs (orange) were selected for
further examination. b Luciferase reporter assay for the 14 putative CREs in neo-
natal HDFs. Red bars highlight sequences with significant enhancer activity. Each
data point corresponds to a biological replicate equal to the mean of 3 technical
replicates. Deletion of C2 (n = 2, p-value < 0.0001), C5 (n = 2, p-value < 0.0001), C9
(n = 2, p-value <0.0001) or C10 (n = 2, p-value = 0,0038) significantly increase
luciferase activity (red bars) compared to control (n = 4). **p-value ≤0.01; ****p-
value ≤0.0001 by one-way ANOVA with Dunnett’s correction for multiple com-
parisons. Values represent mean± SD. c Experimental layout of CRISPR/Cas9-

mediated genomic deletions of putative FOXM1 enhancers. d Gene expression
analysis of FOXM1 by RT-qPCR upon CRISPR/Cas9-mediated deletion of enhancers
C2, C5, C9 and C10 and control region C8 in neonatal HDFs. Mock transfection and
transfection with Cas9 alone (Cas9) were used as controls. Populations generated
with sgRNA pair 1 or sgRNA pair 2 are distinguished by triangles and squares,
respectively. Each symbol (circles, triangles and squares) corresponds to a biolo-
gical replicate equal to themean of three technical replicates. Deletion of C5 (n = 8,
p-value = 0.0130), C9 (n = 12, p-value = 0.0146) or C10 (n = 12, p-value =0.0098)
significantly downregulates FOXM1 (red bars) compared to mock (n = 15). *p-
value ≤0.05; **p-value ≤0.01 by two-tailed unpaired Student’s t test. Values repre-
sent mean ± SD. CREs, cis-regulatory elements. Source data are provided as a
Source Data file.
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regions that shift to an inaccessible state (closed) and in neonatal-
specific regions that shift to an accessible state (opened) upon FOXM1
overexpression (Supplementary Fig. 8d), and comparing the motif
enrichment in each dataset, we found that components of the AP-1
complex are less enriched in the opened peaks (JUN: -23.6%; ATF3:
-23.6%; FOS: -21.9%), whereas CTCF (CTCF: 19.4%; CTCFL: 18.4%) and
bHLH motifs (TWIST2: 9.4%; TCF4: 9.2%; BHLHA15: 8.9%) are more
enriched in the opened peaks (Fig. 4b; Supplementary Data 9). Since
AP-1 is known to function as a pioneer factor on the remodeling of
senescence-associated chromatin profiles14–17, our results suggest that
FOXM1 might downregulate members of the AP-1 complex.

FOXM1 is a repressor of the senescence-associated pioneer fac-
tor AP-1
We then explored if FOXM1 is a repressor of members of the AP-1
complex. The simpler mechanistic model would be FOXM1 operating
via the promoter regions of components of the AP-1 complex. For this
reason, we inspected the chromatin accessibility at the promoters of
members of the AP-1 complex55,56. We found the vast majority of these
promoters to be accessible in both neonatal and elderly HDFs (Fig. 4c;
Supplementary Data 10; Supplementary Fig. 8e), even though the
expression of most AP-1 members increases with aging (Supplemen-
taryData 10), concomitantlywith reduced FOXM1 expression. Thus, we
asked whether FOXM1 could control the expression of AP-1 members
by acting, directly or indirectly, in their promoters. To this end, we
cloned thepromoter regions of the JUN,ATF3 and FOSgenes, encoding

AP-1 components previously associated with senescence14,15 and found
upregulated in elderly cells20, in luciferase reporter constructs. We
transfected neonatal HDFs with these constructs and evaluated luci-
ferase expression in response to FOXM1 knockdown by siRNA
(siFOXM1). We found increased luciferase signal in siFOXM1 compared
to controls, demonstrating that FOXM1 is indeed a repressor of AP-1
(Fig. 4d–f). In agreement with increased promoter activity, we found
JUN, ATF3 and FOS gene upregulation in siFOXM1 vs. control cells
(Supplementary Fig. 8f–i). Moreover, analysis of previous RNA-seq
data of elderly HDFs overexpressing FOXM1 and young HDFs treated
with siFOXM120 further supported that FOXM1 modulates the tran-
scriptional levels of AP-1 complex members (Supplementary Fig. 8j,
Supplementary Data 11, 12). Overall, these results place FOXM1 as an
upstream regulator of chromatin accessibility during aging and
demonstrate that FOXM1 overexpression can act to revert age-
associated chromatin profiles.

Discussion
Aging is characterized by temporal alterations of transcriptional pro-
files, many of which lead to a decline in cellular functions57. These
transcriptional changes have been suggested to be programmed58.
Transcriptional programs are controlled by chromatin accessibility,
which remodels regulatory landscapes by altering the expression of
gene clusters59,60. Regulatory landscapes are characterized by many
promoter-enhancer interactions allowing for gene cluster transcrip-
tional coordination61,62. Here, we showed that these same mechanistic

Fig. 3 | Deletion of enhancer with age-specific chromatin accessibility leads to
gene expression changes and senescence phenotypes. a ATAC-seq profile of
enhancer C10 in neonatal (blue) and octogenarian (red) HDFs. Different shades
represent different individuals. Region C10-P1 is kept accessible while C10-P2 is
closed in elderly cells. Dark blue squares represent regions targeted by sgRNAs.
b–d Gene expression analysis of FOXM1 (b), RHNO1 (c) and TEAD4 (d) by RT-qPCR
in neonatal HDFs carrying genomic deletion of C10-P1 or C10-P2 (red) compared to
mock control cells andCas9-only treated cells (white). Eachdata point corresponds
to a biological replicate equal to themean of 3 technical replicates. *p-value ≤0.05;
**p-value ≤0.01; ***p-value ≤0.001; ****p-value ≤0.0001 by two-tailed unpaired
Student’s t test. Values represent mean ± SD. e p16/CDKN2A immunostaining (red)
(DNA counterstaining with DAPI, blue) in mock-treated (left) and C10-P2-deleted
(right) young HDFs. Insets highlight a p16-negative cell (left) and a p16-positive cell
(right). Scale bar: 20 μm. f Fold-change in the percentage of C10-P2-deleted cells
staining positive for p16 (red) in young HDFs compared to mock-treated and Cas9-

only treated cells (white). Each data point represents a biological replicate (≥500
cells/replicate). ****p-value ≤0.0001 by two-tailed unpaired Student’s t test. Values
representmean ± SD. gCytometry plot representing the frequency and intensity of
SA-β-Gal activity in mock-treated cells (black outline) vs. C10-P2-deleted cells (red
outline). A vertical line divides the intensities considered negative (SA-β-Gal-) and
positive (SA-β-Gal+) for SA-β-Gal activity, based on the autofluorescence control
(gray outline). h Fold-change in the number of cells positive for SA-β-Gal activity
between mock-treated cells, Cas9-only treated cells and cells lacking C10-P2 (red),
using youngHDFs. Each data point represents a biological replicate (≥30,000 cells/
replicate). **p-value ≤0.01; ****p-value ≤0.0001 by two-tailed unpaired Student’s t
test. Values represent mean± SD. In all graphs (b–d, f, h), populations generated
with sgRNA pair 1 or sgRNA pair 2 are distinguished by triangles and squares,
respectively. Exact n and p-values provided in Source Data file. Source data are
provided as a Source Data file.
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principles apply to the aging transcriptional programs. We demon-
strated that age-dependent closed and opened chromatin correlates
with down- and upregulation of nearby genes’ expression, respec-
tively. These results highlight the potential that TFs and pioneer TFs
might have dictating aging transcriptional programs, as previously
suggested14–17,26. We also disclosed that genes differentially expressed
during aging tend to be clustered in the genome, exhibiting similar
transcriptional changes. We further examined a specific regulatory
landscape that contains key genes linked to aging: FOXM1 that is gra-
dually repressed along advancing age, driving aging phenotypes20,23;
and TEAD4, a member of the YAP/TAZ-TEAD pathway, whose activity
andnuclear localization declines inold dermalfibroblasts63, andwhose
downregulation drives senescence22,31. Conversely, FOXM1 and YAP
sustained expressions are able to delay senescence and its associated
traits in animal models of physiological and accelerated aging23,31,63.
Interestingly, YAP-TEAD physically interacts with the MMB-FOXM1
complex to promote the expression of late cell cycle genes through
long-range interactions on chromatin between YAP-TEAD mainly at
enhancers and MMB-FOXM1mainly at promoters64,65. In our study, we
found thatbindingmotifs forboth FOXM1andTEAD4were enriched in
neonatal-specific available chromatin regions. We showed that this
regulatory landscape comprises up to 9 genes and is partially con-
served in vertebrate genomes. We demonstrated that at least TEAD4,
FOXM1, and RHNO1 are co-regulated by an enhancer that is active in

neonatal HDFs and inactive in elderly HDFs. Within this regulatory
landscape, other genes (e.g. FKBP4, TULP3 and TSPAN9) were slightly
downregulated with aging, except ITFG2, which was marginally upre-
gulated in elderly HDFs. Interestingly, ITFG2 is a component of the
KICSTOR complex which, under catabolic conditions, functions as a
negative regulator in the amino acid-sensing branch of mTORC1,
known to be activated in aging66. FKBP4 is among the top-5 genesmost
consistently downregulated with age across datasets for key mam-
malian tissues67, and TULP3 mutations cause multisystem fibrosis ori-
ginating from disrupted ciliary composition and DNA damage68.
Altogether, this highlights the functional role of the regulatory land-
scape in aging processes.

By studying chromatin conformation and accessibility in the
genomic landscape of TEAD4 and FOXM1, we found a not previously
described enhancer (C10) containing an age-dependent accessible
region, named C10-P2, that interacts with the FOXM1/RHNO1 pro-
moter. We showed this region to be required for proper expression
of FOXM1, RHNO1 and TEAD4, and its deletion to induce senescence
in neonatal HDFs. Although our data indicated that FOXM1 expres-
sion is modulated by multiple accessible loci with enhancer activity
in neonatal HDFs, and even though reorganization of topological
domains has been associated with in vitro senescence69–71, we found
the interactome at the FOXM1/RHNO1 promoter to be largely stable
with aging. In contrast, we found many regions with age-dependent
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value ≤0.01; ***p-value ≤0.0001 by two-tailed unpaired Student’s t test. Values
represent mean± SD. Source data are provided as a Source Data file.
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accessibility states, in line with previous reports using other cell
types and in vitro senescence14,15,26,72–75. Notably, while the chromatin
accessibility of the FOXM1/RHNO1 promoter and most FOXM1
enhancers is maintained in elderly HDFs, the enhancer region C10-P2
becomes inaccessible. Interestingly, the genes co-regulated by the
C10 enhancer, FOXM1, RHNO1 and TEAD4, have all been associated
with cell proliferation34,37,49–51, DNA damage response33,34,44,52 and
senescence4,20,22,31. Although the downregulation of FOXM1, RHNO1
and TEAD4 upon the deletion of C10 is moderate, likely due to the
contribution of other enhancers such as C5 and C9 (Fig. 2b, d), it is
sufficient to trigger an increase of senescence markers. Therefore,
our findings demonstrate the pivotal importance of the C10 enhan-
cer in the regulation of a transcriptional hub required for cell
homeostasis and survival, suggesting that changes in a single, master
cis-regulatory element contribute to the transcriptional drift towards
senescence. Although future studies are needed to dissect the
molecular mechanisms controlling C10 availability, the uncovered
properties of C10 open perspectives to ameliorate aging features by
modulating the activity of this enhancer using targeted site-directed
approaches76,77.

Most strikingly, we found that chromatin regions that are speci-
fically available in neonatal and young HDFs are enriched for binding
motifs of TEADTFs and FOXTFs, such as FOXM1 and FOXO3, forwhich
genetic polymorphisms and upregulation have exhibited consistent
associations with increased human longevity78. Other factors, such as
AP-2 and bHLH factors, are also enriched in young-specific chromatin
regions, likely embodying their roles in stimulation of the Hippo
pathway79,80 and repression of proinflammatory cytokines81, and in
dermal maturation and function82,83, respectively. Distinctly, we found
that elderly-specific available regions exhibit prevalent binding motifs
of the AP-1 complex. These results are concurring with previous stu-
dies in induced senescence models, in which AP-1 TFs have been
described as pioneer factors that bind and remodel chromatin, thus
triggering and maintaining a reversible senescence transcriptional
program14,15. Similarly, recent studies suggest that AP-1-mediated
chromatin opening is associated with normative aging, particularly
across multiple murine tissues26,27,84. In this work, we show that the
expression of genes from the AP-1 complex is repressed by FOXM1, a
gene highly expressed in neonatal cells and that is transcriptionally
downregulated along age. This conclusion is supported by multiple
lines of evidence. First, upon FOXM1 overexpression in elderly HDFs,
we observed that more genomic regions closed than opened, sug-
gesting that FOXM1 represses factors that open chromatin during
aging, a role that has been described for the AP-1 complex. Secondly,
those closed regions are notably enriched for motifs of the AP-1
complex. Thirdly, FOXM1 overexpression in elderly HDFs leads to
transcriptional downregulation of AP-1 components, while FOXM1
knockdown in young HDFs leads to upregulation of AP-1 components.
Finally, using reporter assays, FOXM1 knockdown increased promoter
activity of some members of the AP-1 complex. Altogether, the results
indicate that FOXM1 acts as a repressor of the AP-1 complex in HDFs,
although further studies will be required to determine if FOXM1 con-
trols AP-1 complex expression directly or indirectly, or if FOXM1 also
controls other factors regulating chromatin accessibility with age.
Thesefindings bring insight intoAP-1 complex regulationduring aging,
with FOXM1 repression accounting for the AP-1-driven senescence
program. Indeed, we have previously shown the ectopic expression of
FOXM1 to revert senescence in vitro and in vivo20,23. Here, we further
unveil that ectopic expressionof FOXM1 acts to remodel the chromatin
profile of elderly HDFs towards a youthful state. This epigenetic shift is
supported by the similar enrichment in TEAD and bHLH TFs in the
chromatin regions opened upon FOXM1 overexpression (Fig. 4b), and
across neonatal- and young-specific open chromatin regions (Fig. 1e
and Supplementary Fig. 1e). Moreover, the enrichment in CTCFmotifs
upon FOXM1 overexpression may reflect the rescue of CTCF age-

related transcriptional downregulation85 and reorganization of its
senescence-associated chromatin binding70. Our findings suggest that
these chromatin changes are induced indirectly through the repres-
sion of the AP-1 complex. This is in agreement with the reported
reversion of senescence transcriptional programs upon AP-1
knockdown14,15. Importantly, the promoters of JUN, ATF3 and FOS,
the threemembers of the AP-1 complex we examined, are accessible in
both neonatal and elderly HDFs, and are thus potentially responsive to
FOXM1-mediated repression in an age-independent manner. These
observations highlight the potential usage of AP-1 negative regulators,
such as FOXM1, to revert senescence-associated phenotypes in elderly
cells, as we have shown by ectopically expressing FOXM1. Importantly,
these results also suggest that the AP-1 complex is required not only to
trigger but also tomaintain elderly-specific chromatin profiles and the
senescence transcriptional program.

This study shows that young and older HDFs have significantly
different chromatin accessibility profiles. Future studies should
include a bigger sample size to better account for biological hetero-
geneity and individuals that gradually span the lifetime to investigate if
linear or nonlinear (age-specific waves)86 changes in chromatin
accessibility account for an evolving epigenetic senescence state.
Furthermore, such profiling could help to disentangle chromatin
states related to development from those exclusively associated with
aging. Interestingly, many of these states might be inherently entan-
gled, as the cis-regulatory transition from cell maturation to aging
appears to evolve as a continuum rather than abrupt shifts26 and
senescence-associated transcriptional profiles are progressive and
asynchronous87.

Relevantly, this study advances our understanding of the FOXM1
key role in aging, strengthening its senotherapeutic potential. We
identified a cis-regulatory element whose accessibility is lost during
aging and that accounts for FOXM1 downregulation, as well as for the
downregulation of other genes within the regulatory landscape that,
altogether, represents a crucial transcriptional hub required to sustain
cell fitness and to prevent senescence. In addition to this regulatory
landscape, the study further discloses FOXM1 as a repressor of pioneer
factors of the AP-1 family, driving (and maintaining) a senescence
transcriptional program, and as being able to significantly rescue the
changes in chromatin accessibility that account for genome-wide
altered regulatory landscapes in aging. Noteworthy, FOXM1 induction
does not appear to change indiscriminately the chromatin profile of
elderly cells, but rather to mainly revert age-specific regions. This
grades FOXM1 induction as a safe strategy capable of reprogramming
an aging transcriptional program and of reverting aging phenotypes.

Methods
Cell culture
Human fibroblasts established from skin biopsies of healthy Cauca-
sian males were acquired from ZenBio (Neonatal, DFM021711A) and
NIGMS Human Genetic Cell Repository, Coriell Institute (Neonatal,
GM21811; 1y, GM05659; 10y, GM03348, GM09503; 42y, AG06235;
52y, GM23667; 75y, AG11073; 87y, AG10884). Only early passage
dividing fibroblasts were used in all experiments. Cells were cultured
inMinimal Essential Medium (MEM) with Earle’s salts and L-glutamine
(10-010-CV, Corning) supplemented with 15% Fetal Bovine Serum
(Gibco) and 1× Antibiotic-Antimycotic (Gibco) in ventilated flasks at
37 °C and humidified atmosphere with 5% CO2. Cells weremaintained
so that confluency was always below 90%.

Viral Infection
Lentiviruses were produced using the Lenti-X Tet-ON Advanced
Inducible Expression System (Clontech), following the protocol
described therein. Briefly, HEK293T cells were transfected with
packaging plasmids pMD2.G (Addgene #12259) and psPAX2 (Addgene
#12260), along with transfer vectors, using Lipofectamine 2000 (Life
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Technologies, Thermo Scientific, CA, USA). This resulted in the pro-
duction of lentiviruses carrying either empty pLVX–Tight-Puro (Clon-
tech) or pLVX–Tight-Puro–FoxM1-dNdK20, as well as lentiviruses
carrying pLVX–Tet-On Advanced (which expresses rtTA; Clontech).
Fibroblasts were co-infected for 5–6 h with empty pLVX–Tight-Puro or
FoxM1-dNdK- and rtTA-expressing lentiviruses at 2:1 ratio, in the pre-
sence of 8μg/ml polybrene (AL-118, Sigma-Aldrich, MO, USA). After
that time, fresh media with 750 ng/ml doxycycline (D9891, Sigma-
Aldrich, MO, USA) was added to the cells to induce co-transduction.
Phenotypes were subsequently analyzed and quantified 68 h after
doxycycline treatment. Transfection efficiency was monitored by
western blotting.

Western blotting
Lentiviral-infected elderly HDFs were detached with Trypsin, washed
thrice with ice-cold PBS and lysed in lysis buffer (150 nM NaCl, 10 nM
Tris-HCl pH 7.4, 1 nM EDTA, 1 nM EGTA, 0.5% IGEPAL) with 1x cOm-
plete, EDTA-free Protease Inhibitor (Roche). Lysates were quantified
for protein content by the LowryMethod (DC™ ProteinAssay, Bio-Rad,
CA, USA). Twenty micrograms of total extract were loaded in SDS-
polyacrylamide gels for electrophoresis and transferred onto nitro-
cellulose membranes for western blot analysis. Membranes were
blocked during 1 h with TBS (50mM Tris-HCl, 150mM NaCl) contain-
ing 5% low-fat milk. Primary antibodies were diluted in TBS containing
2% low-fat milk: rabbit anti-FoxM1 (13147, ProteinTech Group, Inc.),
1:1000, and mouse anti-α-tubulin (T5168, Sigma-Aldrich, CA, USA),
1:50000. Horseradish peroxidase-conjugated secondary antibodies
goat anti-rabbit (SC-2004, Santa Cruz Biotechnology) and goat anti-
mouse (SC-2005, Santa Cruz Biotechnology) were diluted at 1:3000 in
TBS containing 2% low-fat milk. Detection was done using Clarity
Western ECL Substrate reagent (Bio-Rad Laboratories, CA, USA) as per
the manufacturer’s instructions. Quantitative analysis of protein levels
was carried out using a GS-800 calibrated densitometer with Image
Lab software (v6.0.1) (Bio-Rad Laboratories). Only the levels of endo-
genous full-length FOXM1 were quantified (note that FOXM1 binds its
own promoter, therefore ectopic FOXM1-dNdKEN induces endogen-
ous FOXM1).

Bisulfite sequencing
DNA samples were collected from cell cultures using the Quick-DNA
Miniprep Plus Kit (Zymo Research) and promptly used for bisulfite
DNA conversion. The EpiTect Bisulphite Kit (QIAGEN) was used
according to the manufacturer’s instructions. The FOXM1/RHNO1
promoter region was amplified with iMax-II DNA Polymerase (INtRON)
and the products cloned into the pCR8/GW/TOPO vector (Invitrogen).
Primers used are listed in Supplementary Table 1. Clones were
sequenced with Sanger sequencing. Sequencing data was analyzed,
and the p-value determined with QUMA88.

ATAC-seq (Assay for Transposase-Accessible Chromatin using
sequencing)
ATAC-seq was performed on 50000 cells according to Buenrostro and
colleagues89 with minor modifications. Briefly, cells were detached
with Trypsin, washed with ice-cold PBS, lysed in ice-cold fresh lysis
buffer (10mMTris-HCl, pH7.5; 10mMNaCl; 3mMMgCl2; 0.1% IGEPAL)
and immediately incubated with homemade Tn5 transposase in TAPS-
DMF buffer90 at 37 °C for 30min, followed by proteinase K treatment.
Immediately after transposition the samples were purified with MinE-
lute PCRPurificationKit (QIAGEN).WeperformedqPCRanalysison the
samples to determine the appropriate number of PCR cycles to create
the library, using 1 µL of tagmented DNA, 0.6 µL of 25 µM Ad Primer 1,
0.6 µL of 25 µMAd Primer 2 (from 2.1 onwards), used for multiplexing,
1 µL 10x SYBR Green I (ThermoFisher Scientific), 5 µL KAPA HiFi Hot-
Start ReadyMix (KAPA Biosystems) and 1.8 µL H2O HyPure, with the
program: 98 °C for 45 s; 72 °C for 5min; 98 °C for 30 s; followed by 30

cycles of 98 °C for 10 s, 63 °C for 30 s, 72 °C for 30 sec. The final library
was generated using 18 uL of tagmented DNA, 2.5 µL of 25 µM Ad Pri-
mer 1, 2.5 µL of 25 µMAd Primer 2, 25 µL KAPA HiFi HotStart ReadyMix
(KAPA Biosystems) and 2 µL H2O HyPure, with the program: 98 °C for
45 s; 72 °C for 5min; 98 °C for 30 s; followed by N cycles of 98 °C for
10 s, 63 °C for 30 s, 72 °C for 30 s; and 72 °C for 1min. N is the number
of cycles corresponding to one third of the maximum fluorescence
intensity detected in the pilot qPCR. Primers used in this study are
listed in Supplementary Table 1. The library was immediately purified
using the QIAquick PCR Purification Kit (QIAGEN) and eluted in 20 uL.
Successful tagmentation was confirmed with a TAE agarose gel
electrophoresis.

Libraries were sequenced on a HiSeq 2500 system, High-Output
mode, 2 × 100bp paired-end, or NovaSeqX system, 2 × 150 bp paired-
end, at Macrogen, South Korea. Analysis of raw reads quality and
removal of sequencing adapters of each sample was done with
FASTQC (v.0.11.8)91 and Skewer (v.0.2.1)92, respectively, or simulta-
neously with fastp (v0.23.2)93. Reads were mapped to the reference
human genome (GRCh38/hg38) using Bowtie2 (v.2.4.2 or higher)94

with parameters “-X 2000 and --very-sensitive”. To avoid clonal arte-
facts, the duplicated mapped reads were removed using Samtools
(v1.11)95.Mapped readswerefilteredby the fragment size (≤120bp) and
mapping quality (≥10) with a custom Python (v.3.7.2 or higher) script.
To call for enriched regions, MACS2 (v.2.2.7)96 with the parameters
“--nomodel, --keep-dup 1, --llocal 10000, --extsize 74, --shift – 37 and -p
0.07”was used. ATAC-seq data from biological replicates were initially
processed independently. Then, we applied the Irreproducible Dis-
covery Rate (IDR) (v.2.0.3 or higher) to obtain a confident and repro-
ducible set of peaks based on two replicates97. Further analysis was
performed with the ATAC-seq peaks with IDR score above 831
(reflecting a p-value < 0.01). To identify the open chromatin regions,
the reproducible peaks were filtered to remove blacklisted regions98,
using BEDTools (v.2.29.2) intersect with default parameters99. BED-
Tools intersect and merge were used to identify sample-exclusive
peaks (such as Neonatal-exclusive, Elderly-exclusive or FOXM1 OE-
exclusive) and peaks shared between samples (such as shared between
Neonatal and Elderly). Differential accessibility analysis of shared
peaks was performed with DESeq2 (v.1.32)100, with differences con-
sidered statistically significant when adjusted p-value < 0.05 and
log2FC > 1. The differently accessible shared regions were combined
with the sample-exclusive peaks for downstream analysis (resulting in
datasets such as Neonatal-specific). The shared peaks with no differ-
ential accessibility enrichment were termed Common. The resulting
BED files were deposited in the European Nucleotide Archive (ENA)
and are described in Supplementary Data 1 and the Reporting Sum-
mary. Motif enrichment analysis was performed with HOMER
(v.4.11)101, using findMotifsGenome.pl, with default parameters. To
determine known motif enrichment for each sample, the difference
between the percentage of sequences with the motif and the percen-
tage of background sequences with themotif was calculated. Different
enrichments in different samples were then compared by subtracting
the enrichment in one sample by the other and ranking the motifs by
size of enrichment. Thus, negative values represent enrichment in one
sample-specific peaks, while positive values represent enrichment in
the other sample-specific peaks. Graphs show the gene corresponding
to each motif, as defined in HOMER’s motif table. Statistical analysis
was performedwith a two-tailed z-test, following the calculation of the
standard error, with p-value adjusted with Bonferroni-Dunn correc-
tion, and differences considered statistically significant when adjusted
p-value < 0.05. For visualizationof the accessibility profiles, peaks from
replicates were first averagedwithWiggleTools (v.1.2)102 mean, and the
resulting wig files were converted to bigwig files with WigtoBigWig
(v.377)103. Principal component analysis (PCA) was performed with
deepTools (v.3.5.1)104, by first computing the average signal for each of
the bigwig files before mentioned in all reproducible ATAC-seq peaks
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(IDR > 831) with multiBigwigSummary, and then performing and plot-
ting PCA with plotPCA. ATAC-seq heatmaps and profiles were gener-
ated with deepTools (v.3.5.1)104, by first computing a matrix with the
parameters “--referencePoint center, -b 500, -a 500, --binSize 10,
--sortRegions descend” and the bigwig files abovementioned and by,
then, using the tools plotHeatmap and plotProfile, with default para-
meters. In heatmaps, peaks were ordered by decreasingmean value of
ATAC-seq signal per region. To classify the open chromatin regions
identified in this study, BEDTools (v.2.29.2) was used to identify the
ATAC-seq peaks whose coordinates have some overlap with cCREs
derived from ENCODE, using datasets from SCREEN (v.3)21.

Correlation between chromatin accessibility of CREs and gene
expression
To determine the number of putative CREs in the genomic landscapes
of genes whose expression is affected by aging, first, all putative pro-
moters were excluded from further analyses. BEDTools (v.2.29.2) was
used to remove ATAC-seq peaks from our datasets that overlapped
with any TSS described in Ensembl (v.105), through the BioMart data
mining tool43,105. Then, grep -Ff was used to attribute genomic coor-
dinates, also obtained with BioMart, to all differently expressed genes
during aging, as determined by RNA-seq and published in Supple-
mentary Data 1 of Macedo and colleagues20 (1435 downregulated and
1860 upregulated). Using Microsoft Excel, the gene start coordinate
was extended by 10, 20, 30, 40, and 50 kb in each genomic direction.
The resulting coordinates constitute what we define as the genomic
landscape of genes, based on genomic distance. To determine the
number of putative CREs per gene landscape, the list of ATAC-seq
peaks without TSS overlap was crossed with the defined genomic
landscapes of differently expressed genes during aging using BED-
Tools (v.2.29.2) intersect, with option -c. The results were then directly
processed and plotted in GraphPad (v8.0.2), with the statistical sig-
nificance of the differences between the number of ATAC-seq peaks in
the landscape of genes downregulated in aging and the number of
ATAC-seq peaks in the landscape of genes upregulated in aging
determined with the Mann–Whitney test (***p-value ≤0.001, ****p-
value ≤0.0001). Error bars representmean number of ATAC-seq peaks
per landscape ± SD.

Gene clusters and gene expression covariation
To define sets of genes whose expression may be co-regulated by
shared CREs, all differently expressed genes between neonatal and
elderly HDFs (logFC ≥0.5; p-value ≤0.05), as determined by RNA-seq
and published in Supplementary Data 1 of Macedo and colleagues20,
were selected. Using grep -Ff, transcription start sites (TSS), from a list
of TSS obtained from the Ensembl website (v.105), through the Bio-
Mart data mining tool43,105, were attributed to all differently expressed
genes (1435 downregulated and 1860 upregulated). Those genes were
grouped with BEDTools cluster, option -d, so that grouping occurred
when TSS are no more than 100,000bp apart. Using Microsoft Excel,
the number of genes showing covariation, either down or upregula-
tion, during aging per cluster was assessed, which was then compared
to the expected number, assuming no co-regulation, with a Chi-
squared test.

4C-seq (circular chromatin conformation capture followed by
next-generation sequencing)
4C-seq was performed on about 10 million cells using the
enzymes DpnII (first digestion) and Csp6I (second digestion),
according to van de Werken and colleagues106 with minor mod-
ifications. The 4C template was purified using an Amicon Ultra-15
Centrifugal Filter Device (Milipore). At least two libraries were
independently prepared with the Expand Long Template poly-
merase (Roche) using the primers listed in Supplementary
Table 1. Libraries were purified with the QIAquick PCR Purification

kit (QIAGEN) followed by the Agencourt AMPure XP reagent
(Beckman Coulter). Libraries were sequenced on HiSeq 2500 sys-
tem, Rapid Run mode, 1 × 50 bp single-end, at Macrogen.
Sequencing data were first inspected for quality control using
FASTQC (v.0.11.5)91 and demultiplexed using the script demulti-
plex.py from the FourCSeq package107, allowing for 1 mismatch in
the primer sequence. More than 1.5 million reads per sample were
aligned to the human genome (hg38) using Bowtie (v1.1.2)108

(requiring unique alignments, -m 1). Restriction enzyme sites
(DpnII - GATC and Csp6I - GTAC) were mapped on the human
genome using Bowtie108. Fragments flanked by those restriction
sites were generated and filtered for size, keeping fragments
>40 bp. BEDtools99 was used to count sequencing reads within
those fragments, generating bedfiles with valid reads counts109,110.
Read counts were then smoothed using a 30 bp window average
across fragments, generating bedGraph files. For visualization,
the smoothed reads from each sample were normalized to 1
million reads per kilobase (https://github.com/porchard/
normalize_bedgraph).

Luciferase assays
Putative enhancer sequences and putative promoter sequences were
defined based on our ATAC-seq signal and ChIP-seq data (TF clusters
and H3K27ac) from the ENCODE project. Sequences were amplified
with iMax-II DNA Polymerase (INtRON) from genomic DNA of neonatal
HDFs (DFM021711A). Primers used are listed in Supplementary Table 2.
Putative enhancer sequences were TA cloned into pCR8/GW/TOPO
vector (Invitrogen) and subcloned into pGL4.23-GW111 (Addgene
#60323) using Gateway LR Clonase II (Gateway cloning, Invitrogen).
The empty pGL4.23-GW was used as negative control. The TK pro-
moter frompGL4.54[luc2_TK] (Promega#E5061)was cutwithKpnI and
HindIII, ligated into the KpnI/HindIII-digested pME-MCS112 (Tol2 kit
#237) and subcloned intopGL4.23-GWasabove. pNL1.1PGK[Nluc/PGK]
(Promega #N1441) was used as transfection control. Cells were trans-
fected in a 6-well plate with 1 pmol of pGL4.23-GW and 0.61 fmol of
pNL1.1PGK[Nluc/PGK] per well with Lipofectamine 3000 (Invitrogen)
according to manufacturer’s instruction. Cells were seeded 12–24 h
before transfection. Luciferase activity was assessed 48 h post-
transfection using the Nano-Glo Dual-Luciferase Reporter Assay Sys-
tem (Promega) in a Synergy 2Multi-ModeMicroplate Reader (BioTek).
The enhancer activity is expressed as the luc2/Nluc ratio (pGL4.23-GW/
pNL1.1PGK[Nluc/PGK]), and is presented as a relative response ratio, in
which the activity of the empty vector and positive control vectorwere
normalized to 0 and 1, respectively. The enhancer activity of putative
enhancers was compared to the control with a one-way analysis of
variance (ANOVA) with Dunnett’s correction for multiple comparisons
(**p-value ≤0.01, ****p-value ≤0.0001), in GraphPad Prism 8.

To test the response of the JUN, ATF3 and FOS gene promoter
sequences to siRNA against FOXM1, the PGK promoter from
pNL1.1.PGK[Nluc/PGK] (Promega #N1441) was removed by digestion
with KpnI andHindIII, and the purified plasmid backbone was used for
Gibson cloning. The pGL4.54[luc2_TK] (Promega #E5061) was used as
transfection control. pNL1.1.PGK[Nluc/PGK] was used as positive con-
trol. A multiple-cloning site was inserted in the KpnI/HindIII-digested
pNL1.1.PGK[Nluc/PGK], recreating the empty vector pNL1.1[Nluc],
whichwas used as negative control. Putative promoter sequenceswere
selected based on the Eukaryotic Promoter Database EPD113 and our
ATAC-seq data. Sequences were amplified with iMax-II DNA Poly-
merase (INtRON) from genomic DNA of neonatal HDFs (DFM021711A)
and Gibson-cloned into the KpnI/HindIII-digested pNL1.1.PGK[Nluc/
PGK]. Primers used are listed in Supplementary Table 3. Cells were
seeded in a 24-well plate 12–24 h before transfection. Cells were
transfected with 50 nM of a siRNA against FOXM1
(SASI_Hs01_00243977, Sigma-Aldrich; CAACUCUUCUCCCUCAGAU)
or a negative control siRNA (siRNA Universal Negative Control #1,
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Sigma-Aldrich), using Lipofectamine RNAiMax (Invitrogen), following
the manufacturer’s instructions. About 24h later, cells were trans-
fected with 0.5 pmol of pGL4.54[luc2_TK] and 0.05 pmol of the
promoter-test vectors per well with Lipofectamine 3000 (Invitrogen).
Luciferase activity was assessed 48h post-transfection (72 h post
siRNA transfection) using the Nano-Glo Dual-Luciferase Reporter
Assay System (Promega) in a Synergy 2Multi-ModeMicroplate Reader
(BioTek). The promoter activity is expressed as a normalizedNluc/luc2
ratio (pNL1.1.AP1[Nluc/AP1]/pGL4.54[luc2_TK]), in which the ratio of
each promoter in cells treated with the control siRNA was normalized
to 1, in each independent experiment. The conditions were compared
with an unpaired Student’s t-test using GraphPad Prism 8 (*p-value ≤
0.05, **p-value ≤0.01, ***p-value ≤0.001, ****p-value ≤0.0001). Error
bars represent mean± SD.

CRISPR/Cas9-mediated deletions and FACS-sorting
sgRNA spacer sequences upstream and downstream of the target
regions were selected on Benchling114 based on metrics from Doench
and colleagues115 and Hsu and colleagues116. Two pairs of sgRNA
sequences (each pair targeting one sequence upstream and another
sequence downstream the target enhancer) were designed and used
independently. The oligonucleotide sequences can be found in Sup-
plementary Table 4. Pairs of oligonucleotides were ordered (Sigma-
Aldrich) and annealed, followed by cloning in the BbsI-digested
pSpCas9(BB)-2A-GFP (PX458) (Addgene, #48138) and the pU6-(BbsI)
_CBh-Cas9-T2A-mCherry (Addgene, #64324) vectors. Neonatal, 1-year-
old and 10-year-old HDFs were seeded in 6-well plates and transfected
with 250–500ng of each plasmid per well using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s instructions. After 72 h,
cells were sorted in a FACSAria II cell sorter (BD Biosciences) using an
85μm nozzle and the blue (488 nm) and yellow/green (561 nm) lasers.
Cells were gated by forward scatter area (FSC-A) vs. side scatter area
(SSA-A) and FSC-A vs. FSC-height (FCS-H) plots to exclude dead cells
and doublets/clumps, respectively. The gates were established based
on the autofluorescence of mock controls. 500-2000 GFP and
mCherry double-positive cells were collected into 96-well plates to
establish polyclonal cell cultures. A similar number of non-transfected
(mock) cells and cells transfected with the empty vectors (Cas9) were
always sorted, collected, and grown in parallel to the CRISPR/Cas9-
targeted cells. When reaching 75%-95% cell confluency, cells were
consecutively transferred to a 48-well, 12-well, 6-well plate and ulti-
mately to a T25 flask, from which cells were used for DNA extraction
and genotyping, RNA extraction and RT-qPCR analysis, immunostain-
ing assays, SA-β-gal activity assay and live-cell imaging.

Genotyping
CRISPR/Cas9-mediated genomic deletions were validated in the cul-
tures used for the phenotypic analyses described below. Resuspended
cellswerewashedwith 10mMTris-HCl pH8, incubated in Tris buffer at
99 °C for 15min, and treated with 1 µg/µL proteinase K at 56 °C for
30min, followed by proteinase K inactivation at 95 °C for 10min. The
extracted DNA was used for genotyping with iMax-II DNA Polymerase
(INtRON) following the manufacturer’s instructions and adjusting the
extension time for each locus.Mock cells and cells transfectedwith the
empty vectors were genotyped in parallel. Primers used are listed in
Supplementary Table 5. Efficient deletion of the different loci was
determined by the presence of an amplicon with the expected size
with a TAE agarose gel, as shown in Supplementary Fig. 4b. Deletion of
C10-P2 was further confirmed by Sanger sequencing, as shown in
Supplementary Fig. 4c.

Real-time quantitative PCR
Total RNA was extracted using TRIzol reagent (Invitrogen), treated
withDNAse I (ThermoScientific), andprecipitatedwith sodiumacetate
in ethanol. iScript Synthesis Kit (Bio-Rad) was used for cDNA synthesis.

RT-qPCR was performed with iTaq Universal SYBR Green Supermix
(Bio-Rad) in a CFX96 or a CFX384 Touch Real‐Time PCR Detection
System (Bio-Rad) according to the manufacturer’s instructions. Pri-
mers used are listed in Supplementary Table 6. Data were analyzed
using the CFX Maestro software (Bio‐Rad). Non-reverse transcribed
andblank controlswere included. Three technical replicateswere used
per target gene. Expression was normalized to the TBP and HPRT1
housekeeping genes, and different experimental samples were nor-
malized to the mean expression of the control samples. The samples
were comparedwith anunpaired Student’s t testusingGraphPadPrism
8 (*p-value ≤0.05, **p-value ≤0.01, ***p-value ≤0.001, ****p-
value ≤0.0001).

Immunostaining
Cells were seeded 2-3 days before fixation in 8-well µ-slides (Ibidi) or
96-well CellCarrier Ultra microplates (PerkinElmer). When at 75-95%
confluency, were fixed in 4% paraformaldehyde (Electron Microscopy
Sciences) in PBS for 15min, permeabilized with 0.3% Triton-X100 in
PBS for 7min, washed 3 times in 0.05% Tween 20 in PBS (PBS-T) for
5min, blocked in 10% fetal bovine serum (FBS) in PBS-T for 1 h at RT
and incubatedwith primary antibodies in 5% FBS in PBS-T, overnight at
4 °C. The primary antibodies used in this study were anti-Ki67 (8D5,
#9449, Cell Signaling, at 1:500), anti-53BP1 (#4937, Cell Signaling, at
1:500), anti-p21 (F-5, sc-6246, Santa Cruz, 1:800) and anti-p16INK4a
(ab7962, Abcam, at 1:200). After washing 3 times in 0.05%Tween 20 in
PBS (PBS-T) for 5min, cells were incubated with secondary antibodies
in 5% FBS in PBS-T, at 1:1500, for 45min at RT. The secondary anti-
bodies used in this study were anti-rabbit Alexa 488 and anti-mouse
Alexa 568 (Life Technologies). Samples were then washed 5 times in
PBS-T for 5min, counterstained with DAPI (Sigma-Aldrich, at 1:1000)
for 10min at RT andwashed in PBS for 5min. Imageswereacquired in a
Leica DMI6000 B (Leica Microsystems) equipped with a Hamamatsu
FLASH4.0 (Hamamatsu) camera. Images were then analyzed using Fiji
– ImageJ (v1.52p, Java 1.8.0)117. Each data point in the graphs corre-
sponds to an independent polyclonal population, of which 500-1200
cells were quantified. The samples were compared by unpaired Stu-
dent’s t test using GraphPad Prism 8 (*p-value ≤0.05, **p-value ≤0.01,
***p-value ≤0.001, ****p-value ≤0.0001).

SA-β-gal activity assay
Cells were seeded 3 days before the assay. Cells were incubated with
100nM Bafilomycin A1 (Sigma-Aldrich) for 90min, to induce lysoso-
mal alkalinization. The fluorogenic substrate for β-galactosidase,
DDAOG (Setareh Biotech), was then added to the cell culture to a final
concentration of 10 µMand cellswere incubated for 90min. Cells were
then analyzed in a flow cytometry system, namely the FACSAria II cell
sorter (BD Biosciences) using an 85μm nozzle and the red (633 nm)
laser. All cells within an experiment were detected using the same
voltage settings. Cells were gated by forward scatter area (FSC-A) vs.
side scatter area (SSA-A) and FSC-A vs. FSC-height (FCS-H) plots to
exclude dead cells and doublets/clumps, respectively. The gates were
established based on the autofluorescence of non-treated cells.
Around 30000-100000 singlets were analyzed per sample. Analysis of
FACS data was done using FlowJo v10 software (FlowJo, LLC). The
samples were compared by unpaired Student’s t-test using GraphPad
Prism 8 (*p-value ≤0.05, **p-value ≤0.01, ***p-value ≤0.001, ****p-
value ≤0.0001).

Time-lapse live-cell imaging
Cells were seeded 24 h before image acquisition in 4-well or 8-well µ-
slides (Ibidi). Cells were kept under controlled temperature, CO2 and
humidity levels during the experiments andwere at 50-75% confluency
when imaged. Image acquisition took6–12 h and eachfieldwas imaged
every 2.5–4min. Time-lapse images were either acquired in a Leica
DMI6000 B (Leica Microsystems) or in a Nikon TI (Nikon) inverted
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microscope, equipped with the cameras Hamamatsu FLASH4.0
(Hamamatsu) or Andor iXon 888 (Andor), respectively. Images were
then analyzed using Fiji – ImageJ (v1.52p, Java 1.8.0)117. Mitotic duration
was determined as the time (min) from nuclear envelop breakdown
(NEB) to anaphase onset (AO). The populations were compared by
unpaired Student’s t-test using GraphPad Prism 8 (*p-value ≤0.05,
****p-value ≤0.0001).

Statistical analysis
Details about statistical analysis and software used can be found in
figure legends and respective method descriptions. Values represent
mean± SD. Statistical analysis was performed with GraphPad Prism 8.
Regardless of the statistical test, the statistical significance threshold is
represented as follows: *p-value ≤0.05, **p-value ≤0.01, ***p-value ≤
0.001, ****p-value ≤0.0001. Exact p-values and n for all analysis are
provided in the Supplementary Data file and/or the Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The ATAC-seq and 4C-seq sequencing data, as well as the ATAC-seq
peaks, generated in this study have been deposited in the European
Nucleotide Archive (ENA) at EMBL-EBI under the accession number
PRJEB46917. The accessionnumber anddescriptionof eachdataset are
available in the Reporting Summary file. Other previously published
ATAC-seq data reanalyzed in this study are available at EMBL-EBI under
the accession number PRJNA439280, particularly runs SRR6870410,
SRR6870411, SRR6870428, SRR6870432, SRR6870433 and
SRR6870434. Source data are provided with this paper.
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