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The integration of environmental cues into cellular programs is crucial for cell function. 
Yet, how this integration is modulated due to cellular aging remains unclear. We propose 
that the 3D chromatin organization filters these signals and investigated how age-related 
chromatin changes in human dermal fibroblasts affect responses to mechanical tension 
and TGF-β. Young fibroblasts exhibited synergistic gene expression enhancement in 
response to combined stimuli, a response that was markedly blunted or divergent in 
aged cells. These distinct outcomes correlated with significant age-related differences 
in chromatin accessibility. We identified the AP-1 complex and other transcription 
factors with age-specific activity as pivotal in remodeling chromatin and orchestrating 
these divergent mechanochemical responses during cellular aging. We validated that 
disrupting AP-1 activity inhibits fibroblast activation by preventing JUNB recruitment 
to the transcription machinery. Our findings establish chromatin as a key integrator of 
mechanochemical signals and characterize the age-related alterations to this integration 
that modify the cellular responsiveness of aged cells, highlighting AP-1 and its network 
as potential therapeutic targets against age-related decline.

cellular aging | TGF-β signaling | mechanotransduction | 3D chromatin | gene expression

 A major complication to the study of biology is the vast heterogeneity that exists on the 
cellular level. In fact, it is a well-recognized biological observation that even cells of the 
same type can exhibit distinct and varied responses when subjected to an identical stim-
ulation (1, 2). This inherent cell-to-cell variability in responsiveness is not simply random 
noise but a fundamental characteristic of biological systems, influencing processes from 
development to disease (3, 4). However, the precise molecular mechanisms that govern 
this fundamental behavior and dictate such differential outcomes remain incompletely 
understood, presenting a significant challenge in comprehending cellular decision-making 
and function.

 In the context of aging, this cellular heterogeneity often becomes more pronounced, 
with aging cells frequently displaying distinct gene expression responses to the same signals 
compared to their younger counterparts (5). Numerous studies have indicated that the 
aging process can lead to functional declines in critical cellular signaling pathways (6–9). 
In part, this is because cellular aging is strongly associated with substantial alterations in 
chromatin, encompassing changes to local chromatin structures (10, 11), shifts in 
higher-order chromatin organization (12, 13), and widespread epigenetic modifications 
(14, 15). These age-related epigenetic changes and remodeling of chromatin architecture 
are increasingly implicated as key contributors to the altered transcriptional landscapes 
and functional responsiveness observed in aging cells (16, 17).

 In concert with these genomic shifts in aging, our foundational work has demonstrated 
that cellular gene expression programs are significantly influenced by distinct geometric 
constraints, even within the same cell type (18). This was further corroborated by findings 
that TNFα elicited disparate gene expression profiles in cells on different geometric sub-
strates, underscoring a mechanical state dependency in cytokine signaling responses (19). 
This is true not only for cells in different synthetic mechanical states but also for cells in 
native environments, as cells in different locations throughout the ECM experience dif-
ferent mechanical environments. We explored whether these intrinsic cellular mechanical 
state differences are reflected in geometry-sensitive nuclear morphology and chromatin 
organization, and found that they modulate fibroblast activation in 3D environments 
(20). Finally, we expanded these investigations into the heterogeneity of cell responses to 
include pathological states in the tumor microenvironment (21), and showed that mechan-
ical stress synergizes with cytokine signaling to augment inflammation and induce chro-
matin reorganization (22). However, the fundamental mechanics governing these observed 
phenomena require further clarification, particularly in the context of cellular aging.
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 Addressing this gap, we hypothesize that the 3D organization of 
chromatin acts as a crucial signaling filter, thereby dictating the spec-
ificity of these differential outcomes. We propose that this structural 
gatekeeping at the chromatin level—for instance, by modulating the 
accessibility of key gene regulatory elements to signaling-activated 
transcription factors (TFs)—could elucidate how broadly acting 
environmental cues are translated into precise and context-specific 
cellular programs. This framework is particularly relevant as 3D 
chromatin architecture is known to undergo substantial remodeling 
during cellular aging. Therefore, our study aimed to elucidate how 
putatively altered chromatin filters in aging cells contribute to their 
distinct responses to mechanical and growth factor signaling, man-
ifesting as divergent gene expression patterns.

 In this study, we embedded human dermal fibroblasts from 
different age groups into 3D collagen matrices and subjected them 
to mechanical tension and/or TGF- β signals. Our findings revealed 
that young cells, in line with previous findings, displayed a more 
vigorous reaction to TGF- β, as evidenced by the activation of a 
greater number of genes, predominantly enriched in pathways 
related to extracellular matrix (ECM) organization and TGF- β 
signaling. Importantly, we found that matrix tension enhanced 
TGF- β stimulation in young cells, a response that was not observed 
in older cells. We identified that Activator Protein 1 (AP-1) plays 
a pivotal role in the chromatin accessibility remodeling induced 
by TGF- β and aging, while other age-specific responses are 
induced through interactions with TFs exhibiting age-specific 
activity. Collectively, our findings provide compelling evidence 
that chromatin states, functioning as dynamic signaling filters, 
play a crucial role in regulating nuclear mechanotransduction and 
gene expression responses to combined mechanical and biochem-
ical stimuli. This study underscores how age-related alterations in 
chromatin contribute to divergent cellular behaviors and identifies 
AP-1 and age-specific interacting TFs as promising targets for 
therapeutic interventions and rejuvenation strategies aimed at 
mitigating the functional declines associated with aging. 

Results

Aging Differentiates Fibroblasts’ Response to Matrix Tension. To 
investigate whether the cellular response to mechanical stimulus 
is age dependent, we seeded fibroblasts from two age groups, i.e., 
10 y old (Y: Young) and 75 y old (O: Old), within 3D collagen 
gels. Mechanical tension was applied to the gels through a glass 
ring, which prevented the gel from shrinking, and the cellular 
responses were measured (Fig. 1A and SI Appendix, Fig. S1A). 
Without mechanical tension, the collagen gels gradually shrank (in 
the relaxed, without ring groups), while constraining the matrix 
with the glass ring (in the tensed, with ring groups) stopped 
the gels from shrinking (SI Appendix, Fig. S1B). Fibroblasts in 
the tensed conditions experienced higher matrix tension due to 
the fact that cells were experiencing higher counterforce from 
the collagen fibers that the fibroblasts intended to pull during 
spreading or migration. We compared the phenotypic changes of 
young and old fibroblasts under this mechanical tension for short-
term (3.5 h) and long-term (24 h and 48 h) periods. The tensed 
matrix caused by the glass ring did not lead to apoptosis after 24 
h, as evident by the low level of DRAQ7 staining (SI Appendix, 
Fig.  S1C); meanwhile, it induced higher Ki67 expression 
(SI Appendix, Fig. S1D), indicating that cells in the tensed group 
are in a more proliferative state. pMLC was elevated in both age 
groups when cells sensed the tensed matrix for 3.5 h (SI Appendix, 
Fig. S1E), indicating higher cellular contraction than in the relaxed 
condition. Mechanical tension for 3.5 h also induced alterations in 
histone modifications, including the upregulation of H3K9me3, 

H3K27me3, and HP1a in both age groups, and reduction of 
H3K27ac in young cells (SI Appendix, Fig. S1 F–I), showing the 
potential for gene expression alterations.

 To further investigate the cellular response to alterations of mechan-
ical stimulus, we removed the glass ring from the 24 h tensed matrix 
(called the released group). Old cells retained contractility after being 
released from the tensed matrix, with pMLC expression similar to 
that of cells that had been in the tensed matrix for 48 h (Fig. 1B and 
SI Appendix, Fig. S1J). For the old cells, among the four histone mod-
ification markers we tested, H3K9me3, H3K27ac, and HP1a levels 
were maintained while H3K27me3 decreased after releasing the 
matrix tension. However, cell contraction and H3K9me3, H3K27ac, 
and HP1a levels decreased, while H3K27me3 levels were maintained 
in young cells once the ring was removed and matrix tension was 
released (Fig. 1B and SI Appendix, Fig. S1 K–N).

 A LDA model based on chromatin texture and nuclear mor-
phometric features (20) revealed that aging, in addition to matrix 
tension, impacted the cell states and cell response in each condi-
tion (Fig. 1C). These features showed a distinct shift in how the 
different aged cells responded when the ring was removed from 
the tensed matrices. All old cells, both those in the tensed matrix 
and those in the released matrix, clustered closely together, indi-
cating that old cells did not experience an obvious change in their 
cell state once matrix tension was released. However, young cells 
in the released matrix clustered away from young cells in the tensed 
matrix, indicating that releasing matrix tension caused young cells 
to alter their cell states and change their behavior (Fig. 1D).

 To further understand the state of these cells and how this might 
impact cell behavior, we performed unsupervised feature clustering 
(combining the nuclei from all of the cellular conditions) and found 
that the cells separated into four clusters based on nuclei size, shape, 
and heterochromatin content (HC) (SI Appendix, Fig. S2 A, B, and 
D). The first cluster (Large, HC low) involved nuclei with large pro-
jected area and low HC; the other three clusters involved nuclei with 
small projected area while differing in nuclear circularity (Small, 
Circular, HC low), elongation (Small, Elongated, HC low), and HC 
(Small, HC high). The fraction of these four clusters within each group 
(combination of matrix tension and age) varied by group (SI Appendix, 
Fig. S2C). Matrix tension did not change the nuclear aspect ratio, but 
old cells increased their nuclear elongation when matrix tension was 
released, and young cells decreased their nuclear circularity when 
matrix tension was released (SI Appendix, Fig. S2 E–G). The nuclear 
projected area was elevated in both old and young cells in the tensed 
matrix, while it decreased in old cells but remained constant in young 
cells when tension was released (SI Appendix, Fig. S2H). The different 
nuclear shapes between old and young cells suggest that aged cells 
respond differently to alterations in matrix tension. Thus, matrix ten-
sion variation induces differential histone modifications and nuclear 
morphological dynamics in young and old fibroblasts.

 To determine what functional changes are induced by these dif-
ferential cell states, we then checked the gene expression of fibro-
blasts in the relaxed and tensed matrices at the 24 h timepoint via 
bulk RNA-seq. Differentially expressed (DE) genes (adj.P  value < 
0.01, |log2FoldChange| > 1) gained from all pairwise comparisons 
(6 comparisons among four biological samples) could be hierarchi-
cally clustered into groups based on the gene expression alteration 
due to aging and/or mechanical stimulus (Fig. 1E). There were 
clusters of genes that did not respond significantly to matrix tension 
and were only highly expressed in either the young or old cells, 
indicated as Young-specific or Old-specific, respectively. The 
remaining gene clusters were affected by matrix tension. These genes 
could be further divided into age-specific subgroups that were ele-
vated by matrix tension (Tension-UP-O and Tension-UP-Y) or 
suppressed by matrix tension (Tension-DW-O and Tension-DW-Y). 
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The Young-specific genes were enriched in pathways related to devel-
opmental programmes and small GTPase activity, while Old-specific 
genes were enriched in limb morphology and BMP pathways 
(SI Appendix, Fig. S2I). Tension-UP-Y genes were enriched in pro-
liferation pathways, while Tension-UP-O genes were enriched in 
cell migration and protein synthesis. Tension-DW-Y genes were 
enriched in cell morphogenesis, and Tension-DW-O genes were 
enriched in ECM organization and immune response. These find-
ings indicate that young fibroblasts adapted to the tensed matrix 
more likely via increasing proliferation, while old fibroblasts adapted 
by elevating cell migration. Overall, aging-induced variations in the 
gene profile of fibroblasts led to divergent cellular responses to the 
same mechanical stimulus.  

Matrix Tension Promotes Young Fibroblasts’ Response to TGF-β. 
As the cellular age resulted in differential responses to mechanical 
stimuli, we next introduced TGF-β to investigate if aging would 
also influence the fibroblast response to the same biochemical 
external stimulus, both with and without matrix tension. We 
performed a parametric study to examine the effects of age (Y: 
young or O: old), tension (R: tensed or N: relaxed), and TGF-β 

treatment (T: TGF-β or C: control). In the canonical TGF-β 
pathway, Smad2 and Smad3 are phosphorylated and translocated 
into the nucleus to further induce fibroblast differentiation into 
myofibroblasts and modulate the ECM (23). In both young 
and old fibroblasts, TGF-β increased nuclear phospho-Smad2 
(pSmad2) and phospho-Smad3 (pSmad3) levels, showing that 
fibroblasts of both age conditions were stimulated (Fig. 2A and 
SI Appendix, Fig. S3A). To verify the activation levels of the TGF-
β-treated fibroblasts, we measured myofibroblast markers (aSMA, 
F-actin) and ECM markers (COL1A1, FN1). Both age groups 
showed higher levels of these proteins with TGF-β treatment. 
In addition, young cells exhibited higher activation in response 
to TGF-β compared to old cells, with a greater elevation in the 
expression of aSMA, F-actin (Fig. 2B and SI Appendix, Fig. S3B), 
and COL1A1 (Fig. 2C and SI Appendix, Fig. S3C). In addition, 
single-cell correlation analysis in young fibroblasts shows high 
Pearson correlations between COL1A1 and α-SMA intensity, 
and between F-actin and COL1A1 intensity (SI  Appendix, 
Fig. S12). This coincident expression suggests that the synergistic 
response in young cells is driven by tightly coupled mechanical 
and biochemical activation at the single cell level. However, the 
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Fig. 1.   Aging differentiates fibroblasts’ response to matrix tension. (A) Tension-stimulus experimental setup. Human dermal fibroblasts from two age groups 
(young: 10 y, Y; old: 75 y, O) are seeded separately in collagen gel, followed by tension stimulus (addition of a mechanical ring). R: tensed matrix with ring; N: 
relaxed matrix without ring; −R: released matrix with ring removal at 24 h. (B) Heatmaps of mean normalized protein marker expression, scaled by row. Values 
are normalized by ON_24h for old and YN_24h for young cells. Unscaled values are in SI Appendix, Fig. S1. (C) Linear discriminant analysis (LDA) of nuclear 
features of fibroblasts in relaxed or tensed matrix for 3.5 h. Each dot represents one nucleus. (D) LDA plot with kernel density estimation showing the nuclear 
clustering density map of fibroblasts in tensed or released matrices for 24 h and 48 h. (E) Hierarchical clustering of gene expression of fibroblasts in tensed 
or relaxed matrices for 24 h. The values are the scaled log2(RPM+1) of all DE (differentially expressed, adj.P value <0.01, |log2FoldChange| > 1) genes from 6 
pairwise comparisons, i.e., OR vs. ON, OR vs. YN, OR vs. YR, ON vs. YN, ON vs. YR, YR vs. YN. RPM: reads per million.

http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials


4 of 12   https://doi.org/10.1073/pnas.2522217123� pnas.org

fibroblasts from the 96-y-old group showed no increase in aSMA, 
while middle-aged (39 y old) cells displayed moderate elevation 
of aSMA after TGF-β treatment, further supporting this finding 
(SI Appendix, Fig. S3D). We then checked the gene expression 
among age and treatment (TGF-β and matrix tension) conditions 
using bulk RNA-seq to understand how aging influences cellular 
responses. A principal component analysis (PCA) of the top 
2,000 most variable genes revealed that gene expression is 
separable by age, TGF-β, and matrix tension, with substantial 

differences between dual-stimulated young cells (YRT) and the 
other treatment groups (Fig. 2D). We checked how the DE genes 
from Tension-stimulus conditions varied in the Tension/TGF-
β-stimuli conditions (Fig. 2E), and interestingly found that age 
specificity was maintained (e.g., COMP, HOXB13, IL7, IL1RAP 
expressed higher in old, and EGFR, ADAMTS1, FBN2, TCF21 
expressed higher in young cells, regardless of the Tension/TGF-β 
treatments). Among the 1,124 upregulated genes in the YRT 
vs. YRC comparison group, 208 genes overlapped with the 323 

Fig. 2.   Matrix tension promotes young fibroblasts’ responses to TGF-β. (A–C) Violin plots of normalized fibroblast protein markers in tensed matrix with/
without TGF-β. (A) phospho-Smad2 (pSmad2, n = 3) and phospho-Smad3 (pSmad3, n = 3), (B) alpha-smooth muscle actin (aSMA, n = 6) and F-actin (n = 5), (C) 
COL1A1(n = 5) and FN1(n = 3). Fibroblasts in tensed matrix without TGF-β (CTRL) and with TGF-β (TGF-β). Expression values are normalized to CTRL means. All 
data points are shown; quartiles are indicated. P-values are from two-sided Wilcoxon tests. (D) First (x-axis, PC1) and second (y-axis, PC2) components of a PCA 
of RNA-seq data from fibroblasts in Tension/TGF-β-stimulus conditions. NC: with neither tension nor TGF-β stimulus; NT: without tension, with TGF-β stimulus; 
RC: with tension, without TGF-β stimulus; RT: with tension and TGF-β stimulus. Eight conditions with two biological replicates. (E) Gene expression heatmap 
of overlapped DE genes in Tension-stimulus conditions (from Fig. 1E) and Tension/TGF-β-stimulus conditions. Clusters are consistent with those from Fig. 1E; 
gene expression values are the scaled log2(RPM+1) in Tension/TGF-β-stimulus conditions. Listed genes are O-specific (blue) and Y-specific genes (pink). (F) 
Venn diagrams showing overlap of TGF-β-induced upregulated genes (adj.P value < 0.01, log2FoldChange > 1) between tensed (R) and relaxed (N) conditions. 
YRT vs. YRC: upregulated genes in YRT vs. YRC; YNT vs. YNC: upregulated genes in YNT vs. YNC; ORT vs. ORC: upregulated genes in ORT vs. ORC; ONT vs. ONC: 
upregulated genes in ONT vs. ONC. (G and H) Scatter plots of TGF-β-induced DE genes in (G) young and (H) old cells with tension (x-axis) and without tension 
(y-axis). Colors are used to separate genes located in different coordinate zones (Zone).
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upregulated genes in the YNT vs. YNC comparison; among the 
229 upregulated genes in the ORT vs. ORC comparison, 183 
genes overlapped with the 386 upregulated genes in the ONT 
vs. ONC comparison, suggesting that mechanical tension has less 
of an impact on the signaling response of old cells than of young 
cells (Fig. 2F); likewise, a greater effect of tension on young cells 
compared to old cells was observed in the downregulated genes 
as well (SI Appendix, Fig. S3E).

 Scatter plots further distinguished how matrix tension influ-
enced young and old fibroblasts’ responses to TGF- β (Fig. 2 G 
and H). TGF- β changed a larger number of genes in young cells 
(Fig. 2G, 600 DE genes in YNT vs. YNC; 2,128 DE genes in 
YRT vs. YRC) than old ones (Fig. 2H, 738 DE genes in ONT vs. 
ONC; 391 DE genes in ORT vs. ORC). In both young and old 
cells, there was a portion of genes regulated by TGF- β in the same 
direction, no matter which matrix conditions the cells resided in 
(genes in Zones 1 and 2). Other genes responded to TGF- β only 
in the tensed matrix (genes in Zones 3 and 4), and some responded 
only in the relaxed matrix (genes in Zones 5 and 6). In young 
cells, significantly more genes were activated only when the cells 
were in the tensed matrix, which means that TGF- β activated 
more genes under tensed conditions in young fibroblasts than in 
old fibroblasts.

 Genes upregulated by matrix tension without TGF- β in young 
cells were enriched in proliferation-related pathways (SI Appendix, 
Fig. S4B), aligning with the results from Tension-UP-Y gene cluster 
in Fig. 1E and SI Appendix, Fig. S4. The introduction of TGF- β 
to these matrices of young cells showed that TGF- β induced ECM 
organization and TGF- β response pathways in both the relaxed 
and tensed matrices (SI Appendix, Fig. S4 A and D), with the tensed 
matrix further promoting responses in these pathways (SI Appendix, 
Fig. S4C). Among the genes that are highly upregulated by TGF- β 
in young cells with tension were many ECM genes, including the 
metalloproteinase such as MMP2, MMP13, MMP14, ADAM19, 
ADAM11, ADAMTS7, ADAMTS16, ADAMTS2, ADAMTS4, 
and collagens such as COL4A1, COL4A2, COL9A2, COL1A2, 
COL16A1, COL5A1, COL7A1, COL1A1 (SI Appendix, 
Fig. S3F). TGF- β treatment in old cells primarily induced meta-
bolic and developmental pathways in the relaxed matrix 
(SI Appendix, Fig. S4E), while the tensed matrix promoted more 
collagen fiber organization processes responding to TGF- β 
(SI Appendix, Fig. S4H) and stress response pathways (SI Appendix, 
Fig. S4 F and G). Thus, the tensed matrix enhanced young fibro-
blasts’ responses to TGF- β compared to old fibroblasts by activating 
more genes and promoting ECM organization and TGF- β response 
processes.

 We examined variations in the expression of epigenetic modi-
fiers, identifying aging-specific ones, such as NPAS2, MBNL3, 
BARD1, and CELF2, which were more upregulated in young 
cells, and PARP3 and SMYD3, which were more upregulated in 
old cells. Additionally, we found tension-responding modifiers 
that were upregulated in both cell types within the tensed matrices, 
including DNMT1, PRDM16, HR, RAD51, HELLS, and 
ATAD2 (SI Appendix, Fig. S3G). For instance, RAD51 and 
HELLS were upregulated in both cell types within the tensed 
matrix, which may be attributed to the role of RAD51 in homol-
ogous recombination and the protection of stressed DNA (24), 
as well as the role of HELLS in DNA repair and maintaining 
genome stability (25). BARD1 exhibits higher expression in young 
cells compared to old cells, potentially aiding DNA repair and 
calcium signaling more effectively in young cells (26, 27). On the 
contrary, SMYD3, which was higher in old cells, could promote 
senescence-associated phenotypes (28). Similar phenotypes were 
observed in adhesome genes (SI Appendix, Fig. S3H). The 

young-specific gene DLC1 is noted as an attenuator for Rho-GTP 
activation, which aligns with the enrichment of Rho-GTP path-
way in young cells (29, 30). Additionally, SDC4 is identified as a 
gene responsive to force, aligning with findings that SDC4 adjusts 
cellular mechanics in reaction to local tension by activating the 
kindlin-integrin-RhoA pathway (31). Additionally, an age-specific 
response was evident in the expression of target genes for Smad2, 
Smad3, and Smad4, which are key TFs of TGF- β signaling; more-
over, tension itself induced variation in the expression of these 
target genes (SI Appendix, Fig. S3I). A similar observation was 
found for TFs and mechanical stimulus-related genes (SI Appendix, 
Fig. S3 J and K). Some mechanical stimulus-related genes were 
involved in TGF- β signaling (i.e., MMP2, JUN, MMP14, 
COL1A1, TGFB1, JUND, FOS, FOSL1, SOX9). The age spec-
ificity of epigenetic modifiers, adhesomes, Smad 2/3/4-target 
genes, and TFs, as well as the mechanical stimulus-related genes, 
may contribute to the tension-promoted response of fibroblasts 
to TGF- β.  

Age-Specific Gene Sets Get Activated by TGF-β in Young and 
Old Fibroblasts. Given that fibroblasts commonly experience 
the interplay of biochemical and mechanical stimuli, we further 
focused on how TGF-β stimulus affects cells in the tensed matrix. 
192 genes (Zone 1) were upregulated, and 120 genes (Zone 
2) were downregulated in both young (YRT) and old (ORT) 
fibroblasts after TGF-β treatment (Fig. 3A). In the YRT condition, 
938 genes (Zone 3) were upregulated, while 884 genes (Zone 4) 
were downregulated, with no significant fold change observed 
in ORT. In comparison, 56 genes (Zone 5) were upregulated 
and 57 genes (Zone 6) were downregulated in ORT, showing no 
significant changes in YRT (Fig. 3A). Among the 938 upregulated 
genes in young fibroblasts, we found that 855 were responsive 
to TGF-β only in the tensed matrix, not in the relaxed matrix 
(Fig. 3B, comparing Fig. 2G, Zone 3 and Fig. 3A, Zone 3). This 
highlights that matrix tension enhances the response of young 
cells to TGF-β.

 Comparing the four tensed matrix conditions (i.e., YRT, YRC, 
ORT, and ORC), we further identified 507 genes with the highest 
expression and 348 genes with the lowest expression in YRT 
(Fig. 3C). In contrast, fewer than 40 genes were highly expressed 
in each of the other three conditions, with 348 genes shared 
among them. Thus, TGF- β regulated many genes that were 
uniquely responsive in young fibroblasts in the tensed matrix. To 
further investigate the expression changes of genes upregulated by 
TGF- β, we identified six clusters that differentiate the aging 
response to TGF- β through hierarchical clustering (SI Appendix, 
Fig. S5A). Cluster 1 and 4 genes, including COL1A1, LIMK2, 
TGFB1, FOXJ2, LTBP3, and SKI, were activated by TGF- β only 
in young cells; Cluster 2 and 3 genes, including JUNB, SOX9, 
CCN2, and ELN, responded to TGF- β in both young and old 
cells; and Cluster 5 and 6 genes, including LIMS1, ID4, ASPN, 
and PITX2, were elevated by TGF- β only in old cells (SI Appendix, 
Fig. S5 B and C).

 To understand the functions of these altered genes, we per-
formed a pathway enrichment network analysis (32) for upregu-
lated and downregulated genes from YRT vs. YRC and ORT vs. 
ORC (Fig. 3D and SI Appendix, Fig. S5 D and E). Upregulated 
genes in both YRT and ORT were most enriched in ECM regu-
lation and TGF- β response pathways (Fig. 3D and SI Appendix, 
Fig. S5D and Datasets S1 and S2). In YRT, upregulated genes 
were also enriched in developmental pathways, actin organization 
pathways, and mechanical stimulus response pathways, which 
were rarely found in ORT. Downregulated genes were not as func-
tionally enriched as upregulated genes (SI Appendix, Fig. S5E and 
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Dataset S3 and S4). Considering TGF- β is an important factor 
for ECM modulation and fibroblasts are key regulators of the 
ECM in the skin, these results indicate that the upregulated genes 
in young fibroblasts were important for fibroblast function and 
required for maintenance of tissue homeostasis. Therefore, the 
genes enriched in ECM regulation and TGF- β response pathways 
were identified as key genes associated with the aging effect. 
Consistently, more genes in YRT were enriched in these two cat-
egories than in ORT, with more upregulated genes than down-
regulated genes in both YRT and ORT (Fig. 3 E and F). Though 
some pathway-related genes were responding in the same direction 
in both young and old cells, more genes only responded in young 

cells (SI Appendix, Fig. S5F). For instance, ACTA2, which encodes 
aSMA, was upregulated in both young and old cells, while some 
ECM and TGF- β response genes (e.g., COL1A1, FN1, MMP13, 
TGFB1, LTBP2) were only upregulated in young cells. Therefore, 
the stimulation of fibroblasts by TGF- β demonstrated a significant 
age bias.  

TGF-β and Age Affect Chromatin Accessibility. To understand 
the chromatin states of young and old fibroblasts, we performed 
ATAC-seq on fibroblasts in the tensed matrices, both with and 
without TGF-β treatment. We focused our chromatin accessibility 
profiling on fibroblasts in tensed matrices, as mechanical tension 

Fig. 3.   Age-specific gene sets get activated by TGF-β in young and old fibroblasts. (A) Scatter plots of TGF-β-induced DE genes in young (x-axis) and old (y-axis) 
cells with tension. Colors are used to separate genes located in different coordinate zones (Zone). (B) Venn diagram showing the overlap of Tension_promoted 
genes (genes in Zone 3 of Fig. 2G) and Age_effect genes (genes in Zone 3 of Fig. 3A). (C) Upset plot showing overlaps among upregulated genes in YRT, YRC, ORT, 
and ORC conditions. Upregulated genes in each condition are DE genes with log2FoldChange > 1 relative to the other three conditions. (D) Enrichment pathway 
network showing pathways from upregulated genes in YRT vs. YRC and ORT vs. ORC. Each dot represents an enriched pathway; colors: pathway involving 
upregulated genes in YRT vs. YRC (red), ORT vs. ORC (blue), or both comparisons (red and blue). Edge: gene overlap between pathways, with thickness indicating 
the Jaccard Overlap. Selected pathway clusters are shown; details in Datasets S1 and S2. (E and F) Volcano plots of DE genes in (E) YRT vs. YRC and (F) ORT vs. 
ORC with ECM organization and TGF-β pathways genes labeled in yellow. Red dots: upregulated genes in YRT vs. YRC; blue dots: upregulated genes in ORT vs. 
ORC; black dots: downregulated genes; yellow dots: pathway genes; gray dots: non-DE genes.

http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2522217123#supplementary-materials


PNAS  2026  Vol. 123  No. 13 e2522217123� https://doi.org/10.1073/pnas.2522217123 7 of 12

is a prerequisite for TGF-β-mediated myofibroblast differentiation 
and best recapitulates the physiological mechanical environment. 
PCA of the ATAC-seq results revealed substantial differences in 
the chromatin landscapes of young and old fibroblasts, as well as 
between those treated with TGF-β and those without (Fig. 4A). 
The first principal component (PC1) consistently reflected changes 
induced by TGF-β treatment in both young and old cells, while 
the second principal component (PC2) distinguished between 
young and old cells, regardless of TGF-β treatment. Most ATAC-
seq peaks were within 1 kb width and were annotated to only 
one gene (SI  Appendix, Fig.  S6 A and B). More than 97% of 
peaks were within 200 kb distance to a TSS (transcription start 
site): 31.77% of peaks were within 2 kb distance, 36.4% within 
2 to 20 kb, 29.59% within 20 to 200 kb (SI Appendix, Fig. S6 
C and D). To relate gene expression and chromatin accessibility, 
we correlated the RNA-seq expression data and ATAC-seq peak 
data (Fig. 4B). Some genes were highly positively correlated in 
both young and old cells, such as FN1, COL1A2, and COL4A2. 
Additionally, some genes with open peaks in both young and old 
cells exhibit gene upregulation only in young or old cells, such 
as COL1A1, which is upregulated in young cells (SI Appendix, 
Fig. S6E). This suggests the possibility of diminished activity or 
recruitment efficacy of critical TFs at these open loci, underscoring 
the need to dissect the specific differences in TF activity between 
young and old fibroblasts.

 To comprehensively analyze the alterations in chromatin acces-
sibility, we concentrated on the differentially accessible chromatin 
regions (DACRs). DACRs were predominantly found in intronic 
and intergenic regions, situated more than 25,000 bp away from 
the nearest TSS (SI Appendix, Fig. S6 F and G). This emphasizes 
the importance of distal regulatory elements in distinguishing and 
potentially regulating age-related TGF- β responses and senes-
cence. The vast majority of DE genes (3,131 out of 3,476) were 
associated with open peaks (SI Appendix, Fig. S6H), and nearly 
half (1,648 out of 3,476) of the DE genes were associated with 
DACRs (SI Appendix, Fig. S6I). Within the DACRs identified 
from a total of eight pairwise comparisons, several categories 
encompass more than 1,500 DACRs (SI Appendix, Fig. S6J). 
Notably, these categories included DACRs induced by TGF- β 
treatment across both age groups (TGF- β-induced more accessible 
regions: TGF- β_up, and TGF- β-induced less accessible regions: 
TGF- β_dw), as well as those influenced by aging irrespective of 
TGF- β treatment (more accessible regions in young cells: Y_up, 
and more accessible regions in old cells: Y_dw, Fig. 4C and 
SI Appendix, Fig. S6J).

 Strikingly, AP-1 related TFs (i.e., Jun-AP1, Fosl2, Bach1, 
Bach2, Fra1, Fra2, Fos, JunB, BATF, ATF3, and AP-1) appear as 
the most significantly enriched motifs in both more and less acces-
sible chromatin regions induced by TGF- β. TGF- β_up regions 
were particularly enriched with TF binding sites that mediate 
cellular stress responses, including Nrf2 and Mafk (33, 34). In 
contrast, TGF- β_dw regions were characterized by an enrichment 
of TF binding sites involved in epithelial–mesenchymal transition 
(EMT) and tumor metastasis, such as Twist, Pitx1, and p53 (35–
37) (Fig. 4D). Based on the established roles of these factors in 
tumor suppression and cell identity, the reduced accessibility at 
these motifs likely represents the silencing of genes that normally 
restrict cell proliferation and plasticity. Motifs enriched in 
TGF- β-induced more accessible regions regulated a significantly 
higher ratio of upregulated genes in both young and old fibroblasts 
compared to motifs enriched in TGF- β-induced less accessible 
regions (Fig. 4E). The downregulated genes in young and old cells 
were more strongly associated with motifs enriched in less acces-
sible regions than with motifs in more open regions (SI Appendix, 

Fig. S7A). The AP-1 motifs enriched in more open peaks also 
exhibited greater regulation with the upregulated genes compared 
to the AP-1 motifs enriched in less open peaks (SI Appendix, 
Fig. S7B). The same phenomenon was observed for RUNX and 
TEAD TFs (SI Appendix, Fig. S7C).

 Interestingly, AP-1 related TFs were the most enriched motifs 
found in both more and less accessible chromatin regions differ-
entiated by age as well (Fig. 4F). The ATAC-seq peaks that were 
more open in young cells are enriched with sites of Forkhead 
domain TFs, such as FOXA3, which can regulate metabolic home-
ostasis and oxidative stress (38, 39). The peaks that are uniquely 
more open in old cells are enriched with sites of Homeobox 
domain TFs. The motifs present in the more open areas of young 
cells showed a stronger association with young upregulated genes 
than those found in the less open regions of young cells. In con-
trast, motifs from the less open regions of young cells were more 
closely linked to upregulated genes in old cells compared to motifs 
from the more open regions of young cells (Fig. 4G). This trend 
is also valid for peaks containing motifs of the AP-1 family or the 
RUNX/TEAD families, where motifs in the Y_up regions primar-
ily regulated more young upregulated genes, while motifs in the 
Y_dw regions regulated more old upregulated genes (SI Appendix, 
Fig. S7 D and E). This increased regulation of upregulated genes 
associated with motifs in more accessible regions was observed in 
both TGF- β-induced and age-induced regions. Given that the 
AP-1 TFs were enriched in both TGF- β- and age-altered chroma-
tin regions, these results highlight the convergence of aging and 
the TGF- β response via the AP-1 TFs.

 To further investigate different TF motifs enriched in 
age-induced DACRs, in addition to AP-1, we clustered motifs 
based on motif enrichment analysis using Y_up and Y_dw DACRs 
(Fig. 4F). Four motif groups were identified (Dataset S5), i.e., the 
AP-1 group (highly enriched in both Y_up and Y_dw DACRs), 
the RUNX/TEAD group (moderately enriched in both Y_up and 
Y_dw DACRs), the Y-specific motifs (exclusively enriched in 
Y_up DACRs, e.g., JUND), and the O-specific motifs (solely 
enriched in Y_dw DACRs, e.g., HOXB13). We examined the 
proximity of upregulated genes in young cells related to motif 
binding sites in Y_up DACRs and downregulated genes associated 
with motifs in Y_dw DACRs. No significant proximity differences 
appeared among motif groups in each age condition (SI Appendix, 
Fig. S7F). Interestingly, nearly all Y_up DACRs possessing AP-1 
and RUNX/TEAD motif binding sites associated with upregu-
lated DE genes identified in YRT also contained Y-specific motif 
binding sites (SI Appendix, Fig. S7G). However, there were addi-
tional Y_up DACRs with upregulated DE genes that have exclu-
sively Y-specific motif binding sites. Similarly, there were additional 
Y_dw DACRs with downregulated genes that have exclusively 
O-specific motif binding sites. This observation suggests potential 
collaborations between TFs exhibiting age-specific activity and 
AP-1, as well as RUNX/TEAD TFs, which are responsible for the 
transcriptional response to TGF- β during aging.

 Herein, we identified the relative enrichment of specific motifs 
based on TGF- β- and age-dependent DACRs, with a particular 
emphasis on the dominant motifs belonging to the AP-1 family, 
as well as those that are specific to different age groups.  

AP-1 Motifs Dominate Chromatin’s Differential Accessibility for 
Gene Regulation. To understand the importance and functions 
of enriched motifs, we examined the gene-motif weight scores 
calculated based on both gene expression and motif enrichment. 
We selected four motif groups (AP-1, RUNX/TEAD, Y_specific, 
and O_specific, see Dataset S5), all of which displayed individual 
gene-motif modules wherein the motif-gene pairs had higher 
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weight scores compared to the background (SI Appendix, Fig. S8 
A–D and Fig. 5 A–D). The AP-1 group motifs were affected by 
both TGF-β and age, and had high weight scores with genes, 
including ECM and TGF-β pathway related genes, in TGF-β_up, 

Y_up, and Y_dw. In contrast, the RUNX/TEAD group motifs 
were also affected by both TGF-β and age but exhibited lower 
weight scores with genes than AP-1 motifs. The Y-specific motifs 
module was found in Y_up and TGF-β_dw conditions, though 

A

C

D E

F G

B

Fig. 4.   TGF-β and age affect chromatin landscape. (A) First (x-axis, PC1) and second (y-axis, PC2) principal components for four conditions’ ATAC-seq data, i.e., 
YRT, YRC, ORT, and ORC, in two biological replicates. (B) Concordance in gene expression and chromatin accessibility patterns. Expression levels (Left, scaled 
log2(RPM+1)) and ATAC counts at the peak 20 kb upstream or downstream of the gene body (Right, z score of normalized counts) for DE genes (rows) with the 
highest correlation of accessibility signal with gene expression. The green column on the left shows the Pearson correlation coefficient for gene expression 
and ATAC-seq data. (C) Upset plot showing the differential accessible regions (DACRs) overlaps among all pairwise comparisons. Selected categories showing 
the overlap between two pairwise comparisons are displayed. TGF-β effect: overlapping DACRs between YRT vs. YRC and ORT vs. ORC, including TGF-β_up 
effect and TGF-β_dw effect (TGF-β_up effect indicates overlapping DACRs between YRT vs. YRC-up DACRs and ORT vs. ORC-up DACRs. TGF-β_dw effect indicates 
overlapping DACRs between YRT vs. YRC-down DACRs and ORT vs. ORC-down DACRs); Age effect: overlapping DACRs between YRT vs. ORT and YRC vs. ORC, 
including Y_up effect and Y_dw effect (Y_up effect indicates overlapping DACRs between YRT vs. YRC-up DACRs and ORT vs. ORC-up DACRs. Y_dw effect indicates 
overlapping DACRs between YRT vs. YRC-down DACRs and ORT vs. ORC-down DACRs). (D) Scatter plot of enriched motifs on TGF-β effect DACRs (detailed 
comparison groups shown in C). Each dot indicates one motif with dot color representing −log10(P-value). The red dashed line indicates the diagonal. (E) Bar 
plots showing the upregulated gene and motif match ratio. Motifs enriched in TGF-β_up DACRs show a greater match ratio with TGF-β-induced upregulated 
genes, i.e., upregulated genes in YRT vs. YRC (Left panel) and ORT vs. ORC (Right panel), than motifs in TGF-β_dw DACRs. P-values are calculated by the Proportion 
Z-Test. (F) Scatter plot of enriched motifs on Age effect DACRs (detailed comparison groups shown in C). Each dot indicates one motif with dot color representing 
−log10(P-value). The red dashed line indicates the diagonal. (G) Bar plots showing the upregulated gene and motif match ratio. Match ratio is the motif-binding 
upregulated genes divided by total upregulated genes, normalized by total motif-binding genes. Motifs enriched in Y_up DACRs show a greater match ratio with 
upregulated genes in young cells, i.e., upregulated genes in YRT vs. ORT (Left panel), than motifs in Y_dw DACRs; motifs in Y_dw DACRs show a greater match 
ratio with downregulated genes in old cells YRT vs. ORT (Right panel) than motifs in Y_up DACRs. P-values are calculated by the Proportion Z-Test.
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the weight scores were relatively low. Furthermore, the O-specific 
motifs module was identified in Y_dw and TGF-β_dw conditions 
with low weight scores. Here, the AP-1 motifs demonstrated 
the highest weight scores with age-specific genes and TGF-β-
upregulated genes, indicating that AP-1 motifs interact with 

distinct sets of genes across different age scenarios and were among 
the main factors responding to TGF-β.

 Among the DACR categories identified from the eight pairwise 
comparisons, a significant proportion of DACRs manifested solely 
in one specific comparison, indicating condition specificity 

A B

C

F

D

E

G

H I J

Fig. 5.   AP-1 motifs dominate chromatin’s differential accessibility for gene regulation. (A–D) Motif-gene regulation weight score heatmaps of (A) TGF-β-up, (B) 
TGF-β-dw, (C) Y-up, and (D) Y-dw effects (detailed comparison groups shown in Fig. 4C). Row: overlapping DE genes in two pairwise comparisons; row scores: 
scaled log2FoldChange mean values of two pairwise comparisons; column: motifs enriched in the category of DACRs; column scores: scaled Fold Enrichment 
of motif. Selected genes that are involved in ECM organization and TGF-β response pathways are labeled (complete heatmaps in SI Appendix, Fig. S8). Colored 
boxes label motif-gene modules for selected motifs (AP-1 motifs, RUNX/TEAD motifs, O-specific motifs; Y-specific motifs). (E) Enriched motifs in more accessible 
DACRs. Top 30 motifs in each category of DACRs are shown with dot size indicating −log10(P-value) and dot color indicating Fold Enrichment. (F) Motif-gene 
regulation weight score heatmap of Y-unique effect. Selected genes that are involved in ECM organization and TGF-β response pathways are labeled (complete 
heatmap in SI Appendix, Fig.  S8). (G) Motif interaction network. Motif activations were calculated via. Dot: diffTF calculated motifs (orange: activator; blue: 
repressor; yellow: undetermined); Dot size: absolute median Pearson correlation values from diffTF results. Edge weight: protein–protein interaction scores 
(PPI scores) from STRING. Round square: motifs not expressed according to RNAseq. (H–J) Violin plots and representative images of colocalization of (H) JUNB, 
(I) JUND, and (J) HOXB13 with RNA polymerase II. Volume ratio: overlapped volume of TF and RNA polymerase II normalized by nuclear volume. P-values from 
two-sided Wilcoxon tests, n = 3. Representative images from Nikon DeepSIM. (Scale bar, 2 µm.) Insets zoom small white box regions. (Scale bar, 0.2 µm.)
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(SI Appendix, Fig. S6J). The enriched motifs for more accessible 
regions were mainly grouped in AP-1 families, with some TGF- β-effect 
motifs (e.g., Smad2, Smad3, Smad4, and ZBTB9) and age-effect 
motifs (e.g., TCF4, FOXO3, NF1:FOXA1) (Fig. 5E). Notably, one 
category (defined as Y_unique), comprised of more than 400 DACRs, 
pertained to the TGF- β-induced open peaks observed in young cells, 
which were comparatively more accessible than those in TGF- β- 
induced old cells (Fig. 4C). AP-1 group motifs enriched in these 
DACRs also showed relatively high weight scores to Y_unique DE 
genes (SI Appendix, Fig. S8E and Fig. 5F). Our findings reveal that 
AP-1 motifs were consistently found to be highly enriched and with 
high weight scores to DE genes across all categories of TGF- β- or 
Young-induced more accessible DACRs (SI Appendix, Figs. S8 and 
S9). Similarly, AP-1 motifs were highly enriched in Old-induced more 
accessible DACRs (SI Appendix, Fig. S10A). AP-1 motifs were 
enriched in TGF- β-induced less accessible DACRs as well, though 
Twist and Pitx1:Ebox were highly enriched.

 To investigate the potential of TF coregulation events, we found 
that RUNX/TEAD motifs, Y-specific motifs, and O-specific motifs 
displayed a high co-occurrence among groups. AP-1 motifs were 
found to co-occupy motif sites of other groups more in TGF- β- and 
Young-induced more accessible DACRs than in less accessible 
DACRs (SI Appendix, Fig. S10 B and C). We also examined the 
regulatory relationship among the four motif groups by investigating 
the TFs’ activities (40). In the YRT condition, AP-1 motifs showed 
increased activity compared to the ORT condition (SI Appendix, 
Fig. S10 D and E). We also found that age-specific motifs exhibit 
higher activity in certain ages (e.g., JUND in YRT and HOXB13 
in ORT). The regulatory network revealed that AP-1 motifs dom-
inate and closely interact with motifs from other groups (Fig. 5G).

 To experimentally validate the TFs’ activities, we costained 
JUNB (representative of AP-1 motifs), JUND (representative of 
Y-specific motifs), and HOXB13 (representative of O-specific 
motifs) with Ser 5 phosphorylated RNA polymerase II (RNA poly 
II s5) (Fig. 5 H–J). We found that JUNB colocalized more with 
RNA polymerase II s5 after TGF- β treatment in both young and 
old cells, while JUND displayed higher colocalization with RNA 
polymerase II s5 in young and HOXB13 showed higher colocal-
ization in old cells. Altogether, we assessed the regulatory relation-
ship between the binding motifs in accessible chromatin regions 
and the DE genes.

 To confirm the functional role of the AP-1 complex, we performed 
a comprehensive perturbation study using genetic silencing (siJUNB), 
direct AP-1 binding inhibition (T-5224), and upstream kinase inhi-
bition (JNK, p38, ERK, PI3K) in young and old fibroblasts (Fig. 6 
and SI Appendix, Fig. S11). All perturbations significantly suppressed 
TGF- β-mediated αSMA and COL1A1 induction, demonstrating 
that AP-1 is an essential driver of fibroblast activation. Mechanistically, 
costaining with RNA pol II s5 revealed distinct modes of regulation: 
inhibition of JNK, p38, PI3K, or direct AP-1 binding reduced the 
nuclear recruitment of JUNB to the transcriptional machinery. In 
contrast, ERK inhibition preserved the JUNB recruitment, indicating 
that ERK regulates the postrecruitment potency of the complex rather 
than its initial genomic occupancy. These findings establish a causal 
link between the identified kinase-AP-1 regulatory axis. Overall, our 
findings indicate that AP-1 motifs, in concert with motifs exhibiting 
age-specific activity, are important drivers of age-dependent differen-
tial TGF- β responses.             

Discussion

 Our study provides compelling evidence linking cellular mechanics, 
biochemical signaling, chromatin accessibility, and gene expression. 
It has been demonstrated that ECM stiffness directs stem cell lineage 

specification (41), and physical confinement can partially reprogram 
fibroblasts (42). Separately, biochemical signals like TGF- β are well-
known regulators of cellular programs involved in embryonic devel-
opment, wound healing, tissue homeostasis, and immune homeo stasis 
(23, 43). Building on this, our investigation focused on how the 
combination of mechanical and biochemical cues affects gene expres-
sion during cellular aging. We found that mechanical force alone 
modulates cell contractility, histone modifications, nuclear features, 
and gene expression (Fig. 1), consistent with the established effects 
of mechanical cues on cells. Notably, our results further reveal that 
matrix tension amplifies cellular responses to TGF- β (Fig. 2). This 
observation aligns with emerging evidence of synergistic interac-
tions, wherein mechanical inputs prime or enhance biochemical 
signaling (44–46), underscoring the capacity of cells to actively 
integrate concurrent stimuli for the precise fine-tuning of transcrip-
tional outputs.

 In the context of aging, profound alterations occur in ECM 
properties, cellular mechanosensing, chromatin organization, and 
gene expression (17). Our study addresses the interplay between 
mechanical and biochemical cues by demonstrating that young 
and old human dermal fibroblasts exhibit distinct transcriptional 
and functional responses to identical combined mechanical and 
TGF- β stimulation (Fig. 3). This observed age-dependent mod-
ulation of signal integration led us to hypothesize that underlying 
changes in chromatin accessibility are a primary driver of these 
divergent outcomes.

 To investigate this hypothesis, we employed ATAC-seq, a robust 
method for mapping genome-wide chromatin accessibility (47, 48). 
Consistent with existing studies in age-related chromatin accessibil-
ity differences (49–51), our ATAC-seq analysis revealed significant 
differences in chromatin accessibility associated with aging. By com-
bining RNA-seq with ATAC-seq data, we delineated the regulatory 
networks responsible for these age-specific responses (Figs. 4 and 5). 
While previous studies have explored aging-related regulatory net-
works (6, 52), our work uniquely focuses on the synergistic effects 
of combined mechanical and biochemical stimuli in aging fibro-
blasts. Our analysis identified the AP-1 TF module as a critical 
mediator, in concert with TFs exhibiting age-specific activity, for 
chromatin remodeling. This aligns with recent studies linking AP-1 
to age-related chromatin changes and the senescence-associated 
secretory phenotype (SASP) (53–56). Furthermore, the colocaliza-
tion of specific TFs, i.e., JUNB, JUND, and HOXB13, with RNA 
polymerase II lends additional support to the active involvement of 
these identified networks in the observed transcriptional changes. 
Importantly, we experimentally validated that genetic silencing or 
pharmacological disruption of AP-1 complex activity abolishes fibro-
blast activation, largely by preventing the requisite recruitment of 
JUNB to the transcriptional machinery. The identification of AP-1 
and its associated network as key mediators of these age-specific 
effects opens up avenues for future research into therapeutic inter-
ventions. Further investigation into the precise mechanisms by 
which AP-1 interacts with the chromatin remodeling machinery 
and other factors showing age-specific activity in response to com-
bined stimuli will be crucial for developing targeted strategies for 
healthy aging.

 In summary, this study demonstrates that: 1) Mechanical forces 
and TGF- β signaling synergistically regulate gene expression in 
human dermal fibroblasts, with matrix tension amplifying TGF- β- 
induced transcriptional programs in young fibroblasts. 2) Aging 
significantly alters this synergistic interplay, leading to distinct 
transcriptional outcomes in old versus young cells subjected to the 
same combined stimuli, with aged cells showing a blunted or diver-
gent response. 3) Age-differential chromatin accessibility landscapes 
play a pivotal role in mediating these age-specific responses. 4) The 
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AP-1 TF complex, in conjunction with age-specific interacting TFs, 
plays a crucial role in remodeling chromatin accessibility and 
orchestrating the divergent responses to mechanochemical signals 
during aging. Collectively, these findings highlight the chromatin 
state as a critical regulatory interface that integrates mechanical and 
biochemical signals, underscoring how its alteration during aging 
contributes to modified cellular responsiveness.  

Materials and Methods

Healthy human dermal fibroblasts (GM08401, GM09503, GM01717, and 
AG04059) from the Coriell Institute were cultured in complete MEM contain-
ing 15% FBS, 1% nonessential amino acids, 1% GlutaMAX, and 1% penicillin-
streptomycin. To establish 3D cultures, 25,000 cells were embedded in 400 µL 
of 1 mg/mL collagen within a 21-mm uncoated coverslip-bottom dish (Ibidi) 
and polymerized at 37 °C for 1.5 h. To model distinct mechanical environments, 
tensed conditions were created by anchoring the gel periphery with a glass ring 
(Schmizo AG), whereas unanchored gels served as relaxed conditions. The 3D 
cultures were maintained for 24 h, serum-starved for 24 h, and then treated with 

or without 10 ng/mL TGF-β in serum-free medium for an additional 24 h before 
harvesting. All subsequent functional and molecular experiments were performed 
using these 3D-embedded fibroblasts subjected to the defined tension states and 
TGF-β treatments. Detailed protocols for cell culture, cell treatments, cell viabil-
ity, siRNA transfection, inhibitor treatments, immunostaining, and quantitative 
image analysis (gel contraction, fluorescence, nuclear features) are provided in 
the SI Appendix, Materials and Methods. In addition, detailed procedures for 
RNA-seq and ATAC-seq, sequencing data analysis, heatmap score calculation, 
statistical methods, and data availability are also given in SI Appendix, Materials 
and Methods.

Data, Materials, and Software Availability. Sequencing data have been 
deposited in GEO (GSE300230 (57) and GSE300231 (58)).
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Fig. 6.   Inhibiting AP-1 suppresses fibroblasts’ responses to TGF-β. (A and B) Box plots of normalized protein expression markers, (A) aSMA and (B) COL1A1, 
of fibroblasts in tensed matrix with or without inhibitor treatments. CTRL: +DMSO/−TGF-β; inh1:+ LY294002/+TGF-β; inh2: +SB203580/+TGF-β; inh3: 
+PD98059/+TGF-β; inh4: +SP600125/+TGF-β; inh5: +T5224/+TGF-β; TGF-β: +DMSO/+TGF-β. (C and D) Box plots of normalized protein expression markers, (C) aSMA 
and (D) COL1A1, of fibroblasts in tensed matrix with or without siRNA transfection. CTRL: +siNC/−TGF-β; siJUNB11:+ siJUNB1/+TGF-β; siJUNB2: +siJUNB2/+TGF-β; 
TGF-β: +siNC/+TGF-β (siNC: Negative Control of siRNA). (E and F) Box plots of JUNB colocalization with RNA polymerase II. Volume ratio: overlapped volume of 
TF and polymerase normalized by nuclear volume. (E) inhibitor treatments; (F) siRNA transfection. n ≥ 3, P-values are derived from one-way ANOVA and Tukey’s 
test. (G) Schematic of the validation experiments using siRNA and inhibitors.
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