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ABSTRACT Dermal aging is a complex process characterized by structural and functional
changes in the extracellular matrix (ECM) and the resident cells, such as dermal fibroblasts.
Fibronectin (FN) ECM is a crucial component of the dermis, yet its role in natural aging re-
mains poorly understood. Here, we demonstrate a significant reduction in FN ECM in aged,
otherwise healthy, mouse dermis. To explore whether aging dermal fibroblasts contribute
to this decline in FN levels, we examined human dermal fibroblasts (HDF) from aged skin
and observed that they produce lower extracellular FN densities in vitro than young HDFs.
This age-associated deficiency correlates with reduced level of α5-integrin, a cell-surface
FN receptor essential for extracellular FN assembly. Knockdown of α5-integrin (α5KD) in
young HDFs impairs FN ECM formation and induces phenotypes characteristic of cellular
senescence. Interestingly, the proliferation defect in α5KD fibroblasts is largely restored
by cell-derived matrices (CDMs) in vitro, highlighting the importance of ECM organization.
These findings underscore the essential role of α5-integrin in maintaining proper ECM for-
mation, which in turn protects against fibroblast senescence during dermal aging.

SIGNIFICANCE STATEMENT

� FN and α5-integrin are crucial for dermal ECM assembly, yet their roles in natural aging remain
unclear. We show that aging diminishes FN ECM in mouse dermis and in aged HDFs, where
α5-integrin is reduced.

� Knocking down α5-integrin in young fibroblasts induces senescence-like phenotypes and a
transcriptional program characteristic of cellular senescence. Culturing α5-integrin–deficient
and aged fibroblasts on CDMs restores their proliferation, underscoring the importance of
integrin–ECM interactions in dermal aging.

� These findings elucidate how α5-integrin–FN interactions preserve dermal integrity, offering
new insights for antiaging strategies targeting ECM organization and fibroblast function.

This article was published online ahead of print in MBoC in Press (http://www.
molbiolcell.org/cgi/doi/10.1091/mbc.E25-02-0074) on June 25 2025.
Author contributions: Y.L. and R.L. led all aspects of the study, including conceptu-
alization, experimentation, data analysis, and manuscript writing; O.D. provided
insights during discussions of the study’s findings and contributed to manuscript

review and revisions; X.Y. and J.Z. assisted in experimental analysis. All authors
reviewed and approved the final manuscript.
Conflicts of interest: The authors declare no financial conflict of interest.
*Address correspondence to: Rong Li (mbihead@nus.edu.sg).
Abbreviations used: ECM, extracellular matrix; FN, fibronectin; HDFs, hu-
man dermal fibroblasts; MMP, matrix metalloproteinase; aHDFs, aged human

Molecular Biology of the Cell � 36:ar99, 1–11, August 1, 2025 36:ar99, 1

https://orcid.org/0000-0003-2561-6218
http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E25-02-0074
mailto:mbihead@nus.edu.sg


INTRODUCTION
As humans age, the dermis undergoes significant structural and
compositional changes in the extracellular matrix (ECM), accom-
panied by functional decline in resident fibroblasts. Fibroblasts,
the primary cells responsible for ECM production and remodel-
ing, play a crucial role in maintaining dermal integrity (Plikus et al.,
2021). However, age-related alterations in the dermal microenvi-
ronment disrupt cellular communication and impair fibroblast func-
tion, contributing to various skin disorders such as chronic wounds,
increased susceptibility to infections, inflammation, and a higher
incidence of skin cancers (Haydont et al., 2019; Fane and Weer-
aratna, 2020).

One of the best known age-related changes in ECM is the de-
cline in collagen density and organization. Collagen fibrils, particu-
larly types I and III, which provide structural integrity to the dermis,
become fragmented due to increased matrix metalloproteinase ac-
tivity and reduced collagen synthesis (Fligiel et al., 2003; Varani et
al., 2006; Fisher et al., 2009; Panwar et al., 2018; Haydont et al.,
2019; McCabe et al., 2020). The loss of collagen’s dense, basket-
weave structure, along with the accumulation of fragmented fibrils,
results in a less cohesive matrix with larger gaps between fibers
(Fane and Weeraratna, 2020). This structural degradation manifests
as visible signs of aging, such as wrinkles, thinning skin, and re-
duced elasticity (Haydont et al., 2019).

Accompanying such ECM changes, dermal fibroblasts undergo
significant functional decline and a reduction in number with ag-
ing (Varani et al., 2006; Sole-Boldo et al., 2020). The remaining fi-
broblasts in the aged dermis often acquire a senescent phenotype,
characterized by cell-cycle arrest and secretion of pro-inflammatory
factors (senescence-associated secretory phenotype) (Chin et al.,
2023). Moreover, fibroblasts from aged skin exhibit a reduced abil-
ity to remodel the ECM (Cole et al., 2018), loss of distinct identities
typically maintained in the young dermis, and weakened interac-
tions with other skin cells (Sole-Boldo et al., 2020).

The origin of the above age-associated changes remain poorly
understood. Fibronectin (FN) is the first ECM protein incorporated
into the remodeling ECM (Singh et al., 2010) and plays a pivotal
role in the initial stages of ECM formation, serving as a scaffold for
other ECM proteins, including collagens (McDonald et al., 1982;
Sottile et al., 2007; Singh et al., 2010; Graham et al., 2019).

α5:β1-integrin is a heterodimeric FN receptor present on the
fibroblast plasma membrane, and its interaction with FN is re-
quired for extracellular FN fibril formation (Singh et al., 2010;
Schwarzbauer and DeSimone, 2011). Although extensive research
has focused on age-associated changes in collagen ECM and fi-
broblasts, how FN ECM and its receptor, α5-integrin, are altered
during dermal aging—and how these changes affect fibroblast
function and ECM integrity—remains largely unclear.

In this study, we investigated FN ECM in young and aged mouse
to assess age-related changes in FN ECM. We further quantitatively
compared the extracellular FN fibrils produced by aged human

dermal fibroblasts; yHDFs, young human dermal fibroblasts; 3D, three-
dimensional; α5KD, α5-integrin knockdown; SA-β-gal, senescence-associated
beta-galactosidase; RNA-seq, RNA-sequencing; DEGs, differentially expressed
genes; GO, gene ontology; CDM, cell-derived matrix; GSEA, gene set enrich-
ment analysis.
© 2025 Lee et al. This article is distributed by The American Society for Cell-
Biology under license from the author(s). It is available to the public under
an Attribution 4.0 International Creative Commons CC-BY 4.0 License (https://
creativecommons.org/licenses/by/4.0/).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society for Cell Biology.

dermal fibroblasts (aHDF) and young HDFs (yHDF) to determine
how aging affects extracellular FN fibrils formation. Additionally,
we examined the role of α5-integrin in the age-associated changes
in FN ECM integrity and fibroblast function. By combining in vivo
analysis of dermal tissues and in vitro experiments using primary
HDFs, we provide evidence that age-associated changes in FN
ECM and α5-integrin contribute to fibroblast aging and dermal tis-
sue homeostasis.

RESULTS
Age-related decline in dermal FN ECM in vivo and in vitro
To assess age-related changes in FN ECM, we analyzed skin tissue
from young (1.5–3 mo) and aged (17–21 mo) mice, which corre-
spond to humans under 20 y and over 55 y, respectively. Immunos-
taining for FN in mouse skin sections, followed by high-resolution
confocal imaging, revealed a significant decrease in dermal FN lev-
els in aged mice compared with young mice, with an average de-
crease of ∼50% (Figure 1, A–C; Supplemental Figure S1).

To investigate the underlying cause of the age-associated
reduction in FN levels, we hypothesized that aging of dermal
fibroblasts—the primary cell type responsible for producing ECM
proteins—contributes to this reduction. To test this, we cultured
HDFs derived from young (10–11-y-old) and aged (70–80-y-old)
skin biopsies (MATERIALS AND METHODS). Equal numbers of
yHDFs and aHDFs were embedded in collagen-I gels within a
three-dimensional (3D) culture system for 12 to 15 d, allowing
sufficient time for the cells to deposit FN into the collagen-
I ECM. In this 3D culture model, yHDFs proliferated signifi-
cantly more and produced a denser FN network than aHDFs
(Supplemental Figure S2A). However, we could not determine
whether aHDFs had a reduced ability to produce extracellular FN
due to the apparent proliferation defect of aHDF in this culture
system.

To address this limitation, we further cultured yHDFs and aHDFs
under comparable subconfluent conditions (∼80% confluence) on
standard tissue culture plates without any preexisting ECM. After
5 d of culture, proliferation differences between aHDFs and yHDFs
were marginal, enabling a direct comparison of extracellular FN
deposition. Immunofluorescence analysis of extracellular FN stain-
ing revealed that aHDFs produced discontinuous and short FN
fibrils, whereas yHDFs generated continuous, interconnected fib-
rils forming a mesh-like structure (top panel, Figure 2A). To quan-
tify this difference, we measured the mean volume of FN fibrils
across multiple regions per sample using high-resolution confo-
cal imaging. Despite being cultured under identical conditions
with comparable surface occupancy (Supplemental Figure S2B),
aHDFs exhibited a significant reduction in mean FN volume com-
pared with yHDFs (Figure 2B). These findings underscore the age-
related decline in fibroblasts’ ability to produce and organize the
FN ECM.

α5-integrin is reduced in aHDFs
To investigate the underlying basis of reduced FN density in
aHDFs, we examined α5-integrin levels. α5-integrin is a crucial cell-
surface receptor for FN and is highly expressed in HDFs (Supple-
mental Figure S3) and essential for the assembly of the extracellular
FN matrix (Singh et al., 2010). We performed immunofluorescent
staining using the SNAKA51 antibody, which specifically recog-
nizes the active form of α5-integrin, in both young and aged HDFs.
Our results showed that the cell-surface level of α5-integrin was
significantly reduced in aHDFs compared with yHDFs (Figure 3, A
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FIGURE 1: Extracellular FN ECM alterations in aged mouse dermis. (A) Representative immunofluorescence images of
skin sections from young (top row) and aged (bottom row) mice, stained for FN (orange) and nuclei (DAPI, blue). (B)
Representative high-magnification confocal images of the dermal FN in skin sections from young (left) and aged (right)
mice. FN is shown in orange, and nuclei are stained with DAPI (blue). (C) Quantification of dermal FN signal intensity in
skin sections from young and aged mice. Skin sections from three mice per group were analyzed, and multiple confocal
images were acquired for each sample (see Supplemental Figure S1). Bars represent the average FN sum intensity,
normalized to the matched young group, with error bars showing 95% confidence intervals. Statistical significance is
indicated by ***p < 0.001 (p = 6.95e−05, Welch’s t test).

and B). Western blot analysis confirmed that α5-integrin protein
levels were significantly decreased by an average of 40 to 50%
in aHDFs (Figure 3, C and D). It is noteworthy that the RNA
expression level of α5-integrin (ITGA5) was unchanged in aHDF
compared with yHDF lines that we utilized (Figure 3E), consistent
with data from HDFs across a broader range of ages (Fleischer
et al., 2018) (Supplemental Figure S3). These findings suggest
that the age-associated reduction in α5-integrin expression oc-
curs via posttranscriptional mechanisms rather than transcriptional
downregulation.

Loss of α5-integrin recapitulates features of cellular
senescence
In addition to reduced α5-integrin levels, aHDF showed a sig-
nificant decrease in lamin-B1 levels (Figure 3, C and D), a key
structural component of the nuclear lamina, whose reduction is a
well-established marker of cellular senescence (Shimi et al., 2011;
Freund et al., 2012; Dreesen et al., 2013). We also examined PCNA,
a widely used cell proliferation marker, and found that its levels
were also significantly decreased in aHDFs, further supporting a
senescent phenotype.
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FIGURE 2: Reduced extracellular FN density in aHDFs. (A)
Representative immunofluorescence images showing extracellular
FN (magenta) and F-actin (phalloidin, gray) in yHDFs and aHDFs at
low-magnification (top row) and high magnifications (bottom row).
(B) Quantification of extracellular FN deposition, shown as the mean
FN volume with 95% confidence intervals. Data are based on eight
randomly selected positions per condition, comparing two aHDF
lines derived from different aged donors (aHDF1 and aHDF2) with
control yHDFs. Statistical significance is indicated by ***p < 0.001
and **p < 0.01 (p = 3.27e−03 for yHDF vs. aHDF1; p = 2.53e−04
for yHDF vs. aHDF2, Welch’s t test).

Given the above finding, we next investigated whether there is
a causal relationship between the loss of α5-integrin and cellular
senescence. To test this, we utilized siRNA-mediated knockdown
(KD) of the gene encoding α5-integrin (ITGA5) in young HDFs
(yHDF) (Figure 4A). Following α5-integrin KD (α5KD), yHDFs exhib-
ited noticeable morphological changes, shifting from their spindle-
like shape to an enlarged and flattened appearance with prominent
actin stress fibers (Figure 4B), reminiscent of features observed in
senescent cells (Cho et al., 2004). Notably, this α5KD-induced mor-
phological change parallels the difference seen between yHDFs
and aHDFs (Supplemental Figure S4).

To determine whether α5KD yHDFs exhibit cellular senescence,
we performed senescence-associated beta-galactosidase (SA-β-

gal) staining, a widely recognized marker of cellular senescence.
We observed a significantly elevated SA-β-gal signal in α5KD cells
(Figure 4, C and D). In addition, lamin-B1 levels were markedly
reduced in α5KD fibroblasts (Figure 4, E and F), further support-
ing a senescence phenotype. Because cellular senescence is char-
acterized by a permanent cell-cycle arrest, we also examined key
proliferation markers, PCNA and Ki-67. Both markers were signifi-
cantly decreased in α5KD fibroblasts (Figure 4, E–H), suggesting a
marked decline in proliferative capacity.

To further investigate the gene expression changes associated
with α5-integrin depletion, we performed RNA-sequencing (RNA-
seq) analysis on α5KD and control yHDFs. Differential gene expres-
sion analysis confirmed efficient ITGA5 KD and identified 246 sig-
nificantly dysregulated genes (DEG, differentially expressed genes)
by applying thresholds of fold-change and statistical significance
(MATERIALS AND METHODS, Figure 5A). Gene ontology (GO)
analysis of the downregulated DEGs highlighted key biological
processes related to the mitotic cell cycle, particularly chromo-
some segregation, DNA replication, and microtubule cytoskeleton
organization involved in mitotic spindle and kinetochore functions
(Figure 5B; Supplemental Figure S5, top). A complete list of DEGs
is provided in the Supplemental Information. These findings align
with the senescence phenotype observed in α5KD cells, which is
characterized by loss of proliferative capacity.

Additionally, gene set enrichment analysis (GSEA) (Subramanian
et al., 2005) against established senescence-related gene sets
(Tang et al., 2007; Fridman and Tainsky, 2008; Saul et al., 2022;
Database, Reactome Pathway, 2024) revealed significant enrich-
ment across all tested gene sets (Supplemental Figure S5, bottom).
The most significantly enriched gene set was one downregulated
in senescent primary fibroblasts following TP53 (p53 gene) inacti-
vation (Tang et al., 2007) (Figure 5C; Supplemental Figure S5, bot-
tom). This result suggests that α5KD induces a transcriptional pro-
gram characteristics of cellular senescence.

Our RNA-seq analysis of α5KD cells also identified 113 signifi-
cantly upregulated DEGs (Figure 5A). GSEA based on expression
changes across all genes indicated notable enrichment in several
neuron-related GO terms. These terms included processes such as
vesicle-mediated transport in synapses, neuron projection, axono-
genesis, neuron migration, dendrite development, and synapse
formation (Supplemental Figure S5, top). Lists of genes contribut-
ing to the highly enriched GO terms are listed in Supplemental In-
formation. The biological significance of these neuronal signatures
remains to be further explored.

Cell-derived matrix rescues proliferation defects of α5KD
and aged fibroblasts
Next, we investigated how α5-integrin loss could impede the pro-
liferative potential in yHDFs. α5-integrin, in conjunction with β1-
integrin, forms a heterodimeric complex (α5:β1-integrin) that binds
to extracellular FN (Moreno-Layseca et al., 2019). This interaction
initiates intracellular signaling cascades that give rise to diverse
downstream effects, often converging on regulation of the cell cy-
cle. These signaling events ultimately influence whether the cells
will continue to proliferate or exit the cell cycle (Giancotti and Ru-
oslahti, 1999; Hynes, 2002; Moreno-Layseca and Streuli, 2014).

α5-integrin is also essential for forming FN ECM and subse-
quently collagen-I ECM (McDonald et al., 1982; Sottile et al., 2007;
Singh et al., 2010; Graham et al., 2019), which we confirmed in
α5KD fibroblasts (Figure 6A).

To determine whether ECM disruption, as opposed to signal-
ing downstream of α5-integrin, due to α5-integrin loss contributes
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FIGURE 3: α5-integrin reduction in aHDFs. (A) Representative immunofluorescence images showing α5-integrin (cyan)
and FN (magenta) in yHDFs and aHDFs. (B) Quantification of mean α5-integrin intensity per cell in yHDFs and aHDFs.
***p < 0.001 based on n = 232 for yHDFs and n = 86 for aHDFs (p = 6.70e−09, Welch’s t test). (C) Representative
Western blot showing α5-integrin and senescence/proliferation marker proteins (lamin-B1 and PCNA) in two
independent yHDF lines derived from different young donors (yHDF1 and yHDF2) and aHDFs, with GAPDH as a loading
control. (D) Quantification of Western blot results shown in C, presenting of α5-integrin, lamin-B1, and PCNA protein
expression levels, normalized to GAPDH, and presented as relative values compared with yHDF1. Bars represent the
mean ± 95% confidence interval from four independent experiments. Statistical significance is indicated by **p < 0.01
and ***p < 0.001 (aHDF vs. yHDF2: p = 1.55e−02 for α5-integrin; aHDF vs. yHDF2: p = 1.13e−04 for lamin-B1; aHDF
vs. yHDF2: p = 7.36e−05 for PCNA, Welch’s t test) (E) ITGA5 mRNA expression levels in yHDFs and aHDFs, measured
by RNA-seq analysis (MATERIALS AND METHODS), presented as fragments per kilobase of transcript per million
mapped reads.
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FIGURE 4: Loss of α5-integrin leads to cellular senescence in yHDFs. (A) Western blot analysis showing the efficiency of
α5KD in yHDFs. The control (C) sample was transfected with negative control siRNAs. (B) Representative
immunofluorescence images showing cellular morphology in α5KD fibroblasts, with F-actin stained using phalloidin
(green), and nuclei are stained with DAPI (blue). (C) Quantification of SA-β-gal staining in control (C) and α5KD
fibroblasts. Bars represent the mean ± 95% confidence interval from two independent experiments. Statistical
significance is indicated by *p < 0.05 (p = 2.97e−02, Welch’s t test). (D) Representative SA-β-gal staining images of
control (C) and α5KD fibroblasts. (E) Representative Western blot showing senescence/proliferation marker proteins
(lamin-B1 and PCNA) in control and α5KD fibroblasts, with GAPDH as a loading control. (F) Quantification of Western
blot results shown in D, presenting lamin-B1 and PCNA protein expression levels, normalized to GAPDH and presented
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directly to cellular senescence, we cultured α5KD fibroblasts on
cell-derived matrix (CDM) prepared from yHDFs. The CDM was
generated by culturing yHDFs, followed by gentle cell dissocia-
tion to retain the ECM structure (MATERIALS AND METHODS). The
structural integrity of the CDM was confirmed by FN and collagen-I
staining (Supplemental Figure S6A).

Remarkably, when α5KD yHDFs were cultured on CDM, their
proliferative capacity was significantly restored, reaching levels
comparable with the control yHDFs. Proliferation was assessed by
expression of PCNA and lamin-B1 (Figure 6, B and C), and Ki-67
(Figure 6, D and E). In contrast, coating with soluble FN alone
failed to rescue proliferation in α5KD fibroblasts (Supplemental
Figure S6B), suggesting that the fibrillar structure and composi-
tion of the CDM are essential for restoring proliferative potential.
Consistent with these observations, culturing aHDFs on CDM also
led to a marked increase in cell proliferation compared with FN-
coated conditions, underscoring the ability of an intact ECMs in
supporting fibroblast proliferation and partially rescuing the age-
associated proliferative decline (Figure 6F).

DISCUSSION
In this study, we provide insights into age-associated alterations in
the FN ECM and the progression of cellular senescence in HDFs.
Our findings reveal that aHDFs produce a significantly lower den-
sity of extracellular FN fibrils compared with yHDFs, which cor-
relates with a reduction in α5-integrin expression on the cell sur-
face. Notably, loss of α5-integrin alone is sufficient to induce cel-
lular senescence, as demonstrated by elevated levels of senes-
cence markers, decreased cell proliferation, and the enrichment
of senescence-related gene sets in transcriptomic analyses. Inter-
estingly, culturing α5-integrin–deficient cells on CDM significantly
restores cell proliferation, suggesting that a rich ECM environment
can compensate for α5-integrin loss. These results underscore the
adaptability of cell–ECM interactions and the crucial role of ECM
structure in maintaining cellular function and proliferative capacity.

A key question that remains to be answered is how α5-integrin
is lost in aHDFs. Integrin levels are regulated by both transcrip-
tional and posttranslational mechanisms (Kechagia et al., 2019),
but our data suggest that posttranscriptional regulation—likely in-
volving protein turnover. Age-related changes in integrin produc-
tion, degradation, or recycling may explain the observed reduc-
tion in α5-integrin levels in aHDFs. Specifically, the presence of
integrins on the cell surface is dynamically controlled by intracel-
lular trafficking processes, including endocytosis and exocytosis
(Moreno-Layseca et al., 2019; Kechagia et al., 2019; Caswell et al.,
2009). Disruptions in these trafficking pathways during aging may
impair α5-integrin recycling, leading to reduced surface expression
and impaired FN ECM assembly.

Our findings suggest that a structured ECM environment, such
as that provided by CDM, compensates for α5-integrin deficiency
and restores cell proliferation. Future studies should examine
whether specific ECM molecules, structural organization, physical
properties of the ECM, or compensatory roles of other integrins
support cell proliferation in α5KD cells. A deeper understanding of

these ECM-based mechanisms could inform strategies to optimize
ECM composition and organization to maintain fibroblast function
in aging dermal tissue, potentially offering therapeutic approaches
for age-related tissue dysfunction.

MATERIALS AND METHODS
Request a protocol through Bio-protocol

Mouse skin section, staining, and dermal FN quantification
A total of six female C57BL/6J mice were used in this study, di-
vided into two age groups: young mice (n = 3, ages 1.5–3 mo) and
aged mice (n = 3, ages 17–21 mo). All animal procedures were
conducted in accordance with the ethical guidelines approved by
the Institutional Animal Care and Use Committee of the National
University of Singapore. Mice were killed via CO2 inhalation, and
dorsal back skin was excised using sterile surgical instruments. The
excised skin was washed with cold PBS to remove blood and de-
bris, cut into small pieces, and fixed in 4% paraformaldehyde (PFA)
at 4°C overnight. After fixation, tissues were embedded in optimal
cutting temperature (OCT) compound and frozen in isopentane
precooled with dry-ice. Frozen OCT blocks were stored on dry-ice
for up to 1 h before transfer to −80°C until further use. Cryostat
sections were cut at a thickness of 50 to 100 μm and immediately
stored in PBS containing 0.2% sodium azide.

For immunostaining, free-floating tissue sections were perme-
abilized with 0.3% PBS-Triton X-100 and blocked for 1 to 2 h at
room temperature (RT) in a solution containing 2.5% goat serum,
2% fish gelatin, and 1% BSA in 0.1% PBS-Triton X-100. Additional
blocking was performed using the Mouse-on-Mouse kit (Vector
Laboratories, #BMK-2202) for 1 h at RT. Primary antibody incuba-
tion was conducted overnight at 4°C using the anti-FN (1:200, Ab-
cam, #ab2413). Following primary antibody incubation, sections
were washed with 0.1% PBS-Triton X-100 and 0.1% PBS-Tween-
20. Secondary antibody incubation was performed at RT for 2 h,
followed by additional washes with 0.1% PBS-Triton X-100 and
0.1% PBS-Tween-20. To preserve tissue structure, sections were
mounted using either a parafilm spacer or lanolin drops before
placing the coverslips. Mounting medium with DAPI (Vector Labo-
ratories, #H-1200-10) was applied for nuclear counterstaining and
fluorescence preservation before sealing the coverslips. Immunos-
tained tissue sections were imaged using confocal microscopy, and
image processing and analysis were performed using Imaris Soft-
ware (Oxford Instruments).

HDFs culture
yHDF lines (GM09503: 10-y-old donor, GM01652: 11-y-old donor)
and aHDF lines (GM01680: 71-y-old donor, GM01681: 70-y-old
donor, and GM03525: 80-y-old donor) were obtained from the
Coriell Institute for Medical Research (NJ). Fibroblast culture
medium was prepared using minimum essential medium (MEM)
(Life Technologies, #11095080), supplemented with 12.5% FBS
(Life Technologies), and 1% MEM non-essential amino acids solu-
tion (Life Technologies, #11140050). Fibroblasts were maintained
in a 37°C incubator with 5% CO2. For 3D culture, HDFs were

as relative values compared with control. Bars represent the mean ± 95% confidence interval from six and nine independent experiments for
lamin-B1 and PCNA, respectively. Statistical significance is indicated by ***p < 0.001 (p = 1.51e−03 for lamin-B1; p = 3.47e−05 for PCNA,
Welch’s t test). (G) Representative immunofluorescence images showing Ki-67 (orange) as a marker for cell proliferation, phalloidin (green) to
stain F-actin filaments, and Hoechst (blue) to stain nuclei in control and α5KD cells. (H) Quantification of Ki-67–positive nuclei, expressed
relative to the control (C), in control and α5KD fibroblasts. Bars represent mean ± 95% confidence interval from seven independent
experiments. Statistical significance is indicated by ***p < 0.001 (p = 9.36e−06, Welch’s t test).
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FIGURE 5: Transcriptomic changes following α5KD in yHDFs. (A) Volcano plot of differential gene expression. The plot
shows the log2 fold change in gene expression (α5KD vs. control) on the x-axis and the statistical significance (−log10
adjusted p value) on the y-axis. Significantly, downregulated genes are highlighted in blue, while upregulated genes are
shown in red. ITGA5 is among the most downregulated genes. The total number of DEGs is indicated in the box on the
right, with 133 downregulated and 113 upregulated genes. (B) GO biological process terms enriched for
downregulated DEGs. The dot plot displays the enrichment ratio (x-axis) for significantly enriched GO terms among
downregulated DEGs in α5KD fibroblasts. Each dot represents a GO term, with dot size indicating the number of
associated genes and color representing the −log10 false discovery rate. (C) The GSEA enrichment plot illustrating the
distribution of gene ranked by their differential expression (α5KD vs. control HDFs) along the horizontal axis. Vertical
bars indicate the position of genes from the senescence-related gene set within this ranked list. The enrichment score
(ES) curve reaches a peak negative score of −0.76, with a normalized ES of −2.67, indicating the maximal enrichment of
this gene set in the downregulated portion of the ranked list. The GSEA is based on previously established
senescence-related gene sets, as described in Tang et al. (2007).
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FIGURE 6: CDM significantly rescues cell proliferation defects in α5KD and aged HDFs. (A) Representative
immunofluorescence images showing extracellular FN (magenta) and collagen-I (cyan)) in control (C) and α5KD
fibroblasts. (B) Representative Western blot showing α5-integrin, PCNA, and lamin-B1 expression in control (C) and
α5KD fibroblasts cultured under different substrate conditions: without CDM (−) and with CDM. The top and bottom
panels were obtained from separate gels, as indicated by the boxed groupings. GAPDH is shown as a loading control
for each gel. (C) Quantification of Western blot results shown in B, presenting α5-integrin, PCNA, and lamin-B1 protein
expression in control (C) and α5KD fibroblasts cultured with and without CDM. Protein levels are normalized to GAPDH
and presented as values relative to the control sample. Bars represent the mean ± 95% confidence interval from five
independent experiments. Statistical significance is indicated by ***p < 0.001, **p < 0.01, and *p < 0.05 (p = 2.57e−02
for PCNA in α5KD vs. α5KD+CDM; p = 8.84e−03 for lamin-B1 level α5KD vs. α5KD+CDM, paired t test).
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embedded in collagen-I gels prepared according to the protocol
provided by ibidi (ibidi, 2023), using Collagen I, rat tail (Life Tech-
nologies, #A1048301) at a final concentration of 1.25 mg/ml.

Fluorescence immunostaining and confocal microscopy
For fluorescence immunostaining, samples were fixed with 4% PFA
for 15 min at RT, followed by two rinses with PBS. For intracellular
protein staining, samples were permeabilized with 0.2% PBS-Triton
X-100 for 15 min. In contrast, for ECM protein staining, no per-
meabilization was performed, and detergents were omitted from
all subsequent washing steps. Samples were then incubated with
the primary antibody overnight at 4°C, followed by three washes
with 0.1% PBS-Triton X-100 for 5 min each. The secondary anti-
body was applied either overnight at 4°C or for 1 h at RT, followed
by three additional washes in 0.1% PBS-Triton X-100. For nuclear
and cytoskeletal staining, samples were counterstained with DAPI
or Hoechst and Phalloidin, then imaged using confocal microscopy
on either the Nikon A1Rsi or Zeiss LSM980 systems. Image analysis
was performed using Imaris (Oxford Instruments) or FIJI (ImageJ,
(Schindelin et al., 2012).

The following antibodies used:

� FN1 antibody (1:200, Abcam, #ab2413).
� SNAKA51 antibody (1:400, Millipore, #MABT201).
� Collagen-I antibody (1:200, Cell Signaling Technology, #66948).
� Ki-67 antibody (1:1000, Cell Signaling Technology, #9129).

SA-β-gal staining
Cells were fixed with a solution containing 2% formaldehyde and
2% glutaraldehyde at RT for 15 min. The β-gal staining reagent was
prepared in water with the following components:

� 1 mg/ml X-gal dissolved in dimethylformamide.
� 40 mM citric acid/sodium phosphate buffer (pH 6.0).
� 5 mM potassium ferrocyanide.
� 5 mM potassium ferricyanide.
� 150 mM sodium chloride.
� 2 mM magnesium chloride.

One ml of the β-gal reagent was added to each glass-
bottom dish (IWAKI, 27 mm in diameter). The sample dishes were
then sealed, covered with aluminum foil, and incubated at 37°C
overnight. Imaging of SA-β-gal–stained samples was performed
using a Nikon Ti-E microscope, and image analysis was conducted
using FIJI (ImageJ; Schindelin et al., 2012).

siRNA transfection, RNA-seq, and analysis
siRNA transfections were performed using Lipofectamine
RNAiMAX (Invitrogen, # 13778030) according to the manufac-
turer’s instructions. siRNAs targeting ITGA5 (hs.Ri.ITGA5.13.1-3)
and a negative control siRNA (#51-01-14-03) were obtained from
Integrated DNA Technologies. Cells were transfected for 2 d,
then trypsinized and replated into new culture vessels under

different substrate conditions depending on the experimental
setup: uncoated, coated with 0.2% gelatin (Sigma, #G1393), or 10
μg/ml FN (Roche, #10838039001). For RNA-seq experiments, cells
were similarly transfected for 2 d, then trypsinized and replated
into uncoated culture vessels for an additional 2 d. Total RNA
was extracted using the RNeasy Plus Micro Kit (QIAGEN, #74034)
with three replicates per condition. RNA library preparation and
sequencing were outsourced to BGI Genomics (Hong Kong).
Initial data processing, including quality control, alignment, and
quantification, was performed with their Dr. Tom analysis system
(BGI Genomics). Read count data were analyzed using the DESeq2
(Love et al., 2014). DEGs were identified based on a threshold of
|log2 fold change| >1 and adjusted p value of <0.1. Overrepre-
sentation analysis of GO terms and GSEA were conducted using
WebGestalt (Elizarraras et al., 2024), based on statistical outputs
from DESeq2. Visualizations of enrichment results were generated
using ggplot2 (Wickham, 2016).

Western blot
Samples for Western blot analysis were washed twice with ice-
cold PBS, then lysed by scraping with Laemmli protein sample
buffer (Bio-Rad, #1610737) supplemented with 50 mM DTT on ice.
Lysates were subsequently frozen at −80°C. Upon thawing on ice,
samples were boiled at 95°C for 5 min, followed by centrifuga-
tion at 13,000 rpm for 10 min. The supernatant was then loaded
onto a Mini-PROTEAN TGX Precast Gel (4–10%) (Bio-Rad) for SDS–
PAGE, which was run at 200 V for 30 min. Proteins were transferred
onto a nitrocellulose membrane using the Trans-Blot Turbo trans-
fer system (Bio-Rad). Membranes were blocked at RT for 1 h us-
ing Intercept PBS-blocking buffer (Li-Cor) diluted 1:1 in 0.2% PBS-
Tween 20. The membrane was incubated with the primary antibody
overnight at 4°C, followed by three washes (5 min each) with 0.2%
PBS-Tween 20. Next, the secondary antibodies (Li-Cor) were ap-
plied at RT for 1 h, followed by three additional washes (5 min each)
with 0.2% PBS-Tween 20. A final wash with PBS was performed be-
fore imaging with the Odyssey DLx imaging system (Li-Cor) for pro-
tein band visualization. Protein band quantification was conducted
using FIJI (ImageJ; Schindelin et al., 2012). The following antibod-
ies used:

� Integrin α5 antibody (1:2000, Abcam, #ab150361).
� Lamin-B1 antibody (1:5000, Abcam, #ab16048).
� PCNA antibody (1:2000, Cell Signaling Technology, #2586).
� GAPDH antibody (1:5000, Cell Signaling Technology, #5174).

CDM preparation
CDM was prepared following the method described by Kaukonen
et al. (2017). In brief, young fibroblasts were seeded at subconflu-
ent levels on gelatin-coated dishes and cultured for at least 6 d
to allow for ECM generation. Fibroblasts were then removed us-
ing a mild decellularization solution containing 2% NH4OH and
0.5% Triton X-100 in PBS, followed by three thorough washes with

(D) Representative immunofluorescence images of Ki-67 expression in control and α5KD fibroblasts, cultured with or without CDM. Ki-67 (pink)
is used as a marker for cell proliferation, phalloidin (gray) stains actin filaments, and DAPI (green) stains nuclei. (E) Quantification of the
Ki-67–positive nuclei, expressed relative to the control sample (C without CDM), in control (C) and α5KD fibroblasts cultured with or without
CDM. Bars represent mean ± 95% confidence interval from five independent experiments. Statistical significance is indicated by *** p < 0.001
and **p < 0.01 (p = 4.70e−04 for C vs. α5KD without CDM, Welch’s t test; p = 1.39e−02 for α5KD without CDM vs. α5KD with CDM, paired t
test). (F) Quantification of the Ki-67–positive nuclei in aHDFs cultured in without CDM (FN-coated, FN) or with CDM. Bars represent the mean
± 95% confidence interval from six independent experiments. Statistical significance is indicated by **p < 0.01 (p = 2.06e−03, Welch’s t test).
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PBS. The resulting CDM was stored in DPBS supplemented with
1% penicillin–streptomycin at 4°C for subsequent experiments.
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