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ARTICLE INFO ABSTRACT

Keywords:

Senescence

Aging proceeds with the accumulation of senescent cells in multiple organs. These cells exhibit increased size
compared to young cells, which promotes further senescence and age-related diseases. Currently, the molecular
mechanism behind the maintenance of such huge cell architecture undergoing senescence remains poorly un-
derstood. Here we focus on the reorganization of actin stress fibers induced upon replicative senescence in
human fibroblasts, widely used as a senescent cell model. We identified, together with our previous proteomic
study, that AP2A1 (alpha 1 adaptin subunit of the adaptor protein 2) is upregulated in senescent cells along the
length of enlarged stress fibers. Knockdown of AP2A1 reversed senescence-associated phenotypes, exhibiting
features of cellular rejuvenation, while its overexpression in young cells advanced senescence phenotypes.
Similar functions of AP2A1 were identified in UV- or drug-induced senescence and were observed in epithelial
cells as well. Furthermore, we found that AP2A1 is colocalized with integrin p1, and both proteins move linearly
along stress fibers. With the observations that focal adhesions are enlarged in senescent cells and that this co-
incides with strengthened cell adhesion to the substrate, these results suggest that senescent cells maintain their
large size by reinforcing their effective anchorage through integrin pl1 translocation along stress fibers. This
mechanism may work efficiently in senescent cells, compared with a case relying on random diffusion of integrin
p1, given the enlarged cell size and resulting increase in travel time and distance for endocytosed vesicle
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transportation.

1. Introduction

Accumulation of senescent cells in multiple organs during aging
contributes to age-associated diseases [1,2], which include neurode-
generative diseases [3,4], cardiovascular diseases [5,6], type 2 diabetes
[7,8], and cancer [9,10]. Cultured human fibroblasts have been widely
used in the study of cellular senescence as they exhibit a limited capacity
for cell division before entering a stable proliferative growth arrest, a
state known as “replicative senescence” [11]. The replicative senescence
is caused by a telomere shortening upon each cell division, resulting in
the accumulation of DNA damage [12]. Advanced senescence gradually
leads to an increase in cell size [13], which in turn impairs cell function,
proliferative ability, and protein synthesis [14]. Senescence is also
accompanied by elevated activity of senescence-associated f-galactosi-
dase (SA-p-gal) and expression of cell cycle inhibitors such as p53, p21,
p16, and PAI-1 [15]. While cell morphological change is thus commonly
recognized as a senescence indicator, the underlying mechanisms
remain largely unknown. Replicative senescence also causes a decrease

in cell migratory potential [16,17]. In this regard, the accumulation of
senescent cells has been linked to impaired wound healing [18-20].

The regulation of cell morphology and migration is closely associated
with the state of stress fibers [21,22]. Stress fibers are actomyosin-based
bundles, which are composed mainly of actin filaments cross-linked by
a-actinin and non-muscle myosin II [23-25]. In mesenchymal cell types,
stress fibers localize between separate cell adhesion sites to generate
contractile force on the underlying extracellular matrix [26,27].
Changes in stress fiber organization and contractile properties affect
numerous cellular processes including adhesion [28,29], motility
[30,31], and mechanosensing [23,32]. The organization of stress fibers,
known to be altered in cells undergoing senescence [33,34], has also
been reported to play a role in pathological processes including devel-
opmental morphogenesis and cancer metastasis [35,36].

While the proteome of stress fibers has only been partly investigated,
our group recently revealed that those in human fibroblasts are
comprised of at least 135 proteins, and 63 of them are upregulated with
replicative senescence [37]. Approximately one-third of the upregulated
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proteins belongs to the actin cytoskeletal component that includes cal-
desmon, tropomyosin, and filamin, which are all well characterized and
are indeed likely to be enriched in the aged thick stress fibers; mean-
while, the function of the rest related to stress fibers remains unclear.
Among them, here we focus on AP2A1 (alpha 1 adaptin subunit of the
adaptor protein 2) because its molecular mechanisms behind the link to
stress fiber regulation and cellular senescence have not been reported.
AP2A1 is known to be a major protein involved in vesicle formation in
clathrin-mediated endocytosis (CME) by recognizing and binding cargo
proteins, clathrin, and accessory proteins [38-40]. AP2A1 has also been
implicated in many diseases such as skin and neurodegenerative disor-
ders [41], but their molecular details remain unclear.

Using human fibroblasts undergoing replicative senescence, we
found that the expression level of AP2A1 modulates the extent of the
senescence progression, specifically influencing the expression of
senescence markers, morphological and migratory phenotypes, and
thickness and turnover of individual stress fibers. Notably, knockdown
of AP2A1 reversed senescence-associated phenotypes, exhibiting fea-
tures of cellular rejuvenation. Similar functions of AP2A1 were identi-
fied not only in replicative senescence but also in UV- or drug-induced
senescence and were found in epithelial cells as well as fibroblasts. We
also showed that AP2A1 plays a role in integrin p1 translocation along
the length of stress fibers, a process enhanced in aged fibroblasts to
strengthen cell adhesions. Taken together, our study provided insights
into the mechanisms behind the morphological alteration of stress fibers
upon senescence and highlights AP2A1 as both a promising biomarker
and a therapeutic target for promoting cellular rejuvenation.

2. Materials and methods
2.1. Cell culture

Primary human foreskin fibroblasts (HFF-1, ATCC) were cultured as
a monolayer in high-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM, Wako) supplemented with 15 % fetal bovine serum (Sigma-
Aldrich) and 1 % penicillin-streptomycin solution (Wako). Human
mammary epithelial cells derived from normal breast tissue (MCF-10 A,
ATCC) were cultured in DMEM/Ham’s F12 medium (Wako) supple-
mented with 5 % horse serum (Gibco), 0.25 IU/ml of insulin (Wako), 0.5
mg/ml of hydrocortisone (Wako), 100 ng/ml of cholera toxin (Wako),
20 ng/ml of EGF (Wako), and 1 % of penicillin-streptomycin solution;
cells were cultured starting from passage 2 and used for experiments at
passage 4. Cells were kept at 37 °C in a humidified incubator with 5 %
CO,. The medium was changed once every 3 days, and cells were
passaged at a split ratio of 1:3 for HFF-1 and 1:5 for MCF-10 A cells when
80 % confluence was reached.

2.2. SA-p-gal staining

Cell senescence was assessed by the senescence-associated p-galac-
tosidase staining kit (Cell Signaling Technology) following the manu-
facturer’s protocol. Briefly, cells at passage 10, 20, and 30 (hereafter
described as P10, P20, and P30, respectively) were grown in 6-well
plates until sub-confluence. Cells were fixed in 4 % paraformaldehyde
in phosphate-buffered saline (PBS, Wako) at 37 °C after the media were
removed and then were incubated with the f-galactosidase staining
solution (pH 6.0) at 37 °C overnight in a dry incubator. Images were
taken at 10 random fields using an inverted microscope (CKX 41,
Olympus) to determine the percentage of SA-B-gal positive cells stained
in blue.

2.3. Cell proliferation assay
Cell proliferation was assessed using the 5-Ethynyl-2-deoxyuridine

(EdU) incorporation assay (Click-iT EAU Alexa Fluor 488 Imaging Kit
or Click-iT EAU Alexa Fluor 647 Imaging Kit, Invitrogen) following the
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manufacturer’s protocol. Briefly, cells were seeded on glass bottom
dishes (@ 27 mm, No. 1S, Iwaki) and treated with 20 pM EdU solutions
diluted in culture media for 24 h at 37 °C. Cells were then fixed with 4 %
paraformaldehyde, permeabilized with 0.5 % Triton X-100 in PBS for 20
min, and treated with Cu(I)-catalyzed click reaction cocktails for 30 min.
Cells were also stained with Hoechst 33342 (5 pg/ml final concentra-
tion) in PBS. Stained cells were observed under a confocal laser scanning
microscope (FV1000, Olympus) equipped with a UPlan Apo 10x
objective lens. EQU-stained cells (proliferative cells) and Hoechst 33342-
stained cells (total cells) were counted to evaluate the ratio of prolifer-
ative cells to the total cells.

2.4. Quantification of protein synthesis

To quantify protein synthesis, the Click-iT HPG Alexa Fluor 488
Protein Synthesis Assay Kit (Thermo Fisher Scientific) was used
following the manufacturer’s protocol, which evaluates the incorpora-
tion of L-homopropargylglycine (HPG) to newly synthetized proteins.
Briefly, cells were incubated in methionine-free DMEM media for 1 h to
deplete endogenous methionine and then in other methionine-free
DMEM media containing 2 mM HPG for 30 min to allow incorporation
of HPG to nascent proteins. Cells were then fixed and permeabilized for
fluorescence imaging. The incorporation of HPG, quantified by the in-
tensity of Alexa Fluor 488, was defined in each cell as the mean intensity
of the pixels inside the cell boundaries after background subtraction.

2.5. Cellular ATP measurement

Intracellular ATP levels were measured using the ATP assay Kit-
Luminescence (Dojindo Molecular Technologies) following the manu-
facturer’s protocol. Briefly, 5000 cells in a well of 96-well plates were
lysed with the lysis buffer of 50 pl and incubated at 25 °C for 10 min.
Luminescence signals from the ATP standard solution and samples were
detected on a microplate reader (SpectraMAX Gemini EM).

2.6. Immunostaining

Cells were seeded at a low density on coverslips, fixed with 4 %
paraformaldehyde in PBS for 15 min, permeabilized with 0.5 % (v/v)
Triton X-100 for 15 min, and blocked with 1 % (w/v) normal goat serum
in PBS for 1 h at room temperature. Cells were then incubated overnight
at 4 °C with primary antibodies, anti-AP2A1 (1:200, #MA1-064;
Thermo Fisher Scientific), anti-vinculin (1:200, #ab11194; Abcam),
anti-paxillin (1:200, #610569, BD Biosciences), anti-integrin 1 (1:200,
#26918-1-AP; Proteintech Group), and anti-lysosomal-associated
membrane protein-1 (LAMP-1, 1:200 #14-1079-80; Thermo Fisher
Scientific), followed by incubation with secondary antibodies (anti-
rabbit conjugated with Alexa Flour 488, anti-rabbit conjugated with
Alexa Flour 546, anti-mouse conjugated with Alexa Flour 546; Invi-
trogen) for 2 h at 37 °C. To visualize stress fibers, cells were stained with
phalloidin 488 (Funakoshi) or phalloidin 647 (Funakoshi) for 20 min at
room temperature. Finally, cell nuclei were stained with Hoechst33342
(1 pg/ml final concentration), and samples were mounted with ProLong
Gold Antifade Mountant (P36930, Thermo Fisher Scientific). Laser
scanning confocal microscope (FV3000, Olympus) equipped with a
UPlan Apo 60x oil objective lens (NA = 1.42) or 3D-structured illumi-
nation microscopy (SIM) (Zeiss Elyra S1; Center for Medical Innovation
and Translational Research (COMIT) of Osaka University Medical
School) equipped with an alpha Plan-Apochromat 100x oil objective
lens (NA = 1.46) were used for imaging. For SIM, each image in the z-
stack was captured with structured illumination at different focal
depths, and the 3D image was reconstructed in super-resolution.

2.7. Quantification of cell area

The captured fluorescence images were imported to Fiji/ImageJ
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software. After setting the scale, the cell contour was outlined by func-
tion “Polygon Selection”, and then cell areas were measured by function
Measure. Average values were obtained from measurements of n =
20-30 cells per experimental condition across N = 3 independent
experiments.

2.8. Quantification of stress fiber thickness

Grey-scale images were used for fiber segmentation, which was
performed in Fiji/ImageJ software by subtraction of non-uniform
background within the cell boundaries. Line region of interest (ROI)
was used to draw a ROI across the width of individual stress fibers. 2D
graphs showing the intensities along the line selection were displayed to
obtain the horizontal distance between the two edges of the stress fibers.
The thickness of stress fibers was then determined as [(Peak intensity) —
(Valley intensity)]/2. A total of more than 300 measurements were
performed.

2.9. Fiber alignment analysis

Stress fibers and AP2A1 were imaged with confocal microscopy
(FV3000) to evaluate their alignment using 2D-fast Fourier transform
(FFT) in Fiji/ImageJ software. The FFT images provide a frequency map,
in which the direction of the structure alignment is detected. Image
components of high and low frequency, corresponding to short and long
periodicity, are represented as peaks around the periphery and center in
the Fourier spectrum, respectively. FFT-based directionality analysis
(version 2.3.0) was used to assess the orientation and variability of stress
fiber alignment. Results are presented as directionality histograms, with
orientation angles on the x-axis and relative intensity on the y-axis.
Alignment was quantified using the full width at half maximum (FWHM)
of the histogram peak, which is determined automatically by fitting a
Gaussian function, where smaller FWHM values indicate higher
alignment.

2.10. Colocalization analysis

To analyze colocalization of endogenous proteins, including actin
filaments, AP2A1, and transferrin, confocal microscopy images (reso-
lution: 1024 x 1024 pixels, FV3000) were processed using the JACoP
plugin in Fiji/ImageJ software. Cells were identified within manually
selected ROI. The JACoP plugin quantifies the spatial and intensity re-
lationships between two fluorescence signals in an image, using Pear-
son’s correlation coefficient to assess the degree of colocalization.

2.11. Wound healing analysis

Cells were seeded in 12-well plates at a concentration of 1 x 10°
cells/well and incubated until they reached 90 % confluence. A 200-pl
sterile pipette tip was used to scratch the cells, and detached cells were
removed with PBS. The plate was placed on a phase-contrast microscope
(IX73, Olympus) to capture the resulting cell migration using a 4x
objective every 30 min for 12 h. We determined the percentage of
wound closure, namely the rate of cell migration, in Fiji/ImageJ
software.

2.12. Single-cell tracking

Single-cell tracking was conducted using CellTracker Green CMFDA
(Invitrogen)-labeled cells cultured on 35-mm glass-bottom dishes. Time-
lapse imaging was performed with an IX-83 microscope (Olympus)
equipped with a stage incubator (Tokai Hit) set at 37 °C and 5 % COzin a
humidified atmosphere. Images were captured at 10x magnification
every 15 min over a 10-h period. Time-lapse fluorescence images were
analyzed using the TrackMate plugin in Fiji/ImageJ to extract cell mo-
tion coordinates at each time point, yielding data on migration
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trajectories, velocity, and distance.
2.13. Transferrin uptake assay

Cells were grown on coverslips, pre-incubated with Opti-MEM
(Gibco) for 2 h, incubated with Alexa-Fluor-488-conjugated transferrin
of 25 pg/ml (Thermo Fisher Scientific) in Opti-MEM for 10 min on ice,
shifted to 37 °C for 15 min to allow transferrin uptake, washed twice
with PBS, and fixed with 4 % formaldehyde. The fluorescence images of
cells were obtained using a confocal microscopy (FV3000) and analyzed
with Fiji/ImageJ software to quantify transferrin uptake normalized to
cell area. ROI representing specific cell areas were selected using the
polygon tool.

2.14. Isolation of stress fibers

Stress fibers were isolated from cells as previous reported [37,42-44]
Briefly, cells grown on 100-mm polystyrene cell culture dishes were
washed twice with cold PBS, hypotonically shocked with a low-ionic-
strength extraction solution (2.5 mM triethanolamine, 1 mM dithio-
threitol, 1 pg/ml pepstatin, and 1 pg/ml leupeptin in ultra-pure water)
for 5 min, incubated with 0.05 % Triton X-100 in the cytoskeleton sta-
bilizing buffer (20 mM Imidazole, 2.2 mM MgCl,, 2 mM EGTA, 13.3 mM
KCl, 1 mM dithiothreitol, 1 pg/ml pepstatin, and 1 pg/ml leupeptin; pH
7.3) for 1 min, and rinsed with the same cytoskeleton stabilizing buffer
without Triton X-100. The extracted stress fibers were scraped off from
the dish, suspended in lysis buffer (50 mM Tris-HCl, 100 mM NacCl, 1 %
NP-40, 1 % sodium deoxycholate, 1 mM NagVO4, 1 mM NaF, 1 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 pg/ml pepstatin,
and 1 pg/ml leupeptin; pH 7.4). The stress fiber lysates were cleared by
centrifugation (15,000 Xg, 60 min) and were kept on ice for western blot
analysis.

2.15. Western blotting

To prepare the whole cell extracts, cells were washed twice with cold
PBS and scraped off using a plastic scraper from the culture dish con-
taining lysis buffer. The lysates from the extracted stress fibers or whole
cells were maintained on a shaker for 30 min at 4 °C and centrifuged at
15,000 Xg for 20 min to collect the supernatant. The total protein con-
centration was determined by Pierce BCA Protein Assay Kit (Thermo
Fischer Scientific). Proteins were fractionated by 10 % SDS-PAGE and
transferred onto polyvinylidene fluoride membranes (0.45 pm, Wako).
The membranes were blocked in 5 % (w/v) BSA for 1 h at room tem-
perature, followed by incubation overnight at 4 °C with primary anti-
bodies: anti-GAPDH (1:5000; #014-25,524; Wako), anti-p53 (1:1000;
#10442-1-AP; Proteintech), anti-p21 (1:1000; #10355-1-AP; Pro-
teintech), anti-myosin IIa (1:1000; #PRB-440P; Covance), anti-a-actinin
(1:1000; #ab18061; Abcam), anti-p-actin (1:1000; #4970P; Cell
Signaling Technology), and anti-AP2A1 (1:1000; #11401-1-AP; Pro-
teintech). Excess antibodies were removed by washing with TBS-T three
times. Membranes were then incubated with HRP-conjugated anti-rab-
bit/mouse for 1 h. After 3 washes with TBS-T, immunoreactive proteins
were detected using Immobilon Western Kit (Millipore). Protein bands
from each blot were observed by an imaging system (ChemiDoc XRS+)
and analyzed by ImageLab software (Bio-rad). The GAPDH was used as
an internal control.

2.16. Plasmids, transfection, and knockdown

An expression vector encoding mClover2-human AP2A1 was con-
structed from the pEX-A2-AP2A1 vector (Eurofins Genomics), which
was digested with EcoRI and BamHI restriction enzymes and cloned into
the EcoRI/BamHI-double-digested mClover2-C1 vector (Addgene
plasmid#54577). Plasmid vectors for expressing human actin binding
protein Lifeact (mRuby2-tagged Lifeact; [45]) and EGFP-tagged myosin
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regulatory light chain (MLC; [32]), were generated as previously
described. mVenus-Integrin-Betal-N-18 plasmid (Addgene plasmid
#56330) was obtained from Addgene (USA). Transfection was per-
formed using Lipofectamine LTX and Plus reagent (Invitrogen) following
the manufacturer’s instructions with plasmids of 2.5 pg per well of 35-
mm culture dishes where cells were grown to 50-70 % confluence in
Opti-MEM medium. For co-transfection, the same amounts of two types
of plasmids were applied to make 2.5 pg in total. Cell imaging was
performed 24 h after transfection. The siRNAs targeting AP2A1 (s183
and s184, Thermo Fisher Scientific) and negative control siRNAs (Cell
Signaling Technology) were transfected to cells to evaluate the effect of
downregulating the expression of AP2A1. siRNA transfection was car-
ried out at a concentration of 60 pmol in Opti-MEM medium using
Lipofectamine RNAi-MAX (Invitrogen Life Technologies) following the
manufacturer’s instructions, and then cell imaging was performed 48 h
after the transfection.

2.17. Fluorescence recovery after photobleaching (FRAP)

Fluorescence recovery after photobleaching (FRAP) was performed
by using the laser scanning microscope (FV3000). Images were acquired
using a 60 % oil immersion objective lens (NA = 1.42) with line scanning.
Two images were acquired to monitor the fluorescence signal before
bleaching, and square areas of EGFP-MLC-labeled stress fibers were then
photobleached using 405 and 488-nm wavelength lasers. The subse-
quent fluorescence recovery was recorded at a 20-s interval for 6 min.

2.18. Time-lapse imaging of protein transport

Cells at P10 and P30 were cotransfected with the two constructs:
mClover2-AP2A1 (green) and mRuby2-tagged Lifeact (magenta) or
mVenus-Integrin-Betal (green) and mRuby2-tagged Lifeact (magenta).
Simultaneous time-lapse imaging of AP2A1 and integrin pl along the
length of stress fibers was recorded with confocal microscopy (FV3000)
with a 30-s interval time for 10 min. To determine the speed of protein
movement, we tracked AP2A1 and integrin f1 using TrackMate plugin
in the Fiji/ImageJ software.

2.19. Induction of senescence by UV irradiation

Senescence was induced in young (P10) HFF-1 cells using a CSL-
206G UVC lamp (Cosmo Bio). Cell culture dishes were positioned 14
cm from the light source and exposed to UVC irradiation for 10 min daily
over a 3-day period. Under these conditions at room temperature, the
UVC intensity at the cell surface was measured as 1400 pW/cm?2. Control
cells were maintained under identical conditions except without UVC
exposure. After the third day of treatment, cells were incubated for 24 h
to recover from acute stress caused by UVC exposure before further
experiments. For MCF-10 A cells, UVC treatment was performed under
similar conditions with 10-min exposures daily for 2 days.

2.20. Induction of senescence by drug treatment

Cellular senescence was induced pharmacologically using two
distinct drugs: Palbociclib (Sigma-Aldrich), i.e., a cyclin-dependent ki-
nase 4/6 (CDK4/6) inhibitor, and Bleomycin (TCI), i.e., a DNA-
damaging agent. Young (P10) HFF-1 cells were treated with 2 uM Pal-
bociclib or 10 pg/ml Bleomycin, while MCF-10 A cells were exposed to 2
pM Palbociclib or 5 pg/ml Bleomycin. HFF-1 cells were cultured in drug-
containing medium for 96 h, while MCF-10 A cells were treated for 72 h.

2.21. Statistical analysis
Each experiment was independently repeated at least three times,

and results are expressed as means + standard deviations. Statistical
analyses were performed using GraphPad Prism (v.9.0.0) software. The
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statistical significance of differences among varying passage numbers,
AP2A1 knockdown conditions (siControl, siAP2A1(1), siAP2A1(2)), and
drug-induced senescence (control, Palbociclib treatment, Bleomycin
treatment) was determined using a one-way analysis of variance
(ANOVA), followed by Dennett’s multiple comparison test. The signifi-
cance between two experimental groups was analyzed using unpaired
two-tailed Student’s t-test. Statistical significance is described as fol-
lows: *, p < 0.05; **, p < 0.01; ***, p < 0.001; and, **** p < 0.0001.

3. Results
3.1. Characterization of replicative senescent fibroblasts

Primary human foreskin fibroblast HFF-1 cells were expanded by
serial passaging until passage 30 (P30) to induce replicative senescence.
Cells at P10 were designated as young control, and those at P20 and P30
were categorized as the adult and aged cell groups, respectively. We
found that cells at late passage exhibited an enlarged and flattened cell
morphology (Fig. S1A). The area of aged cells (P30) increased by 6.6-
fold compared to young control, whereas the nuclear size increased by
1.5-fold (Fig. S1A-B and Fig. S2A). With increasing the passage number,
cells also underwent reduction in the aspect ratio from a spindle shape to
an irregularly round one (Fig. S1C). We examined some senescence
markers to determine how the large cell size is associated with senes-
cence. As expected, enlarged cells at P30 exhibited senescence-specific
characteristics, including a significant increase in SA-p-gal activity
(Fig. S1D), delay in cell proliferation (Fig. S1E), upregulation of p53 and
p21 (Fig. S1F), increase in cellular ATP levels (Fig. S2B), and down-
regulation of protein synthesis (Fig. S2C) in accordance with previous
studies on fibroblast replicative senescence [11,46,47].

3.2. Replicative senescence alters stress fiber organization

We next investigated how the above change in cell morphology is
associated with stress fiber organization. Phalloidin staining revealed no
significant difference in the number of individual stress fibers per 1000
pm? of cell area across passage numbers, while senescent cells exhibited
increased stress fiber thickness compared to controls (Fig. S3A-C). To
evaluate the alignment of stress fibers within cells, fluorescence images
were analyzed using 2D-FFT (Fig. S4A). The directionality histogram of
the FFT image of stress fibers in senescent cells shows a smaller FWHM
around a specific angle, indicating a dominant orientation of stress fibers
(Table S1). In contrast, the histogram of young cells is broad, reflecting a
relatively random alignment. In addition, the expression level of typical
stress fiber-associated proteins was determined by western blot analysis
(Fig. S3D-E). We found that non-muscle myosin II (NMMIla) and
a-actinin are upregulated, while p-actin behaves as a house-keeping
protein during the progression of senescence, thus consistent with our
observations that the thickness of individual stress fibers is increased in
senescent cells.

While stress fibers are highly dynamic and undergo continuous
turnover, the thickening of individual stress fibers in senescent cells
suggests increased structural stability with reduced turnover. To assess
this, FRAP was performed on EGFP-MLC-transfected P10 and P30 cells
(Fig. S3F). The fluorescence recovery curve after photobleaching reflects
the extent of turnover (Fig. S3G). In senescent cells, recovery was
markedly slower compared to young cells. At the endpoint (t = 300 s),
the mobile fraction that represents the turnover proportion was signif-
icantly reduced in senescent cells (Fig. S3H), confirming that stress fi-
bers in senescent cells are more stable with minimal turnover.

To investigate whether the progression of senescence affects cell
migration, we analyzed both collective and single-cell migration. The
wound healing assay revealed a significant reduction in the collective
migration abiliity of senescent cells compared to young cells (Fig. S5A-
C). Single-cell tracking showed that senescent cells exhibit decreased
migration speed and total travel distance compared to young cells



P. Chantachotikul et al.

(Fig. S6A-C and Movies 1-2). Together, these results indicate reduced
motility in senescent cells, a hallmark of cellular senescence.

3.3. Upregulation of AP2A1 upon fibroblast replicative senescence

Previous proteomic data revealed that AP2A protein expression is
upregulated in the stress fiber fraction in response to fibroblast repli-
cative senescence [37]. To validate this finding with western blot, pro-
teins from whole cell lysates and extracted stress fibers were analyzed at
P10, P20, and P30. Consistent with the proteomic analysis, AP2A1
expression increased in both whole cell lysates and extracted stress fi-
bers with the increase in passage number (Fig. 1A-D). Immunofluores-
cence staining was performed to investigate the localization of
endogenous AP2Al in cells (Fig. 1E). 2D-FFT analysis revealed a strong
alignment of AP2A1 in senescent cells, contrasting with the more diffuse
and random distributions observed in young cells (Fig. S4B). Notably,
the alignment of AP2A1 closely matched that of stress fibers, with nearly
identical angles (Tables S1 and S2). Quantitative colocalization analysis
of AP2A1 and stress fibers in confocal images revealed a greater Pear-
son’s correlation coefficient in senescent cells (Fig. 1F). 3D super-
resolution SIM imaging provided more detailed observations, showing
that the majority of AP2A1 protein localized just above or along indi-
vidual stress fibers (Fig. 1G). These findings suggest that AP2A1 in-
teracts along the surface of stress fibers.

As AP2A1 is known to be a major protein for vesicle formation in
CME [39], we next investigated whether AP2A1 levels affect endocytosis
using a transferrin endocytosis assay. The intarnalization of fluo-
rescencently labeled transferrin was imaged, and quantitative analysis
of fluorescence intensity and transferrin number per cell area revealed
an increase in total cellular uptake with senescence (Fig. S7A-C). To
establish the role of AP2A1 in endocytic trafficking, we analyzed its
colocalization with transferrin. Quantification of fluorescence images
showed that AP2A1 colocalizes with transferrin in both young and se-
nescent cells, with a high value of Pearson’s correlation coefficient
(>0.7) and no significant difference between the two cell groups
(Fig. S7D).

3.4. AP2A1 regulates cellular senescence

The concomitant upregulation of AP2A1 and senescence markers
upon increased passage number led us to investigate the effects of
knockdown and overexpression of AP2A1 on the phenotypes associated
with cellular senescence. First, we used two different small interfering
RNA (siRNA) sequences to deplete AP2A1 in senescent cells of P30.
Upon silence of AP2A1, immunofluorescence showed that senescent
cells exhibited a smaller cell area and thinner individual stress fibers
compared to control (Fig. 2A-C). However, the number of individual
stress fibers per 1000 pm? of cell area showed no significant difference
between AP2A1 knockdown cells and control cells (Fig. 2D). Western
blot showed that the expression of the major stress fiber-associated
proteins, namely NMMIIa and o-actinin, was significantly reduced
compared with control; meanwhile, f-actin remains unchanged (Fig. 2E-
F). Interestingly, we found that the protein levels of p53 and p21
(Fig. 2G-H), as well as SA-B-gal activity (Fig. 2I-J), all of which are
senescence markers, were downregulated by the knockdown of AP2A1
(Fig. 2A-B, G-H), while cell proliferation was enhanced (Fig. 2K-L).
AP2A1 silencing was also found to significantly reduce transferrin re-
ceptor uptake (Fig. SBA-B).

In contrast, the overexpression of AP2Al1 in young cells of P10
induced an increase in cell area (Fig. 3A-B) as well as the thickness of
individual stress fibers (Fig. 3C) in a manner consistent with the upre-
gulation of NMMIla and o-actinin (Fig. 3D-E); meanwhile, B-actin
expression was unaffected. However, the number of individual stress
fibers per cell area remained unchanged (Fig. 3E). Furthermore, we
observed that the protein levels of p53 and p21 (Fig. 3G-H) and SA-B-gal
activity (Fig. 31I-J) were upregulated following AP2A1 overexpression,
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whereas cell proliferation was decreased (Fig. 3K-L). Given the opposite
effects of AP2A1 knockdown and overexpression, which suppress and
promote typical senescence phenotypes, respectively, these findings
suggest that AP2A1 expression modulates cell states between senescence
and rejuvenation.

3.5. Senescence promotes focal adhesions

Given that cells spread on the extracellular matrix (ECM) via integrin
and form focal adhesions (FAs) to obtain a desirable state [48,49], it is
hypothesized that increased cell area in senescence is accompanied by
enhanced structural maturity of FAs. To examine this relationship, we
examined by immunostaining the expression of FA-associated proteins,
vinculin and paxillin, in both young and senescent cell groups. Cells in
each group were divided into two regions: edge and non-edge. The edge
was defined as the intracellular region within 10 % of the distance from
the cell outline to the center, while the remaining intracellular regions
were defined as non-edge. The number and size of individual FAs were
quantified for each cell group, showing that in young cells both vinculin
and paxillin are preferentially distributed around the cell edge, whereas
in senescent cells those proteins were rather located at the cell center
(Fig. 4A-B, Table S3). Stress fibers in young and senescent cells likewise
tend to be located around the periphery and central regions of the cells,
respectively (Fig. S9). The size of individual FAs was significantly larger
in senescent cells compared to young cells (Fig. 4C-D), suggesting that
cellular senescence exhibiting increased cell area is accompanied by the
maturity of FAs.

We further investigated how the cell adhesions to the ECM is
strengthened during senescence by using trypsin-based cell detachment
assay. Here, the resistance to trypsin reflects how firmly cells attached to
the substrate as the ECM associated with cell adhesions is known to be
developed together with the SF-driven maturation of FAs [50-52] The
time required for de-adhesion with trypsinization was significantly
delayed in senescent cells compared to young cells (Fig. S10). Thus, FAs
in senescent cells are not only augmented in size and molecular
expression but also strengthened in terms of anchorage to the ECM.

3.6. AP2A1 is required for integrin f1 translocation

Endocytosis of vesicles carrying integrin p1 via CME has been pro-
posed to be a mechanism to supply integrin for newly forming FAs [53-
55]. Based on the above results that FAs are strengthened upon senes-
cence, we hypothesized that AP2A1 is involved in translation of integrin
Bl along the length of stress fibers. To test this, we first performed
double immunofluorescence staining of AP2A1 and integrin 1. The 3D-
SIM images demonstrate partial colocalization of integrin 1 and
AP2A1, with a high Pearson’s correlation coefficient of over 0.5, while
there is no significant difference in the extent between young and se-
nescent cell groups (Fig. 4E-F). Integrin p1 may be recycled back to the
plasma membrane via endosomes or targeted for degradation at lyso-
somes, namely autophagy [56]. In this regard, we analyzed the coloc-
alization of integrin 1 with the lysosome marker, LAMP1. We observed
a decrease in the integrin pl overlap with LAMP1 upon senescence
(Fig. S11A-B). These results inspired us to consider that senescent cells
tend to promote the recycle of internalized integrin f1 back to the
plasma membrane as a potential new resource to maintain FAs, while
young cells rather allow internalized integrin f1 to be transported to
degradative lysosomes. Moreover, the accumulation of integrin p1 was
quantified by taking the ratio of integrin f1 intensity at P30 to that at
P10, showing that it significantly increases more than twice at P30
compared to P10 (Fig. 4G).

To analyze the involvement of AP2A1 in integrin 1 transportation,
living cells transfected with EGFP-AP2A1 and mRuby-Lifeact were
imaged by time-lapse confocal microscopy at an interval of 30 s for 10
min. The fluorescence of individual AP2A1 aggregations was tracked to
demonstrate that AP2A1 moves along the length of stress fibers (Movies
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Fig. 1. Increased AP2A1 protein expression in senescent cells. (A, B) Western blot of AP2A1 in the whole cell lysate (A; N = 3 independent experiments) and in
extracted stress fibers (B; N = 3 independent experiments). (C, D) Quantification of the expression of AP2A1 in the whole cell lysates (C) and extracted stress fibers
(D). (E) Immunostaining of endogenous AP2A1 (magenta) and actin filaments in stress fibers (phalloidin, green). (F) Pearson’s correlation coefficient to evaluate
colocalization of AP2A1 and actin filaments (n = 20 cells). (G) 3D-reconstructed SIM image of AP2A1 and actin filaments in stress fibers (phalloidin) in P30 cell. The
rectangles in yellow are magnified to show the detail. Scale, 5 pm; 1 pm for the magnified images. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 2. AP2A1 knockdown promotes features of cellular rejuvenation. (A) Immunostaining of AP2A1 (magenta), actin filaments in stress fibers (phalloidin, green),
and nuclei (Hoechst33342, blue) in senescent P30 cells with si-control or si-AP2A1 transfection. Scale, 20 pm. (B) Quantification of cell area (n = 30 cells, N = 3
independent experiments). (C, D) Quantification shows the thickness (C) and the number of individual stress fibers (SFs) per cell area (D) under the knockdown (n =
20 cells for each group from 3 independent experiments). (E, F) Western blot shows that AP2A1 knockdown in P30 cells led to a reduced expression of NMMIIa and
a-actinin. (G, H) Western blot shows that the expression of p53 and p21 was both reduced by AP2A1 knockdown. The blots are representative of N = 3 independent
experiments. (I, J) Representative images of P30 cells with SA-B-gal staining (I) and its quantification (J). Scale, 100 pm. (n = 10 random fields for each group, N = 3
independent experiments). (K,L) Comparison of cell proliferation ability between senescent cells expressing siRNA for control and for AP2A1 by EdU proliferation
assay (K) and its quantification (L). Scale, 20 pm. (n = 10 random fields for each group, N = 3 independent experiments). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

3-4). The speed of AP2A1 movement was significantly faster in young
cells compared to senescent cells (Fig. 5A-B). Using the same approach,
we also observed integrin f1 translocation along stress fibers in cells
transfected with mVenus-integrin f1 and mRuby-Lifeact (Movies 5-6).
The integrin f1 movement was substantially faster in young cells,
consistent with the observation of the AP2A1 dynamics (Fig. 5C-D).
These data support our hypothesis that integrin f1 contained in a vesicle
with AP2A1 is translocated by CME along stress fibers to FAs where
integrin f1 is clustered (Fig. 5E), and the turnover rate of integrin p1 is
slowed in senescent cells as the associated stress fibers are stabilized
(Fig. S3F-H).

3.7. Upregulation of AP2A1 in alternative fibroblast senescence models

To further validate the upregulation of AP2A1 in senescent fibro-
blasts, young cells at P10 were treated with UVC irradiation or specific
drugs. UVC exposure induced senescence, as evidenced by enlarged and
flattened cell morphology (Fig. S12A-B) and increased SA-f-gal activity
(Fig. S12C-D). Immunofluorescence analysis revealed increased AP2A1
expression (Fig. S12E-F) and stress fiber thickness in UV-treated HFF-1
cells compared to controls, while the number of individual stress fibers
per cell area remained unchanged (Fig. S13G-H).

Fibroblast senescence was also induced by treating young HFF-1 cells
with Palbociclib (CDK4/6 inhibitor) or Bleomycin (DNA-cleaving
agent). These drug treatments resulted in increased cell area and SA-
fB-gal staining (Fig. S13A-D). Drug-treated fibroblasts exhibited signifi-
cant upregulation of AP2A1 expression (Fig. SI3E-F) and increased
stress fiber thickness, while no significant change was observed in the
number of individual stress fibers per cell area (Fig. S13G-H). Collec-
tively, AP2A1 serves as a marker for fibroblast senescence not only in
replicative models but also in UV- and drug-induced senescence models.

3.8. Upregulation of AP2A1 in epithelial cell senescence

We next investigated whether AP2A1 could serve as a senescence
marker in other cell types. MCF-10 A cells were exposed to UVC irra-
diation, Palbociclib, or Bleomycin and assessed for senescence. UV
treatment induced senescence in MCF-10 A cells, as evidenced by
increased cell spreading with an elongated shape (Fig. S14A-B) and
elevated SA-B-gal activity (Fig. S14C-D). Compared to controls, AP2A1
expression was significantly upregulated in UV-treated cells
(Fig. S14E-F). Quantitative analysis revealed increases in both the
number and thickness of individual stress fibers, along with a loss of
cell-cell contacts (Fig. S14G-H).

Similarly, Palbociclib and Bleomycin treatment induced senescence
in MCF-10 A cells. Drug-treated cells exhibited cell enlargement
(Fig. S15A-B) and increased SA-B-gal activity (Fig. S15C-D). A signifi-
cant upregulation of AP2A1 expression was observed compared to
controls (Fig. S15E-F). Quantitative analysis confirmed increases in both
the number and thickness of individual stress fibers following drug
treatment (Fig. S15G-H). Collectively, AP2A1 is upregulated in senes-
cent MCF-10 A cells, supporting its role as a senescence marker across
different cell types.

4. Discussion

The function of organisms progressively declines during the lifespan
due to overaccumulation of senescent cells in multiple tissues, leading to
age-related diseases [57,58]. Many researches have attempted to
develop therapeutic drugs targeting senescent cells, and cultured human
fibroblasts are often used in those studies as an in vitro model to induce
cellular senescence [11,59,60]. In the present study, we established a
replicative senescence model of HFF-1 cells by serial passage. Cells at
P30 exhibited typical senescence characteristics, e.g., an enlarged and
flattened cell shape, increased SA--galactosidase activity, and upregu-
lated p53 and p21 (Fig. S1), thus consistent with previous studies
[61-63]. Many studies on senescence have also reported that cell size
increases gradually during replicative senescence [64,65], and alter-
ation in cell size contributes to decline in cell function, proliferation, and
protein synthesis [14,66]. However, there is little understanding of the
mechanism behind the significant changes in stress fibers as well as FAs
that are known to be elicited upon replicative senescence.

We found that major senescence phenotypes are indeed induced to
the human fibroblasts with repeated passage, in which stress fibers were
thickened (Fig. S1-S3). In the aged stress fibers, higher expression levels
of actin-binding proteins, specifically, NMMIIa and «-actinin, are asso-
ciated compared to control young stress fibers. The FRAP analysis
showed reduced stress fiber turnover in senescent cells, indicating their
stabilization during senescence. Given the association of stress fibers
with cell migration [67], we investigated the effect of expressing the
stabilized stress fiber organization on cell migration and found that it
slows cell migration (Fig. S5-S6).

Toward better understanding of senescence-related change in stress
fiber organization, our group previously conducted proteomic analysis
on HFF-1 cells with or without replicative senescence, identifying that
63 different proteins are upregulated along stress fibers in response to
induced senescence [37]. Approximately two-thirds of them are not
known for the function related to stress fibers as well as how it plays a
role in senescence, and therefore among them here we focused on
AP2A1. We confirmed the upregulation of endogenous AP2A1 along
stress fibers in the same human fibroblasts HFF-1 cells upon senescence
progression by western blot and immunostaining (Fig. 1). AP2A1 has
been implicated as a potential biomarker among patients with ovarian
cancer [68], pediatric medulloblastoma [69], and Alzheimer’s disease
[70,71]. Although AP2A1 was thus suggested to be a pathological
marker for aging-associated diseases, the underlying mechanisms were
yet to be identified [39]. In this regard, we demonstrated that AP2A1
plays a role in cellular senescence by modulating the size of individual
stress fibers and FAs. The aberrant expression of AP2A1 in senescent
cells may result from an increased total cellular uptake surface area [72]
and prolonged travel time [73] and distance for endocytosed vesicle
transport, as discussed further below.

We demonstrated that AP2A1 knockdown in senescent cells reduces
major senescence markers and phenotypes (Fig. 2), while its over-
expression in young cells promotes them (Fig. 3). The term “rejuvena-
tion” is often used to describe consistent reductions in aging markers and
evidence of functional recovery, such as enhanced migration or cell
cycle reentry demonstrated by EdU incorporation [74,75]. In this
context, our findings suggest that AP2A1 not only influences morpho-
logical alterations and stress fiber reorganization in senescent cells but
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Fig. 3. AP2A1 overexpression in young cells promotes senescence. (A) Fluorescence images of EGFP (AP2A1, green) and phalloidin (actin filaments, magenta) for
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f-gal staining (I) and its quantification (J). Scale, 100 pm. (n = 10 random fields for each group, N = 3 independent experiments). (K, L) Comparison of cell pro-
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for each group, N = 3 independent experiments). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)



P. Chantachotikul et al. Cellular Signalling 127 (2025) 111616

A B

Paxillin Zoom Vinculin Zoom

P10

P30

P10

P30

ok

-d
(6]
J
-
[$)]
J
*
*
*

S
o
|

Q
(3]
1

Vinculin Size (umz)

Paxillin Size (um?)
o o —
o pre o '
| 1 1
o= b
=
I
-

P10 P30 P10 P30 ITG B1/AP2A1 Colocalization
Cell Passage Cell Passage 08—
g ns
E S 06+
o
53
ITG B1/ Zoom Zoom O & 0.4+
S0
= c O
SO
§ 024
[
o
0.0-
P10 P30
o
o Cell Passage
G B

P30
Relative ITG B1 Intensity
N
1

P10 P30
Cell Passage

Fig. 4. Focal adhesion maturation in response to senescence. (A, B) Immunostaining of paxillin (A) and vinculin (B) in P10 and P30 cells. Scale, 20 pm; 5 pm for the
magnified images. (C, D) Quantification of the area of individual FAs determined by the paxillin (C) and vinculin (D) images (n = 30 cells for each group from N = 3
independent experiments). (E) Representative 3D-reconstructed SIM image of integrin 1 and AP2A1 in P10 and P30 cells. The rectangles in yellow are magnified to
show the detail. Scale, 5 pm; 1 pm for the magnified images. (F) Quantification of the colocalization of integrin §1 and AP2A1 (n = 20 cells for each group N = 3
independent experiments). (G) Quantification of the ratio of integrin 1 fluorescence intensity at P30 (n = 20 cells) to that at P10 (n = 20 cells). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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= 30). (E) Schematic of integrin 1 translocation along stress fibers via CME. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

also modulates senescence progression, with knockdown promoting
features of cellular rejuvenation and overexpression driving senescence.
It is therefore of interest to identify the molecule transported by AP2A1
that controls the senescence phenotype.

Cell adhesion, spreading, and migration on the substrate are modu-
lated by the integrin-mediated formation of FA complexes [76-78]. Our
observation that extensively spread senescent cells express highly
mature FAs with a large size (Fig. 4A-D) led us to focus on integrin
endocytic trafficking. The integrin ap heterodimers play a crucial role in
cell-matrix attachment, and the majority of integrin receptors associated
with stress fibers contain the 1 subunit [79]. Under certain conditions,
integrin adhesions are highly dynamic, undergoing continuous cycles of
assembly and disassembly to facilitate the regulation of cell adhesion.
The main integrin internalization route is via CME [80,81]. Given these
reports, our observations on the colocalization of integrin p1 and AP2A1
required for the CME suggest that AP2A1, becoming associated with
stress fibers in senescent cells, is involved in vesicle-bound integrin f1
transportation in the senescent state. In fact, it has been reported that in
fibroblasts fibronectin-bound integrin a5p1 translocates along stress

11

fibers [82]. The movement of vesicles over a long range along stress
fibers is mediated by myosin 5b [83]. Other studies demonstrated
translocation of vesicles containing integrin from the intracellular space
to the extending tip of cell adhesions by stress fiber-dependent trans-
location [84,85]. All heterodimers containing integrin 1 have thus been
shown to be potentially endocytosed via the same mechanism [86,87].
In addition, autophagy, namely a lysosome-dependent cellular degra-
dation process, works as another regulator of integrin-mediated cell
adhesion [88]. Particularly, suppression of autophagy has been impli-
cated in cellular senescence [65]. Thus, integrin can be recycled back to
the plasma membrane after internalization or degraded in lysosomes via
autophagy [56]. We observed downregulation of integrin pl degrada-
tion and stabilized translocation of integrin along stress fibers in se-
nescent cells (Figs. 4 and S11), supporting enhanced integrin recycling
rather than degradation. The integrin translocation along stress fibers
may be efficient to maintain FAs in senescent cells, instead of trans-
porting the molecules in a random diffusion-limited manner, given the
greatly enlarged cell volume and resulting increase in travel time and
distance for endocytosed vesicle transportation (Fig. 5E).
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Taken together, we elucidated key molecular mechanisms behind
cell enlargement in replicative senescence; specifically, aged fibroblasts
exhibit enhanced integrin p1 translocation along stress fibers toward
FAs, which requires AP2A1 to form the necessary vesicles. We propose a
mechanistic explanation that individual FAs are significantly enlarged in
senescent cells to ensure firm anchorage to the substrate enough to
sustain the large cell architecture. We also demonstrated that AP2A1
expression is upregulated in both UV- and drug-induced senescent fi-
broblasts and epithelial cells. This upregulation is accompanied by
senescence-associated morphological changes, increased SA-p-gal ac-
tivity, and enhanced stress fiber formation. Given its significant role in
modulating senescence progression and rejuvenation, our findings sug-
gest that AP2A1 may serve as a novel senescence marker and a potential
therapeutic target for age-related diseases.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.cellsig.2025.111616.
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