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Abstract
CD9, a 24 kDa tetraspanin membrane protein, is known to regulate cell adhesion and migration, cancer progression and
metastasis, immune and allergic responses, and viral infection. CD9 is upregulated in senescent endothelial cells, neointima
hyperplasia, and atherosclerotic plaques. However, its role in cellular senescence and atherosclerosis remains undefined. We
investigated the potential mechanism for CD9-mediated cellular senescence and its role in atherosclerotic plaque formation.
CD9 knockdown in senescent human umbilical vein endothelial cells significantly rescued senescence phenotypes, while
CD9 upregulation in young cells accelerated senescence. CD9 regulated cellular senescence through a phosphatidylinositide
3 kinase-AKT-mTOR-p53 signal pathway. CD9 expression increased in arterial tissues from humans and rats with age, and
in atherosclerotic plaques in humans and mice. Anti-mouse CD9 antibody noticeably prevented the formation of
atherosclerotic lesions in ApoE−/− mice and Ldlr−/− mice. Furthermore, CD9 ablation in ApoE−/− mice decreased
atherosclerotic lesions in aorta and aortic sinus. These results suggest that CD9 plays critical roles in endothelial cell
senescence and consequently the pathogenesis of atherosclerosis, implying that CD9 is a novel target for prevention and
treatment of vascular aging and atherosclerosis.

Introduction

Cellular senescence is a dynamic process in which cells arrest
proliferation. Cellular senescence is induced during embryo-
nic development [1] as well as by diverse stress responses
such as telomere attrition, activation or inactivation of onco-
genes, loss of tumor suppressor genes, epigenetic alterations,
inflammation, oxidative stress, chemotherapeutic agents, and
UV irradiation or ionizing radiation [2]. Senescent cells reveal
characteristic phenotypic alterations, including flattened and
enlarged cell morphology, senescence-associated β-galacto-
sidase (SAβG) staining, senescence-associated secretory
phenotypes, and DNA damage foci in the nucleus [3]. Cel-
lular senescence influences tissue and organismal aging, tissue
repair and regeneration, cancer progression and protection,
and diverse age-related pathologies, through cell-autonomous
and/or non-cell-autonomous mechanisms [4].

Accumulating evidence suggests that vascular cell
senescence, including vascular smooth muscle cells
(VSMCs) [5] and macrophages [6] contribute to athero-
sclerosis [7]. Plaque VSMCs showed reduced expression
and telomere binding of telomeric repeat-binding factor-2
(TRF2) and transgenic mice expressing VSMC-specific
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TRF2 decreased atherosclerosis and necrotic core areas
[5]. Removal of senescent macrophages attenuated
atherosclerotic plaque formation in Ldlr−/− backgrounds
[6]. However, role of endothelial cell senescence in
atherosclerosis remains unclear.

CD9 (TSPAN29) is a 24 kDa tetraspanin protein that
contains four putative transmembrane domains, short N-
and C-terminal cytoplasmic domains, a small intracellular
loop, and two extracellular loops [8]. CD9 is expressed in
a wide variety of cell types, including endothelial cells,
smooth muscle cells, hematopoietic cells, epithelial cells,
and malignant cells [9]. Similar to other tetraspanins, CD9
generally does not function as a cell-surface receptor, but
rather as an organizer of multimolecular complexes,
including integrins, immunoglobulin superfamily mem-
bers such as EWI-F and EWI-2, heparin-binding EGF-like
growth factor, claudin-1, and other tetraspanins [10]. CD9
plays important roles in cell adhesion and migration [11],
platelet activation and aggregation [12], fusion of sperm
and ovum during mammalian fertilization [13, 14], cancer
progression and metastasis [15, 16], humoral immune
response [17], allergic reaction [18], and replication of
HIV-1 and influenza viruses [19].

Previously, we reported that CD9 level increased
in senescent endothelial cells [20]. CD9 overexpression
was observed in VSMCs of neointima hyperplasia
and a neutralizing CD9 antibody inhibited neoinitima
thickening in a mouse carotid artery ligation model [21],
although CD9 knockout mice revealed no difference
in smooth muscle cell migration and neointima formation
after vascular injury [22]. CD9 expression was also
enhanced in human atherosclerotic lesions [23], activated
osteoclasts in ovariectomy-induced osteoporosis, and
in bone erosions of collagen-induced arthritis [24].
These reports suggest that CD9 might be involved in
cellular senescence and atherosclerosis; however,
mechanisms by which CD9 regulates these phenomena
remain undefined.

In the present study, we investigated the roles of CD9 in
cellular senescence using human umbilical vein endothelial
cells (HUVECs) and atherosclerosis. We found that CD9
knockdown in senescent cells significantly overcame
senescence phenotypes, while CD9 upregulation in young
cells induced cellular senescence. Moreover, we demon-
strated that CD9 regulates cellular senescence through a
PI3K-AKT-mTOR-p53 signal pathway. The levels of CD9
increased in human and rat arterial tissues with age, as well
as in human and murine atherosclerotic lesions. The inhi-
bition of CD9 using CD9-specific antibodies significantly
ameliorated cellular senescence in vitro, as well as athero-
sclerotic plaque formation in vivo. In addition, CD9
depletion in ApoE−/− mice decreased atherosclerotic plaque
formation.

Materials and methods

Materials

HUVECs and endothelial cell basal medium-2 (EBM-2)
containing several growth factors were purchased from Lonza
Inc. (Walkersville, MD, USA). Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS), 100 U/ml
penicillin, and 100mg/ml streptomycin were purchased from
Welgene (Daegu, Republic of Korea). The primers used in
this study were synthesized by Bioneer Inc. (Daejeon,
Republic of Korea) (Supplementary Table 1). The primary
antibodies used in this study are listed in Supplementary
Table 2. AD293 cells, pShuttle vector, pAdEasy-1 vector, and
a pAdEasy titer kit were purchased from Stratagene Corp. (La
Jolla, CA, USA). StealthTM siRNA for CD9, p53, ATM, and
negative control siRNA were purchased from Invitrogen Life
Technologies Inc. (Carlsbad, CA, USA). p16 Silencer® select
validated siRNA, PIK3CA Silencer® select validated siRNA,
and PIK3CB Silencer® select validated siRNA were pur-
chased from Ambion (Carlsbad, CA, USA). Total RNA iso-
lation (TRI) solution was purchased from BioScience
Technology (Daegu, Republic of Korea). An agarose gel
extraction kit was acquired from SolGent (Daejeon, Republic
of Korea). 5-bromo-4-chloro-3-indolyl-β-D-galactoside
(X-gal), LY294002, and rapamycin were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). A bro-
modeoxyuridine (BrdU) flow kit was acquired from BD
Biosciences (Cat. no. 552598, San Jose, CA, USA). An
FITC-conjugated CRKRLDRNC peptide was kindly donated
by B. H. Lee (Kyungpook National University, Daegu,
Republic of Korea).

Human arterial tissues and atherosclerotic plaques
from carotid arteries

Human vascular tissues of the spleens and testes from 1 to
90 year olds, grouped by 10-year age intervals (each, n=
20), and human carotid artery tissues (n= 6) were obtained
from atherosclerosis patients at Yeungnam University
Hospital (Daegu, Republic of Korea) consenting to surgical
excision from 1995 to 2012 with Internal Review Board
approval (YUMC 2015-01-017).

Animal tissues and experiments

All animal studies were approved by the Institutional Ani-
mal Care and Use Committee of the College of Medicine,
Yeungnam University (YUMC-AEC2013-008, YUMC-
EDU2014-014, YUMC-AEC2018-017, YUMC-AEC2018-
030, and YUMC-AEC2019-029). ApoE−/− mice and
Ldlr−/− mice were kindly donated by G. T. Oh (Ewha
Womans University, Seoul, Republic of Korea) and CD9−/−
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mice by K. Miyado (National Research Institute for Child
Health and Development, Tokyo, Japan). CD9 and ApoE
double knockout mice were obtained by crossing CD9−/−

and ApoE−/− mice. Aortic sinus tissues of ApoE−/− mice
aged 10, 20, 50, and 100 weeks provided with regular diet
were prepared. Heart and aortic tissues of 6- and 24-month-
old rats (each, n= 4) were obtained from the Aging Tissue
Bank (Pusan, Republic of Korea). To test the effects of a
neutralizing CD9 antibody on atherosclerotic lesion for-
mation in ApoE−/− mice, male mice were divided into two
groups (each, n= 9). Mice were fed rodent diet with 45%
kCal fat (Research Diets Inc., New Brunswick, NJ, USA).
One hundred micrograms of rat anti-mouse CD9 mono-
clonal antibody (KMC8, BD Pharmingen, Cat. no. 553758)
or rat IgG were injected intraperitoneally every 3.5 days for
15 weeks. Male Ldlr−/− mice were fed rodent diet with 45%
kCal fat (Research Diets Inc., New Brunswick, NJ, USA)
for 4 weeks. After diet was changed into normal chow diet,
100 μg of rat anti-mouse CD9 monoclonal or rat IgG were
injected intraperitoneally every 3.5 days for 6 weeks (each,
n= 3). Animals were allocated into groups by simple ran-
domization based on a single sequence of random assign-
ments. Food intake and body weight were measured every
3.5 days. Mice were sacrificed and the formation of ather-
osclerotic lesions in the aortas and the aortic sinuses were
analyzed. Animal experiments were not blinded to the
group allocation during the experiments and when assessing
the outcome.

Cell culture

HUVECs were maintained in EBM-2 containing several
growth factors. Cells were seeded at 1 × 105 cells per
100 mm culture dish and incubated under a 5% CO2

humidified atmosphere at 37 °C. When the cells reached
80–90% confluence, they were trypsinized and subcultured.
The number of population doublings (PDs) was calculated
from the geometric equation: PD= log2F/log2I, where F is
the cell number at the end of incubation time and I is the cell
number at the beginning of the incubation time. For all
experiments, cells were used after passage 7 (PD < 28) or
passage 15 (PD > 50). In this study, these cells were referred
to as “young” or “senescent,” respectively.

Adriamycin treatment

HUVECs (PD < 28) were seeded at 1 × 105 cells in 60 mm
culture dishes and incubated overnight at 37 °C in a 5%
CO2 humidified incubator. Cells were then washed two
times with DMEM containing 1% antibiotics (100 U/ml
penicillin and 100 μg/ml streptomycin) and then treated
with 500 nM adriamycin for 4 h. After washing, cells were
further incubated in culture media for 4 days.

Total RNA extraction

Total RNA was isolated using TRI solution according
to the manufacturer’s suggestion. Concentrations of
RNA were calculated by measuring the absorbance at
260 nm using a UV spectrophotometer (Shimadzu, Japan),
after which the isolated RNA was stored at −70 °C
until use.

Reverse transcription-polymerase chain reaction
(RT-PCR)

RT-PCR was conducted using 1 μg total RNA in a final
reaction volume of 20 μl with MMLV reverse transcriptase
(Promega Corp., Madison, WI, USA), 2.5 μM oligo-dT
primers, and 1 mM dNTPs. The resulting cDNA was PCR-
amplified with Super-Therm DNA polymerase (SR Product,
Kent, UK). The amount of RNA in each sample was nor-
malized with GAPDH primers. PCR products were resolved
on 2% agarose gels and visualized using Synergy Brands
(SYBR) Green stain (Applied Biosystems, Carlsbad, CA,
USA) with a LAS-3000 imaging system (Fujifilm Corp.,
Stamford, CT, USA).

Real-time quantitative PCR analysis

Real-time quantitative PCR analysis was performed using
SYBR Green PCR master mix (Applied Biosystems,
Carlsbad, CA, USA).

Protein extraction

Cells were washed with ice-cold phosphate-buffered saline
(PBS) (Invitrogen Inc., Grand Island, NY, USA), resus-
pended in 100 μl of ice-cold RIPA buffer (25 mM Tris-HCl,
pH 7.4, 150 mM KCl, 5 mM EDTA, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM Na3VO4, 5 mM
NaF, and 1 mM phenylmethylsulfonyl fluoride), and col-
lected by scraping. Cells were ruptured by vortexing for
30 s two times at 30 min intervals while on ice, then cen-
trifuged at 13,000 rpm for 15 min at 4 °C. Tissues, such as
the aortas and the hearts, were homogenized in ice-cold
RIPA buffer and centrifuged at 13,000 rpm for 20 min at
4 °C. Protein concentrations in the supernatants were
quantified by the bicinchoninic acid method (Pierce Bio-
technology Inc., Rockford, IL, USA) using bovine serum
albumin as a standard.

Western blot analysis

Proteins were resolved on 8, 10, or 12% sodium dodecyl
sulfate-polyacrylamide gels, then transferred to nitrocellulose
membranes. Next, membranes were blocked in 1 × TTBS
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(10mM Tris-HCl pH 7.5, 150mM NaCl, and 0.05%
Tween-20) containing 5% skim milk for 30min at room
temperature. Membranes were probed with antibodies against
phospho-AKT (pAKT), AKT, phospho-S6K (pS6K), S6K,
PIK3CA, PIK3CB, phospho-ATM (pATM), ATM, phospho-
Rb (pRb), Rb, CD9, p53, phospho-p53 (p-p53), PARP 1/2,
caspase 3, p21, or p16 overnight at 4 °C, after which sec-
ondary antibodies (1:3000) conjugated with horseradish per-
oxidase were applied to the membranes for 90min at room
temperature. After rinsing the membranes three times with
1 × TTBS for 30 min each, antigen–antibody complex was
detected using western blotting Luminol reagent (Santa Cruz
Biotech Inc., Santa Cruz, CA, USA). Proteins were visualized
with the Fujifilm LAS-3000 image system (Stamford, CT,
USA). Antibodies against GAPDH or β-actin were used as a
control for protein loading. The expression levels of proteins
were quantified with the Image J program and normalized
with the GAPDH or β-actin level.

Preparation of human recombinant CD9 adenovirus

To produce human recombinant CD9 adenovirus vector,
full-length human CD9 cDNA was amplified by PCR using
Takara HS DNA polymerase (Shiga, Japan) with the fol-
lowing primers: forward primer, CCCCACTAGTCATGCC
GGTCAAAGGAGGCA, and reverse primer, CCCCCTCG
AGCTAGACCATCTCGCGGTTCCTGC. The PCR pro-
ducts were purified using a gel extraction kit (SolGent Corp.
Ltd., Daejeon, Republic of Korea). The full-length CD9
cDNA sequence was digested with XhoI and SpeI, then
ligated into the same restriction enzyme sites of the
pShuttle-IRES-hrGFP-2 vector, resulting in pShuttle/CD9
vector. Nucleotide sequences of a full-length CD9 cDNA
were confirmed by DNA sequencing (SolGent Corp. Ltd.,
Daejeon, Republic of Korea). Recombinant CD9 adenoviral
vectors were prepared by a double-recombination event in
E. coli BJ5183 between the pAdEasy-1 vector and pShuttle/
CD9 vector. Briefly, pShuttle/CD9 vectors were treated
with PmeI and alkaline phosphatase (New England Biolabs
Inc., Ipswich, MA, USA), then co-transformed into BJ5183
cells by electroporation with pAdEasy-1 vector, resulting in
the vector pAd/CD9. BJ5183 colonies containing pAd/CD9
vectors were selected, and the presence of pAd/CD9 vectors
was confirmed by PacI (New England Biolabs Inc., Ips-
wich, MA, USA) digestion. The recombinant pAd/CD9
vectors were linearized by PacI digestion and transfected
into AD293 cells using Fugene HD transfection reagent
(Roche Diagnostic Corp., Indianapolis, IN, USA) according
to the manufacturer’s protocol. Recombinant adenovirus
was amplified in AD293 cells and purified using an ade-
novirus purification kit (Cell Biolabs Inc., San Diego, CA,
USA). Virus titers were determined using the pAdEasy titer
kit in AD293 cells.

Transduction of recombinant CD9 adenovirus

Young HUVECs (PD < 28, 1 × 105 cells) were seeded in
60 mm culture dishes and incubated overnight. Cells were
treated with 5, 10, and 15 MOI of recombinant CD9 adeno-
virus or negative control adenovirus for 24 h. After discarding
the media, cells were further incubated for the indicated times.

Transfection of siRNA

Senescent HUVECs (PD > 50, 1 × 105 cells) were
transfected with CD9 or negative control siRNA using
Lipofectamine 2000 transfection reagent (Life Technolo-
gies Inc., Gaithersburg, MD, USA) according to the
manufacturer’s protocols.

Young cells (1 × 105) were seeded in 60 mm culture
dishes and incubated overnight. siRNAs were transfected
into cells using Lipofectamine 2000 transfection reagent
(Invitrogen Life Technologies). After 24 h of incubation,
cells were treated with 15 MOI of recombinant CD9 ade-
novirus or negative control adenovirus for 24 h. After dis-
carding the media, cells were further incubated with growth
media for the indicated times. The expression levels were
then determined by RT-PCR or western blotting. SAβG
activity was measured at 4 days post transfection.

Measurement of cell proliferation by live-cell time-
lapse microscopy

Senescent HUVECs (1 × 105 cells) were transfected with CD9
siRNA or negative control siRNA for 24 h. The cells were
then detached, seeded in 96-well plates, and incubated over-
night. Young HUVECs (1 × 105 cells) were transduced with
recombinant CD9 adenovirus or negative control adenovirus
for 24 h. The cells were then seeded in 96-well plates and
incubated overnight. After discarding the media, cells were
further incubated with growth media for 4 days, after which
they were observed using a Leica ASMDW confocal micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany). Cell
numbers were determined by counting at the indicated times.

SAβG staining for cells and tissues

SAβG activity of HUVECs, aorta en face, and frozen tissue
sections was measured as previously described [25]. SAβG
activity was stained with X-gal or SPiDER-βGal (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) according
to the manufacturer’s instruction.

Flow cytometry

Trypsinized cells were resuspended in 70% ethanol and
incubated at −20 °C for at least 1 h. After washing cells
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with PBS containing 2% FBS and 0.01% CaCl2, RNase
(1% w/v) was added and incubated at 37 °C for 30 min.
Cells were then centrifuged, resuspended in PBS containing
propidium iodide (50 μg/ml), and incubated for 20 min.
Next, cell cycle distributions were analyzed by measuring
the intracellular propidium iodide fluorescence intensity of
each population of 10,000 cells using a Becton-Dickinson
FACS Canto II flow cytometer (Becton-Dickinson, San
Jose, CA, USA).

Rhodamine-conjugated phalloidin and 4′,6-
diamidino-2-phenylindole (DAPI) staining

Cells seeded on glass coverslips were rinsed three times
with PBS, then fixed with 3.7% (v/v) paraformaldehyde in
PBS for 10 min. After treatment with 0.2% Triton X-100 in
PBS for 5 min, actin cytoskeletons in the cells were stained
with rhodamine-conjugated phalloidin (Sigma-Aldrich, Inc.,
St. Louis, MO, USA) and nucleus with 2 μg/ml DAPI in
PBS. The glass coverslips were then washed with PBS,
briefly dried, and mounted. Fluorescent images were
acquired using a fluorescence microscope.

Endothelial cell tube formation assay

Ninety-six well plates were coated with 65 μl of Matrigel
(Becton Dickinson, Bedford, MA). Young HUVECs (2.5 ×
104 cells/well) transduced with recombinant CD9 adeno-
virus or negative control adenovirus were plated in dupli-
cate and incubated at 37 °C for 4 h. Senescent HUVECs
(2.5 × 104 cells/well) transfected with CD9 or negative
control siRNA were plated in duplicate and incubated at
37 °C for 4 h. Tube formation was observed with a light
microscope.

Cell and tissue immunohistochemical staining

Cells were seeded on glass coverslips and incubated for
24 h. Next, cells were rinsed three times with PBS, after
which they were fixed with 3.7% (v/v) paraformaldehyde in
PBS for 10 min. Cells were then rinsed three times with
PBS, blocked in 3% goat serum (Invitrogen Corp) for
45 min, and then stained with a CD9 antibody or a Ki67
antibody at 37 °C overnight. Cells were subsequently
incubated with Alexa Fluor 546-conjugated goat anti-rabbit
IgG (dilution 1:10,000; Molecular Probes, Eugene, OR) for
2 h, after which DAPI staining was performed and cells
were observed with a confocal microscope.

Paraffin-embedded tissue blocks were sectioned at 5 μm,
then attached to silane-coated slides. Vascular tissues of the
spleens and testes from human subjects and aortic sinus
tissues of ApoE−/− or Ldlr−/− mice were immunohisto-
chemically stained with a CD9 antibody using a Dako

Envision Kit (ChemMate™, DAKO EnVision™, Denmark)
according to the manufacturer’s instructions. Mayer’s
hematoxylin was used for counterstaining.

CD9 immunoreactivity in arteries of human tissues was
assessed by measuring the intensity of cytoplasmic staining
and the extent of staining in endothelial cells and smooth
muscle cells by two pathologists. The intensity of cytoplasmic
staining was scored as follows: 0+ (absent), 1+ (weakly
positive), 2+ (moderately positive), and 3+ (strongly posi-
tive). The extent of staining was scored as follows: 0+ (0%),
1+ (1–25%), 2+ (26–50%), 3+ (51–75%), and 4+ (>75%).
The final score was determined by multiplying the intensity
score and the extent score (range, 0–12). For statistical ana-
lysis, the CD9 immunoreactivity was then defined as negative
(score 0) and positive (score 1–12).

Frozen tissue sections of atherosclerotic lesions were
incubated with antibodies against PECAM, an endothelial cell
marker, p53, p16, and F4/80, a macrophage marker, overnight
at 4 °C and then stained with fluorophore-conjugated sec-
ondary antibodies, after which DAPI staining was performed
and cells were observed with a confocal microscope. The
expression levels of proteins in tissue sections were quantified
with the Image J program.

Assessment of BrdU incorporation

Intracellular BrdU incorporation was measured using a BrdU
flow kit. Young cells were transduced with recombinant CD9
adenovirus and senescent cells were transfected with CD9
siRNA, after which they were incubated for 5 days and
treated with BrdU for 1 day. The median fluorescence
intensity of BrdU in 10,000 cells was measured using a
Becton-Dickinson FACS Canto II flow cytometer (BD
Bioscience) and relative ratio of BrdU fluorescence intensities
of siRNA-transfected or adenovirus-transduced cells to those
of control cells were calculated.

Preparation of low-density lipoprotein (LDL) and
oxidized LDL (oxLDL)

LDL (1.019 < d < 1.063) was purified from healthy human
plasma obtained from the Blood Bank of Yeungnam Uni-
versity Medical Center, Daegu, Republic of Korea. Samples
were centrifuged for 24 h at 10 °C at 100,000 × g using a
Himac CP-90a (Hitachi, Tokyo, Japan) as detailed in our
previous report [26] and in accordance with standard pro-
tocols [27]. After ultracentrifugation, the isolated LDL was
characterized to determine the lipid and protein component
as previously described [26]. To prepare oxLDL, LDL
(1.019 mg of protein) was incubated with 10 μM CuSO4
(final concentration) for up to 4 h. During incubation, the
formation of conjugated dienes was monitored at 24.5 °C
using a DU800 spectrophotometer (234 nm) equipped with
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a MultiTemp III thermocirculator (Amersham, Uppsala,
Sweden), as previously described [26]. To verify the spec-
troscopic data, the oxidized LDL samples were subjected to
electrophoresis on 0.5% agarose gels for comparison of the
relative electromobility [28]. The oxLDL was then filtered
(0.2 μm) and analyzed using a thiobarbituric acid reacting
substances (TBARS) assay to determine the extent of
oxidation, as previously described [29]. The extent of LDL
modification was expressed as nanomoles of mal-
ondialdehyde per milligram of LDL protein (TBARS).
oxLDL with TBARS values between 100 and 120 nmol/mg
LDL protein was used in this study.

Treatment of cells with oxLDL and CD9 antibody

The mouse endothelial cell line, MS-1, and the mouse
macrophage cell line, Raw264.7, were treated with 50 μg/ml
of LDL or oxLDL, and 10 μg/ml of rat IgG (rIgG) or CD9
antibody (αrCD9) for 3 days. Lipid accumulation was
observed by Oil-red O staining and cellular senescence by
SAβG activity staining.

Intraventricular injection of rhodamine-conjugated
CD9 antibody in ApoE−/− mice

ApoE−/− male mice (19 weeks old) were fed a high-fat diet
for 21 weeks and then rhodamine-conjugated αrCD9 or rIgG
and FITC-conjugated CRKRLDRNC peptide were injected
into the left ventricle. Mice were perfused with ice-cold PBS
and fixed with 3.7% paraformaldehyde in PBS. After which,
the aortic tissues and heart were harvested. The expression
levels of CD9 were analyzed in atherosclerotic lesions and
normal regions of aortas with confocal microscopy.

Atherosclerotic lesion analysis in aorta and aortic
sinus

Mice were sacrificed and perfused with ice-cold PBS, after
which the aortic tissues and hearts were harvested. For en face
staining, aortas were opened longitudinally and subjected to
SAβG activity and Oil-red O staining [30]. The aortic sinus
tissues were embedded in OCT compound, after which serial
sections from the opening of the coronary artery to the end of
aortic valve were collected at 20 μm/section. Tissue sections
were subsequently subjected to SAβG activity staining, CD9
immunohistochemical staining, and Oil-red O staining. The
extents of atherosclerotic lesions in the aorta and aortic sinus
were analyzed using the Image J program.

Statistical analysis

In in vitro experiments, we conducted at least three inde-
pendent experiments and the results were presented as the

means ± SD. In in vivo experiments, the results were pre-
sented as the means ± SE. p values for determining statistical
significance were calculated using an unpaired two-tailed
Student’s t test, and one-way Anova or two-way Anova fol-
lowed by Tukey’s post hoc test in Graphpad Prism 7.0.

Results

Knockdown of CD9 in senescent HUVECs rescues
cellular senescence

To examine the roles of CD9 in endothelial cell senescence,
we measured the effects of CD9 knockdown in senescent
HUVECs (PD > 50). Knockdown of CD9 in senescent cells
with siRNA reduced the p53 and p21 levels, representative
senescence markers, and the pAKT and pS6K levels
(Fig. 1a), decreased SAβG staining (Fig. 1b, c), and caused
morphological changes similar to those observed in young
cells (Supplementary Fig. S1A). CD9 downregulation
increased cell proliferation (Fig. 1d), BrdU incorporation
(Fig. 1e), and Ki67 immunoreactivity (Supplementary Fig.
S1B), which are all well-known cell proliferation markers
[31]. CD9 knockdown decreased the G0/G1 cell population
and increased the S and G2/M cell population, suggesting a
release of G1 arrest (Fig. 1f, Supplementary Fig. S1C, and
Supplementary Table 3), which is a typical phenotype in
cellular senescence [32]. While senescent cells secrete many
pro-inflammatory cytokines [4], CD9 knockdown decreased
the levels of IL-6 and IL-1β (Fig. 1g). HUVECs form tube
structures in vitro following exposure to angiogenic factors
[33], which decreases in senescent cells [34]. CD9 down-
regulation recovered tube formation that was decreased in
senescent cells (Fig. 1h). Taken together, these findings
suggest that CD9 knockdown in senescent cells sig-
nificantly reverses cellular senescence.

Ectopic expression of CD9 in young HUVECs induces
cellular senescence

We next tested whether CD9 overexpression in young cells
accelerates cellular senescence using recombinant human
CD9 adenovirus. CD9 upregulation decreased the levels of
pRb and increased the levels of p53, p-p53, p21, IL-6, and
IL-1β (Fig. 2a, b). Young cells transduced with CD9 ade-
novirus were enlarged and flattened (Supplementary Fig.
S2A, B). Moreover, CD9 upregulation increased SAβG
staining (Fig. 2c), but decreased BrdU incorporation
(Fig. 2d), Ki67 immunoreactivity (Supplementary Fig.
S2C), the proportion of cells in the S phase (Fig. 2e, Sup-
plementary Fig. S2D, and Supplementary Table 4), and
endothelial tube formation (Fig. 2f). We further examined
the effects of CD9 upregulation on cell proliferation for up

2686 J. H. Cho et al.



to 36 days. PD levels gradually decreased in response to
CD9 upregulation, and significant differences were
observed after 24 days (Fig. 2g). In addition, the levels of
p53, p-p53, and p21 proteins increased (Fig. 2h). Interest-
ingly, CD9 upregulation did not alter the pATM level
(Fig. 2a), which is known to be increased by DNA damage
response (DDR) during cellular senescence [35, 36]. To
confirm whether DDR occurs during CD9-mediated cellular
senescence, we measured the γH2AX level (a phosphory-
lated form of the histone variant H2AX) because DDR is
associated with the appearance of foci that stain positive for
γH2AX in the nucleus [37]. γH2AX foci were not increased
in CD9 adenovirus-transduced cells (Supplementary Fig.
S2E). Since apoptosis might contribute to the reduction of

cell proliferation in CD9 adenovirus cells, we measured the
cleavage of PARP 1/2 and caspase 3, which are well-known
apoptotic indicators [38]. No cleavage of PARP 1/2 and
caspase 3 was observed (Supplementary Fig. S2F). These
results suggest that ectopic expression of CD9 in young
cells accelerates cellular senescence.

CD9 regulates cellular senescence through a PI3K-
AKT-mTOR-p53 pathway

We investigated which signal transduction pathway con-
tributes to CD9-mediated cellular senescence. Since two
tumor suppressor pathways, p53/p21 and Rb/p16, are
known to regulate cellular senescence [39], cells were

Fig. 1 Knockdown of CD9 in senescent cells rescues cellular
senescence. Senescent HUVECs (PD > 50) were transfected
with CD9 or negative control siRNA and then incubated for 6 days
at 37 °C. a The levels of pAKT, AKT, CD9, p53, p21, pS6K, and
S6K proteins by western blotting and their relative levels. b SAβG
staining (blue). Scale bar: 20 μm. c The percentages of SAβG
positive cells. d Cell proliferation measured by live-cell time-lapse
microscopy and cell counting. e BrdU incorporation measured by

flow cytometry. f Cell cycle analysis measured by flow cytometry.
g The expression levels of IL-6 and IL-1β mRNAs by RT-
PCR and their relative levels. h Tube formation in HUVECs. Scale
bar: 200 μm. Representative data are shown and the values are the
means ± SD of three independent experiments. Y young cells, S
senescent cells, NT not treated, siCon negative control siRNA,
siCD9 CD9 siRNA; *p < 0.05 and **p < 0.01.
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transfected with p53 or p16 siRNA (Fig. 3a and Supple-
mentary Fig. S3A) prior to transduction with CD9 adeno-
virus. The increase in SAβG staining induced by CD9
upregulation was repressed by p53 knockdown, but not by
p16 knockdown (Fig. 3b and Supplementary Fig. S3B),

suggesting that a p53 pathway might regulate CD9-induced
cellular senescence. To determine the contribution of acti-
vated ATM signaling to CD9-induced senescence, cells
were transfected with ATM siRNA and the CD9-induced
cellular senescence was measured. ATM knockdown did not

Fig. 2 Ectopic expression of CD9 in young cells accelerates cellular
senescence. a–f Young HUVECs (PD < 28) were transduced with
recombinant human CD9 or negative control adenovirus and incubated
for 6 days at 37 °C. a The levels of pATM, pRb, p53, p-p53, and p21
proteins by western blotting and their relative levels. b The levels of
IL-6 and IL-1β mRNAs by RT-PCR and their relative levels. c SAβG
staining and the percentages of SAβG positive cells. Scale bar: 20 μm.
d BrdU incorporation analyzed by flow cytometry. e Cell cycle ana-
lysis by flow cytometry (each, n= 4). f Endothelial tube formation.
Scale bar: 200 μm. g, h Young cells were transduced with 5 MOI of

recombinant human CD9 or negative control adenovirus and incubated
for the indicated times. g Cell proliferation analyzed by measuring
PDL. h The levels of pATM, pRb, p53, p-p53, and p21 proteins by
western blotting and their relative levels. Representative data are
shown and the values are the means ± SD of three independent
experiments. Y young cells, S senescent cells, NT not treated, Ad/Con
negative control recombinant adenovirus, Ad/CD9 recombinant
human CD9 adenovirus, MOI multiplicity of infection, PDL popula-
tion doubling level, ns not significant; *p < 0.05 and **p < 0.01.
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affect SAβG staining (Fig. 3c, d and Supplementary Fig.
S3C, D), suggesting that DDR might not contribute to CD9-
induced senescence. Hyperactivation of the PI3K/AKT
pathway is crucial to p53-mediated senescence [40], and

CD9 modulates the PI3K/AKT pathway in VSMCs [21].
Mammalian target of rapamycin (mTOR) is a downstream
molecule of the PI3K/AKT pathway related to translation
and cell proliferation [41]. Therefore, we tested whether the
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PI3K/AKT-mTOR pathway plays a role in CD9-induced
senescence. Pretreatment with LY294002, a specific inhi-
bitor of PI3K [42], or rapamycin, an inhibitor of mTOR
[43], reduced the levels of p53 and p21 (Fig. 3e) and SAβG
staining induced by CD9 overexpression (Fig. 3f and
Supplementary Fig. S3E). We next tested whether PIK3CA
110α or PIK3CB 110β, two PI3K catalytic subunits [44],
plays a role in CD9-induced senescence. Knockdown of
PIK3CA, but not that of PIK3CB, significantly decreased
the levels of pAKT, p53, p-p53, pS6K, and p21 proteins, as
well as SAβG staining (Fig. 3g, h and Supplementary Fig.
S3F), suggesting that PIK3CA might be involved in CD9-
induced cellular senescence. These results indicate that the
PI3K-AKT-mTOR-p53 pathway might regulate CD9-
mediated cellular senescence (Supplementary Fig. S3G).

CD9 levels increase in vascular tissues with age and
in atherosclerotic lesions of humans and mice

Vascular cell senescence contributes to age-related vascular
diseases [7]. Since CD9 levels increase in senescent endo-
thelial cells [20], we examined its expression in human or rat
vascular tissues with increasing age and in atherosclerotic
lesions of humans and mice. The CD9 immunoreactivity in
human arteries increased gradually with age, peaked at 61–70
years, then slightly decreased at 81–90 years (Fig. 4a). The
CD9 levels were upregulated in the aorta and the heart of old
rats (24-months old) relative to those of young rats (6-months
old) (Fig. 4b). CD9 immunoreactivity increased in athero-
sclerotic lesions of human carotid arteries (Fig. 4c).

Consistently, CD9 immunostaining and SAβG staining were
enhanced in atherosclerotic lesions of aortic sinus sections in
ApoE−/− mice with age (Fig. 4d) and in Ldlr−/− mice (Sup-
plementary Fig. S4A). CD9 expression in frozen tissue sec-
tions of atherosclerotic lesions of ApoE−/− mice was
colocalized with the SAβG activity, which was confirmed
fluorescence based SAβG staining (Fig. 4e). In addition, the
level of CD9 protein was upregulated in endothelial cells as
well as macrophages in atherosclerotic lesions of ApoE−/−

mice (Fig. 4f). CD9 upregulation was also confirmed in
replicative senescence and adriamycin-induced premature
cellular senescence (Supplementary Fig. S4B, C). The level of
CD9 was upregulated in endothelial cells of atherosclerotic
lesions compared with those of normal regions (Supplemen-
tary Fig. S4D, E). CD9 expression was colocalized with the
IL-4 receptor (IL4R) in endothelial cells, which was reported
to be upregulated in atherosclerotic lesions and confirmed
with the IL4R binding peptide, CRKRLDRNC [45]. These
findings suggest that CD9 might be involved in endothelial
cell senescence and contribute to the formation of athero-
sclerotic lesion.

A rat monoclonal antibody against mouse CD9 and
genetic ablation of CD9 alleviated atherosclerotic
plaque formation in ApoE−/− mice

CD9 knockdown in senescent cells significantly rescues
cellular senescence. Therefore, we tested whether a block-
ing antibody against CD9 inhibits the formation of athero-
sclerotic lesions in ApoE−/− mice that develop
atherosclerosis due to impaired clearing of plasma lipo-
proteins [46]. We examined the effects of a rat monoclonal
antibody against mouse CD9 (αrCD9) and a rat IgG
(rIgG) on cellular senescence using the mouse endothelial
cell line (MS-1) and macrophage cell line (Raw264.7). We
also investigated their effects on the formation of athero-
sclerotic lesions in ApoE−/− mice. αrCD9 inhibited SAβG
staining (Supplementary Fig. S5A) and lipid uptake induced
by oxLDL (Supplementary Fig. S5B) in MS-1 and
Raw264.7 cells. We intraperitoneally injected 100 μg of
αrCD9 or rIgG to mice every 3.5 days for 15 weeks while
feeding them a high-fat diet. Body weights were lower in
the αrCD9 group than in the rIgG group (Supplementary
Fig. S5C), whereas total food intakes did not differ sig-
nificantly between groups (Supplementary Fig. S5D). The
levels of total cholesterol and LDL cholesterol were lower
in the αrCD9 group than the rIgG group (Supplementary
Fig. S5E). αrCD9 decreased atherosclerotic plaque lesions
and SAβG staining in aortic arches (Fig. 5a and Supple-
mentary Fig. S5F), SAβG staining in aorta en face (Fig. 5b),
and frozen tissue sections of atheroma obtained from aorta
en face (Fig. 5c). αrCD9 reduced atherosclerotic plaque
lesions, SAβG staining, and CD9 expression in the aortic

Fig. 3 CD9 regulates cellular senescence through a PI3K-AKT-
mTOR-p53 dependent pathway. Young HUVECs (PD < 28) were
transfected with p53, p16, ATM, PIK3CA, PIK3CB, or control siRNA
and incubated for 24 h. Young cells were treated with 20 μM
LY294002 or 10 nM rapamycin for 4 h, after which the cells were
transduced with recombinant human CD9 or negative control adeno-
virus. After 6 days, senescence phenotypes were measured. a The
levels of p53, p21, and p16 proteins and mRNAs in p53, p16, or
control siRNA cells, and relative expression levels of proteins. b The
percentages of SAβG positive cells in p53, p16, or control siRNA
cells. c The levels of CD9 and ATM mRNAs in ATM or control siRNA
cells. d The percentages of SAβG positive in ATM or control siRNA
cells. e The levels of pAKT, p53, p-p53, pS6K, and p21 proteins, and
their relative levels in cells treated with rapamycin or LY294002. f The
percentages of SAβG positive cells in rapamycin or LY294002-treated
cells. g The levels of pRb, PIK3CA, PIK3CB, pAKT, p-p53, p53, p21,
and pS6K proteins, and their relative levels in PIK3CA, PIK3CB, or
control siRNA cells. h The percentages of SAβG positive cells in
PIK3CA, PIK3CB, or control siRNA cells. Representative data are
shown and values are the means ± SD of three independent experi-
ments. siCon negative control siRNA, sip53 p53 siRNA, sip16 p16
siRNA, siATM ATM siRNA, DMSO dimethyl sulfoxide, LY
LY294002, Rap rapamycin, siPIK3CA PIK3CA siRNA, siPIK3CB
PIK3CB siRNA, Ad/Con recombinant negative control adenovirus,
Ad/CD9 recombinant human CD9 adenovirus, ns not significant; *p <
0.05 and **p < 0.01.

2690 J. H. Cho et al.



sinus (Fig. 5d). αrCD9 repressed the levels of pAKT, p53,
p21, p16, and pS6K proteins in aortas with atherosclerotic
lesions (Fig. 5e and Supplementary Fig. S5G). In addition

to ApoE−/− mice, we tested effects of αrCD9 on the for-
mation of atherosclerotic lesion in Ldlr−/− mice. Ldlr−/−

mice were fed with the high-fat diet for 4 weeks. After

Fig. 4 Upregulation of CD9 in
human and rat arterial tissues
with age and in atherosclerotic
lesions of human carotid
arteries and aortic sinuses in
ApoE−/− mice. a CD9
immunostaining (brown) and
CD9 immunoreactivity in
human arterial tissues with age
in each group (each, n= 20).
Scale bar: 200 μm. b Levels of
CD9 protein measured by
western blotting in the aortas
and the hearts of 6- and 24-
months old rats.
c Representative CD9
immunostaining (brown) in
atherosclerotic lesions in human
carotid arteries (n= 6). Scale
bar: 500 μm. d Staining for Oil-
red O (red), CD9
immunoreactivity (brown), and
SAβG (blue) in aortic sinus
sections from ApoE−/− mice
with age (each, n= 5). Scale
bar: 200 μm.
e Immunofluorescence staining
and colocalization of CD9 with
SPiDER-βGal, a fluorescence
marker of SAβG in frozen tissue
sections of atherosclerotic
lesions of ApoE−/− mice (n= 5).
Scale bar: 30 μm.
f Immunofluorescence staining
and colocalization of CD9 with
PECAM, an endothelial cell
marker, and F4/80, a
macrophage marker in frozen
tissue sections of atherosclerotic
lesions of ApoE−/− mice (n= 5).
Scale bar: 5 μm. CD9−/− CD9
deficient mice, L lumen of
artery, AP atherosclerotic
plaque, ApoE−/− apolipoprotein
E deficient mice, WT C57BL/6
mice, NC without CD9
primary antibody; *p < 0.05 and
**p < 0.01.
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withdrawal of the high-fat diet, the mice were treated with
αrCD9 or rIgG for 6 weeks and then measured SAβG
activity in the aorta en face. We confirmed that treatment

with αrCD9 decreased SAβG activity in atherosclerotic
lesions of Ldlr−/− mice (Fig. 5f and Supplementary Fig.
S5H). These results imply that CD9 blocking antibody
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might inhibit the formation of atherosclerotic lesions in
mice and be beneficial for the development of therapeutics.

To confirm the role of CD9 in atherosclerotic plaque
formation, we prepared CD9+/+ApoE−/−, CD9+/−ApoE−/−,
and CD9−/−ApoE−/− mice by crossing CD9−/− mice and
ApoE−/− mice (Supplementary Fig. S5I), and analyzed
atherosclerotic plaque formation in aorta and aortic sinus
after feeding them a high-fat diet. No differences in body
weight (Supplementary Fig. S5I), and food intake (data not
shown) were observed among them. CD9 depletion in
ApoE−/− mice decreased atherosclerotic lesions in aorta
(Fig. 5g and Supplementary Fig. S5J) and aortic sinus
(Fig. 5h and Supplementary Fig. S5K). Although CD9
depletion reduced the levels of total cholesterol and LDL
cholesterol, no statistical significances was observed (Sup-
plementary Fig. S5L). In addition, CD9 ablation decreased
atherosclerotic lesion in male mice fed normal chow diet
(Supplementary Fig. S5M). CD9 ablation reduced the p53
and p16 expression in endothelial cells as well as macro-
phages of atherosclerotic lesions (Fig. 5i–j and Supple-
mentary Fig. S5N, O), suggesting that CD9 increases

senescent cell burden in atherosclerotic lesions. Taken
together, these data implicate that CD9 might aggravate
atherosclerotic plaque formation by increasing senescent
cell burden in ApoE−/− mice.

Discussion

CD9 has been reported to be involved in a variety of phy-
siological and pathological processes, including fertilization,
infectious diseases, cell proliferation, apoptosis, adhesion,
migration, cell differentiation, and tumor malignancy. How-
ever, to the best of our knowledge, this is the first report of the
roles of CD9 in endothelial cell senescence and athero-
sclerotic plaque formation. We clearly demonstrated that CD9
plays a critical role in the regulation of cellular senescence in
HUVECs specifically; (i) CD9 knockdown in senescent cells
significantly rescues senescence phenotypes, and (ii) CD9
upregulation in young cells accelerates cellular senescence,
and that CD9 levels were upregulated in age-related vascular
pathology.

The results of the present study suggested that CD9 might
regulate cellular senescence via the PI3K-AKT-mTOR-p53
pathway without DDR and p16 activation. Our data showed
that no activation of DDR occurred in CD9-mediated cellular
senescence, although activation of p53 might be involved.
Specifically, (i) CD9 upregulation in young cells did not
elevate the levels of pATM, an activated form of ATM and
γH2AX DNA damage foci in the nucleus, and (ii) ATM
knockdown had no effect on CD9-induced cellular senes-
cence. A variety of genes, including IGFBP3 [47], IGFBP5
[48], and PATZ1 [49], have been reported to regulate cellular
senescence in human primary cells through a p53 pathway.
DDR is commonly involved in replicative senescence by
telomere attrition, oncogene-induced senescence, and stress-
induced premature senescence by ionizing radiation and
chemotherapeutic agents [3]. However, DDR activation is not
a universal feature of cellular senescence. In murine fibro-
blasts, overexpression of oncogenic Ras induced cell senes-
cence without DDR [50]. Activation of PI3K/AKT in human
fibroblasts also induced cellular senescence through mTOR
and p53 without DDR and p16 activation [40]. In addition,
the PI3K/AKT pathway might be involved in CD9-induced
increases in proliferation of VSMCs [21] and cell motility of
CHO cells [51], although CD9 influences diverse signal
transduction pathways, depending on cell types and the nature
of CD9 complex members.

We found that CD9-induced cellular senescence is
repressed by PIK3CA knockdown, but not by PIK3CB
knockdown, implicating that PIK3CA and PIK3CB might
play distinct roles in the regulation of CD9-mediated cel-
lular senescence in human primary cells. Although PIK3CA
and PIK3CB are involved in the activation of AKT through

Fig. 5 A CD9 blocking antibody and CD9 depletion alleviate the
formation of atherosclerotic lesions in ApoE−/− mice. a–e ApoE−/−

mice fed a high-fat diet were treated with 100 µg of αrCD9 or rIgG
every 3.5 days for 15 weeks, and sacrificed. The formation of ather-
osclerotic lesions in aorta en face and aortic sinuses was analyzed by
Oil-red O and SAβG staining. a Oil-red O staining (red) and SAβG
staining (blue) in aortic arches. Scale bar: 1 mm. b SAβG staining
(blue) and SAβG positive area (%) in aorta en face. Scale bar: 5 mm.
c Frozen tissue sections (20 μm/section) were prepared from arterial
regions indicated with arrows in b, counterstained with eosin, and
further analyzed for SAβG staining (n= 5). c SAβG staining (blue)
and SAβG positive area (%) in atheroma in the arterial tissues (n= 5).
Scale bar: 100 μm. d Oil-red O staining (red), CD9 immunoreactivity
(brown), SAβG staining (blue), and the volume of atherosclerotic
lesion in aortic sinuses of ApoE−/− mice (n= 3). Scale bar: 500 μm.
e Expression levels of pAKT, p53, p21, p16, CD9, and pS6K proteins
in aortas with atherosclerotic lesions. f Ldlr−/− mice were fed with a
high-fat diet for 4 weeks. After withdrawal of a high-fat diet, the mice
were treated with 100 µg of αrCD9 or rIgG every 3.5 days for 6 weeks,
and sacrificed. f SAβG staining (blue) in aorta en face (n= 3). Scale
bar: 5 mm. g–j Male mice of CD9+/+ApoE−/−, CD9+/−ApoE−/−, and
CD9−/−ApoE−/− were fed a high-fat diet for 9–14 weeks and then
sacrificed. The formation of atherosclerotic lesions in aorta en face and
aortic sinuses was analyzed by Oil-red O staining. The levels of p16,
p53, PECAM, and F4/80 proteins were analyzed in frozen tissue
sections using immunofluorescence staining. g Oil-red O staining (red)
in aorta en face. Scale bar: 5 mm. Animal numbers are indicated in the
parenthesis. h Oil-red O staining (red) of atherosclerotic lesion in
aortic sinuses (n= 3). Scale bar: 1 mm. i Immunofluorescence staining
of p16, p53, and PECAM in the atherosclerotic lesions. Arrows
indicate nuclear staining of p16 and p53. Scale bar: 30 μm. j Immu-
nofluorescence staining of p16, p53, and F4/80 in the atherosclerotic
lesions. Scale bar: 30 μm. Representative images are shown. Values
are the means ± SE. αrCD9 a rat monoclonal antibody against mouse
CD9, rIgG rat IgG, Cont aorta without atheroma, H/E hematoxylin-
eosin staining, AP atherosclerotic plaque, L lumen of artery; *p < 0.05
and ** p < 0.01.
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PI3K signaling, different roles of two isoforms in cellular
signaling, metabolism, development, and tumorigenesis
were suggested. PIK3CA is critical to regulation of hepatic
and hypothalamic insulin action, glucose homeostasis, and
energy expenditure [52]. PIK3CB, not PIK3CA, inhibited
mouse embryonic stem cell (mESC) differentiation, sug-
gesting that PI3Ks contribute to the regulation of both
mESC pluripotency and proliferation by differential cou-
pling to selected PI3K catalytic isoforms [53]. While
genetic ablation of PIK3CA blocked breast tumor formation
in mouse models, PIK3CB ablation increased ductal
branching and tumorigenesis [54]. In addition, PIK3CB, not
PIK3CA, induced tumor formation in PTEN null cancer
cells [55], implicating differential roles of PIK3CA and
PIK3CB in tumorigenesis. Although both PIK3CA and
PIK3CB contribute to IGF-1-mediated AKT phosphoryla-
tion, inhibition of PIK3CA, but not PIK3CB, blocked IGF-
1-mediated potentiation of integrin activation and alpha-
granule secretion in platelets [56].

In addition to in vitro evidence for the regulation of CD9 in
cellular senescence, we demonstrated that CD9 increases
senescent cell burden in atherosclerotic lesions in mouse
models and inhibition or ablation of CD9 reduces the for-
mation of atherosclerotic plaque through the reduction of
senescent cell burden. We confirmed that a neutralizing
antibody against mouse CD9 alleviated atherosclerotic plaque
formation in ApoE−/− mice and Ldlr−/− mice. CD9 interacts
with CD36, a scavenger receptor binding to oxLDL, on the
surface of macrophages [57]. CD36 binding to oxLDL
accelerates macrophage foam cell formation, which is
involved in the formation of atherosclerotic plaques [58].
Therefore, CD9 binding to its specific antibodies might
repress its association with CD36, resulting in inhibition of
oxLDL uptake and prevention of atherosclerotic lesion for-
mation in ApoE−/− mice. CD9 levels are upregulated in age-
related vascular pathologies, such as neointima hyperplasia
[21] and human atherosclerotic lesions [23], as well as age-
related diseases, such as ovariectomy-induced osteoporosis
and collagen-induced arthritis [24]. A neutralizing anti-mouse
CD9 antibody inhibited neointima formation in a mouse
carotid ligation injury model [21]. Moreover, a CD9 antibody
inhibited tumor progression in mice bearing human gastric
cancer xenografts via antiproliferative, proapoptotic, and
antiangiogenetic effects [59], as well as in platelet-induced
human endothelial cell proliferation [60]. Therefore, mod-
ulation of CD9 function with CD9-specific antibodies might
be a novel strategy for the prevention and treatment of vas-
cular aging, as well as atherosclerosis.

Senescent cells show increased expression of a variety of
intracellular or secreted proteins, such as p53, p16, IL-1β, or
IL-6, which have been used as surrogate markers for cellular
senescence. Recently, several proteins associated with the
plasma membrane, including DEP1, NTAL, EBP50, and

DCR2, were identified from senescent human fibroblasts and
cancer cells; therefore, an attempt was made to apply these as
markers for detection of cellular senescence [61]. Since CD9
is a member of the tetraspanin family of membrane proteins
and our study clearly demonstrated its roles in cellular
senescence, CD9 might be useful as a novel surrogate marker
for cellular senescence and provide a novel strategy for the
development of diagnostics and therapeutics for tissue aging
and age-related diseases. CD9 is also localized in exosomes,
which are cell-derived vesicles with a diameter of 30–100 nm
present in a variety of biological fluids, blood and urine;
accordingly, CD9 is commonly used as an exosomal marker
[62]. Since exosomal proteins are also recognized as potential
diagnostic markers of diverse human diseases [63–65], CD9
in exosomes from body fluids might be a novel target for
the development of diagnostics for tissue and age-related
diseases.

Our findings that CD9 depletion in ApoE−/− mice
decreased atherosclerotic lesions in both male and female
mice suggest that CD9-induced cellular senescence might
play a critical role in the regulation of atherosclerosis. Con-
sistently, senescent intimal foam cells were reported to con-
tribute to all stages of atherosclerosis and their elimination by
transgenic and pharmacological approaches mitigated ather-
oma formation, suggesting that selective clearance of senes-
cent cells might be the novel therapeutic strategy against
atherosclerosis [6].

In conclusion, our study revealed a previously unknown,
but fundamentally important function of CD9 as a potent
factor controlling endothelial cell senescence and athero-
sclerosis. We propose that inhibition of CD9-induced cellular
senescence might provide a novel strategy for prevention and
treatment of atherosclerosis.
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