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The insulin-like growth factor (IGF) signaling pathway plays a crucial role in the regulation of cell growth, differentiation,
apoptosis, and aging. IGF-binding proteins (IGFBPs) are important members of the IGF axis. IGFBP-5 is up-regulated
during cellular senescence in human dermal fibroblasts and endothelial cells, but the function of IGFBP-5 in cellular
senescence is unknown. Here we show that IGFBP-5 plays important roles in the regulation of cellular senescence.
Knockdown of IGFBP-5 in old human umbilical endothelial cells (HUVECs) with IGFBP-5 micro-RNA lentivirus caused
partial reduction of a variety of senescent phenotypes, such as changes in cell morphology, increases in cell proliferation,
and decreases in senescence-associated �-galactosidase (SA-�-gal) staining. In addition, treatment with IGFBP-5 protein
or up-regulation of IGFBP-5 in young cells accelerates cellular senescence, as confirmed by cell proliferation and SA-�-gal
staining. Premature senescence induced by IGFBP-5 up-regulation in young cells was rescued by knockdown of p53, but
not by knockdown of p16. Furthermore, atherosclerotic arteries exhibited strong IGFBP-5–positive staining along intimal
plaques. These results suggest that IGFBP-5 plays a role in the regulation of cellular senescence via a p53-dependent
pathway and in aging-associated vascular diseases.

INTRODUCTION

Senescence is the complex process of deterioration that oc-
curs over the period of development of an organism, result-
ing in progressive functional decline and eventual death.
Cellular senescence is a stress-response phenomenon where
cells lose the ability to proliferate (McCormick and Campisi,
1991). Normal somatic cells cultured in vitro have a limited
ability to divide and then enter a state of irreversible prolif-
erative arrest, termed replicative senescence (Hayflick and
Moorhead, 1961). Irreversible growth arrest is also induced
in primary cells by the expression of activated oncogenes
such as Ras (Serrano et al., 1997) or Raf (Zhu et al., 1998), by
activation of tumor suppressor genes (Tyner et al., 2002;
Jacobs and de Lange, 2004). Senescent cells have a charac-
teristic enlarged, flattened morphology (Wagner et al., 2001),
express senescence-associated �-galactosidase (SA-�-gal;
Dimri et al., 1995), are resistant to mitogen-induced prolifer-
ation (Park et al., 2000), and show altered gene expression

(Smith and Pereira-Smith, 1996). Accumulating evidence im-
plicates the tumor suppressors, p53, p16, and Rb, as the
common major effectors of cellular senescence in normal
somatic cells (Beausejour et al., 2003; Campisi, 2005).

In addition, genetic analyses have demonstrated that the
insulin/insulin-like growth factor-1 (IGF1) signal transduc-
tion pathway is involved in the aging of many organisms,
including nematodes, fruit flies, and mammals (Kenyon,
2001; Longo and Finch, 2003). IGF-binding proteins (IGFBPs)
are important components of IGF-signaling pathways. The
IGFBPs comprise a family of six proteins, IGFBP-1 to -6, that
bind to IGFs with high affinity (Firth and Baxter, 2002).
Although structurally related, IGFBPs are secreted by many
cell types and have differential cell- and tissue-type–depen-
dent expression patterns (Schneider et al., 2002). Binding of
IGF to IGFBPs restricts IGF’s access to the IGF1 receptor,
resulting in inhibition of cell proliferation, differentiation,
survival, and other IGF-stimulated signaling events (Firth
and Baxter, 2002). Some IGFBPs can interact with biomol-
ecules other than IGFs, including extracellular matrix (ECM)
glycosaminoglycans (Arai et al., 1994), ECM proteins (Jones
et al., 1993; Gui and Murphy, 2001), and inorganic bone
matrix hydroxyapatite (Campbell and Andress, 1997). Be-
cause IGFBP interaction with ECM and other proteins de-
creases the affinity of the IGF-IGFBP interaction, these other
interactions are also important for the regulation of both IGF
and IGFBP activities. IGFBP proteolysis by specific proteases
also reduces the affinity between IGFs and IGFBPs and
modulates IGF bioactivity (Nam et al., 1994; Moralez et al.,
2003). In addition to IGF-dependent activity of IGFBPs, IGF-
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independent IGFBP actions were also reported to be im-
portant for the regulation of IGFBP activity (Andress and
Birnbaum, 1992; Valentinis et al., 1995).

IGFBP-5 is the most conserved of the IGFBPs (Allander et
al., 1994). IGFBP-5 is up-regulated during the differentiation
of myoblasts (Cobb et al., 2004) and in some tumors, includ-
ing breast cancers (Pekonen et al., 1992; Sheikh et al., 1992),
thyroid cancers (Stolf et al., 2003), and uterine leiomyomas
(Giudice et al., 1993), suggesting that IGFBP-5 has an impor-
tant role in controlling differentiation, cell growth, and ap-
optosis. The role of IGFBP-5 in cell growth is complicated,
and it has been reported that it can either stimulate (Jones et
al., 1993; Nam et al., 2000; Cobb et al., 2004) or inhibit cell
proliferation (Butt et al., 2003; Salih et al., 2004) in various
experimental systems, which is explained by cell- and con-
text-specific effects and also is suggested by IGF-dependent
and -independent mechanisms (Beattie et al., 2006). Recently,
IGFBP-5 expression was reported to be substantially up-
regulated in human dermal fibroblasts (Yoon et al., 2004) and
endothelial cells (Hampel et al., 2006) during replicative
senescence. IGF1 has been shown to extend the in vitro
replicative life span of satellite cells by modulating cell cycle
regulatory molecules (Chakravarthy et al., 2000). Repression
of insulin/IGF1 signal pathway by deletion of growth hor-
mone receptor (Shimokawa et al., 2002; Coschigano et al.,
2003) or IGF1R (Holzenberger et al., 2003) increased life
span. Regulation of IGF1 activity by IGFBPs suggests that
IGFBPs play an important role in in vivo and in vitro aging;
however, the function of IGFBP-5 in cellular senescence
remains unidentified.

In the present study, we show that knockdown of IGFBP-5
in old human umbilical vein endothelial cells (HUVECs)
partially reversed senescence phenotypes. Overexpression
of IGFBP-5 or treatment with exogenous IGFBP-5 induced
senescence in young HUVECs. Furthermore, IGFBP-5–in-
duced senescence was associated with engagement of the
tumor suppressor p53. Notably, strong IGFBP-5 immunore-
activity was observed in atherosclerotic plaques. Our data
suggest that IGFBP-5 plays an important role in cellular
senescence through a p53-dependent signaling pathway and
in vascular diseases associated with aging.

MATERIALS AND METHODS

MATERIALS
Human umbilical vein endothelial cells (HUVECs) and endothelial cell basal
medium-2 (EBM-2) containing several growth factors and supplements
(EGM-2) were purchased from Cambrex Bio Science (Walkersville, MD). p16-
or p53-null mouse embryo fibroblasts (MEFs) were provided by Dr. H. W. Lee
(Yonsei University, Korea). The PCR primer oligonucleotides for IGFBP-5
(forward, agatgaaatgagtggcgtcc; reverse, caagagaaagcagtgcaaacc), IGF1 (for-
ward, cccctgaaaaagttaatgca; reverse, aaggattctcaagggtgg), and IGF2 (forward,
ggagaattcgtctgattgtccag; reverse, tttctctccgtgctgttctctc) were obtained from
Bioneer (Daejeon, Korea). The pRetroSuper-p53sh and pRetroSuper-p16sh
vectors were kindly provided by Dr. R. Agami (Division of Tumor Biology,
The Netherlands Cancer Institute, Amsterdam, Netherlands). Small interfer-
ing RNAs (siRNAs) against Ataxia Telangiectasia Mutated kinase (ATM)
were purchased from Dharmacon (Chicago, IL). The pCMV-Sport6 vector
encoding the full-sequence IGFBP-5 gene was purchased from Open Biosys-
tems (Huntsville, AL). The pLenti6/V5 directional TOPO cloning kit was from
Invitrogen (Carlsbad, CA). A rabbit polyclonal antibody against glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was kindly donated by Dr. K. S. Kwon
(KRIBB, Daejeon, Korea). Antibodies against p21, p53, and cyclin A were
purchased from Santa Cruz Biotechnology, (Santa Cruz, CA) and antibodies
against phospho-p53 and phospho-Rb from Cell Signaling Technology (Dan-
vers, MA). Nonglycosylated recombinant human IGFBP-5 (rhIGFBP-5) and
antibody against IGFBP-5 were obtained from R&D Systems (Minneapolis,
MN). Twenty vascular specimens from normal and atherosclerosis patients
were obtained from the Department of Pathology of Yeungnam University
Hospital (Daegu, Korea) from 2000 to 2007: young normal patients (n � 30;
average, 24 y old), old normal patients (n � 25; average, 63 y old), and old
atherosclerosis patients (n � 31; average, 68 y old).

Cell Culture and Treatment
HUVECs in EGM-2 media were plated at 2 � 105 cells per 100-mm culture
plate and cultured at 37°C in a 5% CO2 humidified incubator. When subcul-
tures reached 80–90% confluence, serial passaging was performed by
trypsinization, and the number of population doublings (PDs) was monitored
for further experiments. For experiments, cells were used in either passage 6
(PD �24) or passage 13 (PD �44). These are referred to as “young” and “old”
cells, respectively. PD was calculated using the geometric equation: PD �

log2F/log2I, where F is the final population number and I is the initial
population number. Primary human dermal fibroblasts (HDFs) were obtained
and characterized as previously described (Yoon et al., 2004). For induction of
cellular senescence by adriamycin, HUVECs (2 � 105 cells) were seeded in
60-mm dishes and incubated for 24 h in EGM-2 media. Cells were washed
three times with DMEM and treated with 500 nM adriamycin for 4 h. After
discarding the media containing adriamycin, cells were washed three times
with DMEM and incubated in EGM-2 media for the indicated times. Adria-
mycin-induced cellular senescence was confirmed by SA-�-gal activity stain-
ing. For IGFBP-5 treatment, HUVECs (2 � 105 cells) were seeded in 60-mm
dishes and incubated for 24 h in EGM-2 media. Cells were treated with 100
ng/ml rhIGFBP-5 for 0, 30, 60, 90, and 120 min or treated with 0, 50, 100, and
200 ng/ml rhIGFBP-5 for 24 h.

Protein Extraction
HUVECs (2 � 105 cells) were seeded in 60-mm dishes and incubated for 24 h
in EGM-2 media. Cells were washed with ice-cold phosphate-buffered saline
(PBS), lysed in 50 �l of ice-cold RIPA buffer (25 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.5% SDS, 1 mM
Na3VO4, 5 mM NaF, and 1 mM phenylmethylsulfonyl fluoride), and collected
by scraping with a rubber policeman. Cell disruption was achieved by vor-
texing repeatedly for 30-s intervals on ice. Particulate debris was removed by
centrifugation at 13,600 � g for 10 min. Protein concentrations in the super-
natants were quantified by the bicinchoninic acid (BCA) method (Pierce
Biotechnology, Rockford, IL) using bovine serum albumin as a standard.

Western Blot Analysis
Proteins (35 �g) were separated on 12% SDS-polyacrylamide gels and then
transferred to nitrocellulose membranes. The membranes were incubated
overnight at 4°C with one of the specific antibodies. After washing three times
in TTBS, horseradish peroxidase–conjugated goat anti-mouse, goat anti-rab-
bit, or donkey anti-goat antibodies were applied. The proteins were visual-
ized using enhanced chemiluminescence with a LAS-3000 image system
(Fujifilm, Stanford, CT). Some membranes were stripped with an antibody
stripping buffer (2% SDS, 100 mM �-mercaptoethanol, and 50 mM Tris-HCl,
pH 7.0) at 55°C for 20 min. The membranes were then reprobed with a
GAPDH antibody as a control for protein loading. The phosphorylation or
acetylation levels of p53 were quantified using the Multi Gauge software,
version 3.0 (Fujifilm) by averaging three separate experiments.

RT-PCR
Total RNA was extracted from young and old HUVECs using easy-BLUE
total RNA extraction kit (Intron Biotechnology, Sungnam, Korea) according to
the manufacturer’s protocols and was quantified by measuring absorbance at
260 nm. RNA was reverse-transcribed using 2.5 �M oligo-dT primers, 1 mM
dNTPs, and Moloney murine leukemia virus (MMLV) reverse transcriptase
(Promega, Madison, WI), and the resulting cDNAs were amplified with
Super-Therm DNA polymerase (SR Product, Kent, United Kingdom).
GAPDH primers were used to standardize the amount of RNA in each
sample. PCR products were resolved on 1.5% agarose gels and visualized by
ethidium bromide staining.

Real-Time PCR
Real-time quantitative PCR analysis for IGFBP-5 was performed using a
LightCycler 1.5 Instrument (Roche, Mannheim, Germany). PCR was per-
formed in a LightCycler capillary in a 10-�l reaction volume that contained
1� DNA Master SYBR Green I, 2.5 mM MgCl2, 1 �l cDNA, and 0.4 �M
primers. The PCR protocol was as follows: initial denaturation for 2 min at
95°C, 45 cycles of 95°C for 10 s, 60°C for 5 s, and 72°C for 12 s. Results were
analyzed with LightCycler software, version 3.5.3.

Preparation and Transduction of IGFBP-5 Micro-RNA
Lentivirus
Single-stranded DNA oligomers were designed using Invitrogen RNA inter-
ference (RNAi) Designer (http://www.invitrogen.com/rnai) as pre-micro-
RNA sequences for IGFBP-5 and purchased from Bioneer (Daejeon, Korea).
The oligomer sequences are as follows: TGCTGACAATTGGGCAGGTACA-
CAGCGTTTTGGCCACTGACTGACGCTGTGTATGCCCAATTGT and CCT-
GACAATTGGGCATACACAGCGTCAGTCAGTGGCCAAAACGCTGTG-
TACCTGCCCAATTGTC. The two single-stranded oligonucleotides were
annealed to generate a double-stranded oligonucleotide and cloned into the
pcDNA6.2-GW/EmGFP-miR vector. The resulting construct was transformed
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into competent Escherichia coli, and the correct expression vector was identi-
fied by DNA sequencing. The IGFBP-5 micro-RNA expression vector was
transferred to the destination vector, pLenti6/V5-DEST, using a BLOCK-iT
Pol II miR RNA expression vector kit (Invitrogen) according to the manufac-
turer’s protocol.

For knockdown of IGFBP-5, old cells (2 � 105) were plated in 60-mm
culture plates and incubated for 24 h. Cells were transduced with IGFBP-5
micro-RNA lentivirus or empty lentivirus as a control. After overnight incu-
bation, fresh culture media were exchanged, and the transduced cells were
cultured in a CO2 incubator for 3 d. The transduced cells were harvested and
analyzed for cell proliferation, SA-�-gal staining and Western blotting.

Preparation and Transduction of IGFBP-5 Lentivirus
For overexpression of IGFBP-5, IGFBP-5 lentivirus was prepared according to
manufacturer’s suggestions (Invitrogen). IGFBP-5 cDNA was amplified from
pCMV-Sport6 IGFBP-5 by PCR and cloned into a pLenti6/V5-d-TOPO vector.
Nucleotide sequences of IGFBP-5 were confirmed by dideoxy sequencing.
After cells were transduced with IGFBP-5 lentivirus and incubated for 3 d,
cells were harvested and analyzed for cell proliferation and SA-�-gal staining.
In all experiments, cells were transduced with an empty lentivirus as a
control.

Transfection of ATM siRNAs
For knockdown of ATM, transfection of four other siRNAs against ATM (200
nM) in young HUVECs was carried out using FuGENE HD transfection
reagent (Roche, Basel, Switzerland) according to the manufacturer’s protocol.
ATM siRNA-transfected cells were transduced with IGFBP-5 lentivirus or
control lentivirus. After incubation of 3 d, p53 and phosphorylated-p53 pro-
tein levels were measured by Western blotting, and cell proliferation was
analyzed by the MTT [3-(4, 5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium
bromide] assay.

MTT Assay
Cell proliferation was measured by the MTT assay. Cells were seeded on
96-well plates at a density of 2 � 103 cells per well. After treatments, cells were
incubated with 1 mg/ml MTT solution for 2 h. The medium was aspirated,
and the resulting formazan product was solubilized with 100 �l dimethyl-
sulfoxide. Viability was assessed by measuring absorbance at 570 nm with a
Bio-Rad microplate reader (Richmond, CA).

SA-�-gal Activity Assay
SA-�-gal activity in cells was measured as described previously (Dimri et al.,
1995). After SA-�-gal staining, cells were counterstained with 1% eosin for 5
min and then washed two times with ethanol. The percentage of blue cells per
400 cells observed under a light microscope was calculated.

Flow Cytometric Analyses for Apoptosis and Cell Cycle
Induction of apoptosis was examined by Annexin V-fluorescein isothiocya-
nate (FITC) staining (BD Biosciences, San Jose, CA) according to the manu-
facturer’s suggestion. Cells were seeded at 2 � 105 in 60-mm dishes and
incubated overnight. Cells were treated with rhIGFBP-5 for 2 d and then
stained with Annexin V-FITC in the dark. The FITC fluorescence intensity of
10,000 cells was measured using a Becton-Dickinson FACS Caliber flow
cytometer (San Jose, CA).

Cell cycle profiles were analyzed by propidium iodide (PI) staining. A
minimum of 10,000 cells in each sample was detected according to intracel-
lular PI fluorescence intensity by flow cytometry, and cell cycle was analyzed
by Cell Quest software (Becton-Dickinson).

Immunohistochemical Staining
Formalin-fixed, paraffin-embedded tissues were immunohistochemically
stained. These tissues were: young normal human artery (n � 30), old normal
human artery (n � 25), and old human aortic artery with atheromatous
plaque (n � 31). Tissue blocks were sectioned at 4 �m, attached to silane-
coated slides, deparaffinized in xylene, and rehydrated in graded alcohol.
Tissue samples were immunohistochemically stained with an IGFBP-5 anti-
body (R&D Systems) and the reagents supplied with the kit (ChemMate,
DAKO Envision, Glostrup, Denmark) according to the manufacturer’s in-
structions. Mayer’s hematoxylin was used for counterstaining. As a negative
control, the primary antibody was replaced with nonimmune serum.

RESULTS

Differential Expression of IGFBP-5 in Cellular Senescence

To investigate whether IGFBP-5 is associated with cellular
senescence of normal cells, we examined the expression
levels of IGFBP-5 in young and old cells by semiquantitative
RT-PCR, real-time PCR, and Western blot analysis. The ex-

pression level of IGFBP-5 mRNA in old HUVECs was three-
fold higher than that in young HUVECs. The IGFBP-5 pro-
tein level was also increased 2.5-fold in old HUVECs
compared with young HUVECs (Figure 1A). Both mRNA
and protein levels of IGFBP-5 were up-regulated four-fold or
more in old HDFs (Figure 1B). Furthermore, because cyto-
toxic agents such as adriamycin are known to induce cellular
senescence, we also measured the expression levels of
IGFBP-5 in HUVECs treated with adriamycin. As expected,
IGFBP-5 levels were increased by adriamycin treatment
(Figure 1C).

Partial Reversal of Cellular Senescence in old HUVECs by
IGFBP-5 Knockdown

Old cells are resistant to mitogen-induced proliferation, ex-
press SA-�-gal, and have a characteristically enlarged and
flattened morphology. In our study, old HUVECs (passage
13, PD �44) displayed senescence phenotypes that distin-
guished them from early passage cells. To investigate the
role of IGFBP-5 in cellular senescence, the levels of IGFBP-5
mRNA and protein in old cells were down-regulated by
gene silencing using IGFBP-5 micro-RNA lentivirus (Figure
2A). Transduction with IGFBP-5 micro-RNA lentivirus
caused �65% decrease in IGFBP-5 levels. Repression of
IGFBP-5 levels in old cells caused morphological changes
similar to young cells and a decrease in SA-�-gal activity

Figure 1. Expression levels of IGFBP-5 mRNA and protein in
cellular senescence IGFBP-5 mRNA expression levels were mea-
sured by semiquantitative RT-PCR and real-time PCR analysis, and
IGFBP-5 protein levels were analyzed by Western blotting with
antibodies against IGFBP-5 and GAPDH (loading control) in
HUVECs (A) and HDFs (B) with age. IGFBP-5 expression levels in
HUVECs treated with adriamycin (C). Cells were treated with 500
nM adriamycin for 4 h and exchanged to fresh media. The cells were
incubated for 0, 24, and 48 h, and IGFBP-5 was detected by Western
blotting with antibodies against IGFBP-5 and GAPDH (loading
control). Values are means � SD of three independent experiments.
The figure shows representative data from three independent ex-
periments. Y, young cells; O, old cells.
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(Figure 2, B and C). Population doubling time (PDT) was
also decreased in IGFBP-5 micro-RNA cells compared with
vector-transduced cells (Figure 2D). In addition, the expres-
sion levels of p53 and p21 proteins were reduced and phos-
phorylated-Rb at serine 807 and serine 811 and cyclin A
protein levels were increased in IGFBP-5 micro-RNA cells
(Figure 2E). Because we reported that FOXO3a levels were
decreased in old HDFs, and down-regulation of FOXO3a
accelerated cellular senescence in HDFs (Kyoung Kim et al.,
2005), FOXO3a level was also measured. As expected,
FOXO3a protein level was up-regulated in IGFBP-5 micro-
RNA cells (Figure 2E). These results suggest that knock-

down of IGFBP-5 in old cells partially reverses senescence
phenotypes.

Acceleration of Cellular Senescence in Young HUVECs by
Exogenous IGFBP-5 Treatment

Because senescence phenotypes in old cells were reversed in
IGFBP-5 micro-RNA cells, we tested whether exogenous
rhIGFBP-5 protein affected cellular senescence in young
HUVECs. Treatment of young cells with rhIGFBP-5 de-
creased cell proliferation both time- and dose-dependently
(Figure 3A). The expression levels of p53 and p21 protein
were also increased in rhIGFBP-5–treated cells (Figure 3B).

Figure 2. Partial reversal of cellular senes-
cence by down-regulation of IGFBP-5 in old
HUVECs. Old cells were transduced with
IGFBP-5 micro-RNA lentivirus and incubated
for 3 d. IGFBP-5 knockdown was confirmed
by RT-PCR and Western blot analysis (A). Ef-
fects of IGFBP-5 knockdown on cellular senes-
cence in IGFBP-5 micro-RNA–transduced old
cells were examined by cell morphology and
SA-�-gal staining (�100; B), percentages of
SA-�-gal–positive cells (C), measurement of
population doubling time (PDT; D), and West-
ern blotting using pRb, cyclin A, p53, p21, and
FOXO3a antibodies (E). The figure shows repre-
sentative data from three independent experi-
ments. Values are means � SD of three indepen-
dent experiments. Y, young cells; O, old cells; V,
empty virus-transduced cells; miR-BP5, IGFBP-5
micro-RNA–transduced old cells.

Figure 3. Acceleration of cellular senescence by
exogenous rhIGFBP-5 in young HUVECs. Cells were
treated with rhIGFBP-5 for the times and at the
doses indicated. Cell proliferation was then mea-
sured by the MTT assay (A). Induction of p53 and
p21 was observed by Western blotting of cells treated
with 100 ng/ml rhIGFBP-5 for the indicated times or
with increasing concentrations of rhIGFBP-5 for 24 h
(B). SA-�-gal activity was measured after prolonged
treatment with 100 ng/ml rhIGFBP-5 for 6, 12, and
18 d (C). Values are means � SD of three independent
experiments. Representative data from three indepen-
dent experiments are shown.
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Furthermore, prolonged treatment with rhIGFBP-5 in-
creased SA-�-gal staining (Figure 3C) and caused a charac-
teristically enlarged and flattened morphology (data not
shown).

Induction of Cell Cycle Arrest by Exogenous IGFBP-5 in
HUVECs

IGFBP-5 can enhance apoptosis by modulating IGF-medi-
ated survival (Marshman et al., 2003) or through an IGF-
independent DNA-damaging pathway (Tonner et al., 2000;
Butt et al., 2003; Butt et al., 2005). To examine the possibility
that decreased cell proliferation is the result of apoptotic cell
death induced by IGFBP-5, we treated young HUVECs with
100 or 200 ng/ml rhIGFBP-5 for 2 d and measured apoptosis
by flow cytometric analysis with Annexin V staining (R&D
Systems). IGFBP-5–treated cells display no apoptotic cell
death (Figure 4A). To confirm that rhIGFBP-5–treated cells
entered senescence-related cell cycle arrest, we analyzed
DNA content by flow cytometry with PI staining. Most cells
stimulated with rhIGFBP-5 for 2 d were arrested in G1 phase
(Figure 4B), which is one of the typical phenotypes in cellu-
lar senescence (Wagner et al., 2001).

Acceleration of Cellular Senescence in Young HUVECs by
IGFBP-5 Up-Regulation

Because down-regulation of IGFBP-5 reversed cellular se-
nescence in old cells and treatment with exogenous IGFBP-5
induced cellular senescence in young cells, we also tested
whether IGFBP-5 overexpression impacts cellular senes-
cence in young HUVECs. Young cells were transduced with
IGFBP-5 lentivirus, and senescence markers in IGFBP-5
overexpressing cells were examined. The expression level of
IGFBP-5 was increased 2.6-fold in young cells transduced
with IGFBP-5 lentivirus. Up-regulation of IGFBP-5 in young
cells caused decreases in phosphorylated Rb at serine 807
and serine 811 and in cyclin A protein levels and increases in
p53, p21, p16, and in caveolin-1 (Cho et al., 2004; Cho and
Park, 2005) protein levels, which were known to be in-
creased during cellular senescence (Figure 5A). Also, over-
expression of IGFBP-5 in young cells caused an increase in
SA-�-gal staining and a decrease in cell proliferation com-
pared with control virus-transduced cells (Figure 5, B and
C). Taken together, these results suggest that IGFBP-5 plays
an important role in replicative senescence of HUVECs.

Figure 4. Effects of rhIGFBP-5 on apoptosis
and cell cycle profiles in HUVECs. Cells were
treated with rhIGFBP-5 (0, 100, and 200 ng/
ml) for 2 d and stained with Annexin V-FITC
and propidium iodide (PI). Fluorescence in-
tensity of Annexin V-FITC and PI was ana-
lyzed by flow cytometry (A). Cell cycle pro-
files were analyzed by PI staining and flow
cytometry of cells treated with rhIGFBP-5 (100
or 200 ng/ml) for 2 d (B). Values are means �

SD of three independent experiments. Repre-
sentative data from three independent exper-
iments are shown.

Figure 5. Acceleration of cellular senescence
by IGFBP-5 up-regulation in young HUVECs.
Young cells were transduced with IGFBP-5
lentivirus or control lentivirus and incubated
for 3 d. The levels of IGFBP-5, pRb, cyclin A,
p53, p21, p16, and caveolin-1 proteins were de-
tected by Western blot analysis (A). The percent-
ages of SA-�-gal–positive cells were analyzed
(B), and cell proliferation was measured by cell
counting (C). Values are means � SD of three
independent experiments. Representative data
from three independent experiments are shown.
Y, young cells; O, old cells; IGFBP-5, IGFBP-5-
lentivirus transduced cells; V, empty virus-
transduced cells.
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Induction of Cellular Senescence by IGFBP-5 through a
p53-dependent Pathway

The p53 and the p16/Rb tumor suppressor pathways play a
critical role in the senescence response (Ferbeyre et al., 2002;
Ben-Porath and Weinberg, 2005). It is reasonable to expect
that IGFBP-5 activates specific signaling pathways to engage
p53 via p21 protein and/or p16/Rb proteins. To determine
which pathway is involved in cellular senescence by
IGFBP-5, we generated p16 or p53 knockdowns in young
cells using shRNA retrovirus and measured the effects of
IGFBP-5 on cellular senescence. Knockdown of p53, but not
p16, in young cells decreased the level of IGFBP-5 expres-
sion (Figure 6A). The p16 knockdown (p16sh) cells showed
a decrease in cell proliferation in response to IGFBP-5 over-
expression similar to that in control cells. In contrast, over-
expression of IGFBP-5 had no effect on cell proliferation in
the p53 knockdown (p53sh) cells (Figure 6B). The p21 pro-
tein level increased in the p16sh/IGFBP-5 cells compared
with the other cells, particularly the p53sh/IGFBP-5 cells
(Figure 6C). To further confirm which pathway is involved
in IGFBP-5–mediated cellular senescence, the effects of

IGFBP-5 up-regulation on cellular senescence were mea-
sured in p53�/� MEFs and p16�/� MEFs. We found that
IGFBP-5 overexpression induced an increase in SA-�-gal
activity in p16�/� MEFs but not p53�/� MEFs (Figure 6D).
Therefore, these results suggest that cellular senescence in-
duced by IGFBP-5 is mediated through the p53-dependent
pathway.

Posttranslational Modification of p53 by IGFBP-5
through DNA Damage Signaling

To further investigate the role of p53 in IGFBP-5–mediated
cellular senescence, we measured the posttranslational mod-
ifications of p53 by IGFBP-5. The phosphorylation of p53 at
serine 15 is a critical senescence-inducible modification
(Webley et al., 2000) that is known to be regulated by ATM
kinase (Moiseeva et al., 2006). The phosphorylation of p53 at
serine 6 is induced by taxol and nocodazole and the acety-
lation at lysine 320 by �-interferon (Moiseeva et al., 2006).
We therefore measured the phosphorylation at serine 15 and
serine 6 and the acetylation at lysine 320 in response to
IGFBP-5. Overexpression of IGFBP-5 induced phosphoryla-

Figure 6. Induction of cellular senescence by
IGFBP-5 through a p53-dependent pathway.
(A) Young HUVECs were transduced with
p53- or p16-shRNA retrovirus and incubated
for 3 d and knockdown of p53 and p16 was
then confirmed by RT-PCR analysis. (B) The
p53- or p16-shRNA cells were transduced
with IGFBP-5 lentivirus or control lentivirus
and incubated for 3 d. Cell proliferation was
measured by cell counting at 2-d intervals. (C)
The expression levels of p53, p21 cyclin A, and
IGFBP-5 were analyzed by Western blotting.
(D) Effects of IGFBP-5 up-regulation on cellu-
lar senescence were measured in p16�/� or
p53�/� MEFs. Knockout of p16 or p53 in
MEFs was confirmed by RT-PCR. p16�/� or
p53�/� MEFs were transduced with IGFBP-5
lentivirus or control lentivirus and incubated
for 6 d. Cells were stained for SA-�-gal activity
(blue) and counterstained with eosin (red).
The percentages of SA-�-gal–positive cells
were analyzed (�100). Values are means � SD
of three independent experiments. Represen-
tative data from three independent experi-
ments are shown. C, control cells; p53sh, p53-
shRNA cells; p16sh, p16-shRNA cells; V,
empty virus-transduced cells.
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tion of serine 6 and serine 15 (Figure 7A). Treatment with
rhIGFBP-5 also induced phosphorylation at serine 6 and
serine 15 as well as acetylation at lysine 320 (Figure 7B). To
further confirm that the p53 activation by IGFBP-5 might be
mediated through DNA damage signaling, ATM level was
down-regulated using siRNAs against ATM and the effects
of IGFBP-5 overexpression were measured. Increases in p53
and phospho-p53 levels induced by IGFBP-5 up-regulation
were repressed by knockdown of ATM (Figure 8A). Further-
more, inhibition of cell proliferation induced by IGFBP-5
up-regulation was rescued by knockdown of ATM (Figure
8B). These results suggested that IGFBP-5–induced cellular
senescence is mediated by posttranslational modification of
p53 such as phosphorylation and acetylation through DNA
damage signaling.

Strong IGFBP-5 Immunoreactivity in Human
Atherosclerotic Plaques

To elucidate whether IGFBP-5 is involved in in vivo vascular
aging and aging-associated vascular diseases, paraffin-em-
bedded vessel sections from normal and atherosclerosis pa-
tients were stained with an IGFBP-5 antibody. No immu-
nopositive reaction to IGFBP-5 was observed in young
arteries (0/30). Weak IGFBP-5 immunoreactivity was found
in 6 of 25 (24%) old normal arteries. Strong IGFBP-5–positive
areas were seen in the fibrotic stromal matrix of the intimal
plaque in 28 of 31 (90%) atherosclerotic vessels, and this

immunopositive reaction was especially prominent around
calcifications (Figure 9). These results suggest that IGFBP-5
plays an important role in vascular aging, as well as in
vascular disease associated with aging.

DISCUSSION

In the present study, we provide the first evidence of the
involvement of IGFBP-5 in cellular senescence of human
primary endothelial cells through the p53 signaling path-
way. We demonstrated that IGFBP-5 plays an important role
in cellular senescence of endothelial cells through three dif-
ferent findings: 1) knockdown of IGFBP-5 in old cells par-
tially reversed senescence phenotypes (Figure 2); 2) treat-
ment of young cells with rhIGFBP-5 induced growth arrest
and cellular senescence (Figure 3); and 3) overexpression of
IGFBP-5 in young cells accelerated cellular senescence (Fig-
ure 5). Although a variety of evidence suggests that insulin/
IGF signaling pathways are important in aging and longev-
ity of many organisms (Kenyon, 2001; Longo and Finch,
2003), and IGFBPs are important components of these sig-
naling pathways, the role of IGFBPs in senescence was not
well understood. Because IGF1 and IGF2 are essential for
growth and development and bioavailable IGFs are tightly
regulated by six related IGFBPs, regulation of IGFs by
IGFBPs was known to affect cell proliferation, differentia-
tion, and survival. Especially, IGFBP-5 transgenic mice dis-

Figure 7. Posttranslational modifications of
p53 by both endogenous and exogenous IG-
FBP-5 in HUVECs. Cells were transduced
with IGFBP-5 lentivirus or control lentivirus
and incubated for 3 d. The expression levels of
IGFBP-5 and p53 and the phosphorylation of
p53 at serine 6 and serine 15 were analyzed by
Western blotting (A). Cells were treated with
rhIGFBP-5 (100 ng/ml) for the indicated
times, and the phosphorylation of p53 at
serine 6 and serine 15 and the acetylation at
lysine 320 were analyzed by Western blotting
(B). The relative intensity of phosphorylated
or acetylated p53 band, compared with that of
the respective GAPDH signal, was deter-
mined by using the Multi Gauge software,
version 3.0 (Fujifilm), and normalized to 1.0
for control cells without IGFBP-5 by averaging
three separate experiments. Representative
data from three independent experiments are
shown.

Figure 8. Involvement of DNA damage signaling
pathway in IGFBP-5–induced senescence. HUVECs
were transfected with siRNA against ATM (200 nM)
and then transduced with IGFBP-5 lentivirus or control
lentivirus. After 3-d incubation, the expression levels of
IGFBP-5, ATM, p53 and the phosphorylation of p53 at
serine 15 were analyzed by Western blotting (A). Cell
proliferation was measured by MTT assay for 4 d (B).
Representative data from three independent experi-
ments are shown. Values are means � SD of three
independent experiments.
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play significantly increased neonatal mortality, reduced fe-
male fertility, whole-body growth inhibition, and retarded
muscle development, suggesting that IGFBP-5 compromises
survival, growth, muscle development, and fertility in mice
(Salih et al., 2004). IGFBP-5 inhibits the growth of human
breast cancer cells by G2/M cell cycle arrest and apoptosis
(Butt et al., 2003). IGFBP-5 is also known to play an impor-
tant role in bone physiology (Devlin et al., 2002; Durant et al.,
2004). Several reports have suggested a role for IGFBPs in in
vivo aging and in vitro cellular senescence. The expression
levels of IGFBP-3 are increased in senescent human fibro-
blasts (Goldstein et al., 1993; Yoon et al., 2004) and endothe-
lial cells (Grillari et al., 2000). IGFBP-3 accumulation in con-
ditioned medium of senescent fibroblasts contributes to
growth arrest of human fibroblasts, and the failure to endo-
cytose IGFBP-3 and the absence of nuclear IGFBP-3 may
contribute to the apoptosis resistance of senescent human
fibroblasts (Hampel et al., 2005). The loss of Sirt1 protein, an
NAD-dependent deacetylase, in mice results in increased
expression of IGFBP-1, and a number of the anatomical
characteristics of Sirt1-null mice closely resemble those of
transgenic mice overexpressing IGFBP-1, suggesting that
Sirt1 is part of a regulatory loop that limits IGFBP-1 produc-
tion, thereby modulating IGF signaling (Lemieux et al.,
2005). In addition, indirect evidence suggests that IGFBP-5
plays a role in cellular senescence. IGFBP-5 induces skin
fibrosis with increased collagen deposition, denser dermal
connective tissue, and increased collagen bundle thickness
in IGFBP-5-adenovirus–injected mice (Yasuoka et al., 2006).
The senescence-accelerated-prone (SAM P10) mice exhibit
remarkable increases in the density of collagen fibers in the
dermis compared with the senescence-resistant (SAM R1)
mice, which is similar to aged human skin (Cerimele et al.,
1990). Collagen synthesis was also altered in senescent fi-
broblasts and in fibroblasts from Werner’s syndrome pa-
tients (Basler et al., 1979). These data all suggest that IGFBP-5
is involved in in vitro and in vivo skin aging by alteration of
collagen synthesis.

One important question is what signal mediates cellular
senescence induced by IGFBP-5 in HUVECs. Accumulating
evidence suggests that p53 and p16/Rb tumor suppressor
pathways are key regulators of the senescence response
(Ferbeyre et al., 2002; Ben-Porath and Weinberg, 2005). We
found that p53 is required for IGFBP-5–induced senescence:
1) unlike knockdown of p53, knockdown of p16 did not
influence the inhibition of proliferation in young cells in-
duced by IGFBP-5 up-regulation (Figure 6B); 2) SA-�-gal
staining by IGFBP-5 up-regulation was increased in p16�/�

MEFs but not in p53�/� MEFs (Figure 6D); and 3) IGFBP-5
induced posttranslational modification of p53, including
phosphorylation at serine 6 and serine 15 and acetylation at
lysine 320 (Figure 7). Recently, cellular senescence induced
by several genes or molecules, such as ING2 (Pedeux et al.,
2005), �-interferon (Moiseeva et al., 2006), or 5-lipoxygenase
(Catalano et al., 2005), was shown to be regulated by the
p53-dependent pathway. Taken together, the posttransla-
tional modifications of p53 by IGFBP-5 suggest that IGFBP-5
induces cellular senescence through p53 activation in
HUVECs.

Recently, plasminogen activator inhibitor-1 (PAI-1) was
reported to be a critical downstream target of p53 in the
induction of replicative senescence in MEFs (Kortlever et al.,
2006). IGFBP-5 binds to PAI-1, which partially protects
IGFBP-5 from proteolysis (Nam et al., 1997), and PAI-1 and
IGFBP-3 are transcriptional targets of p53 (Buckbinder et al.,
1995; Zhao et al., 2000). Furthermore, we found that IGFBP-5
protein levels were decreased by knockdown of p53, but not
of p16, in young cells, suggesting that IGFBP-5 is a p53-
responsive gene. Therefore, senescence induced by IGFBP-5
might also be associated with PAI-1 induction by p53, and
further studies are needed.

IGFBP-5 expression is regulated by various signaling mol-
ecules in vitro, including IGF1, IGF2, insulin, and dexameth-
asone (Schneider et al., 2002). IGF1 is the most important
regulator of in vitro IGFBP-5 expression in a variety of cell
types from different species. IGFBP-5 induction by IGF1 can

Figure 9. Immunohistochemical
staining in normal and atheroscle-
rotic arteries with an IGFBP-5 anti-
body. Although no immunoreactiv-
ity to IGFBP-5 was observed in
young control group (A) and weak
immunoexpression was found in
the vascular wall of the old control
group (B), IGFBP-5 immunopositive
reaction was strong in the fibrotic
stromal matrix of the intimal plaque
(C); this immunopositive reaction is
especially prominent around calcifi-
cations (D; �100). a, arterial lumen;
b, intima; c, muscle layer; d, athero-
sclerotic plaque; e, calcification area.
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occur by direct stimulation of IGFBP-5 gene transcription
(Duan et al., 1999) or by posttranslational protection from
proteolysis via binding to secreted IGFBP-5 protein (Camacho-
Hubner et al., 1992). We found that IGF1 mRNA levels were
higher in old cells than in young cells, whereas IGF2 levels
were lower in old cells (Figure 1A). Because insulin/IGF-sig-
naling pathways are known to be involved in organismal aging
and longevity, further studies are needed to investigate the
association of IGFBP-5 in cellular senescence with increased
IGF1 levels in cells with age.

Our results regarding the role of IGFBP-5 in cellular senes-
cence suggest that the IGF/IGFBP system could be related to
cardiovascular risk factors and atherosclerosis because cellular
senescence might contribute to in vivo organismal aging and
aging-associated diseases. In the present study, we showed
that IGFBP-5 immunoreactivity was increased in old human
arteries compared with young human arteries and was also
strong in atherosclerotic plaques (Figure 9), suggesting that
IGFBP-5 plays a role in in vivo vascular aging as well as in
aging-associated vascular diseases. There are some controver-
sies surrounding the association of the IGF/IGFBP system with
cardiovascular diseases. Colao et al., (2005) reported that circu-
lating IGF1 and IGFBP-3 levels were negatively correlated with
common cardiovascular risk factors in healthy subjects, inde-
pendent of age. However, Kawachi et al. (2005) showed that
circulating IGF1 and IGFBP-3 were associated with early ca-
rotid atherosclerosis. IGFBP-3 was reported to be associated
with the presence and extent of coronary arteriosclerosis
(Schuler-Luttmann et al., 2000) and with the development of
carotid atherosclerosis in hypertensive patients (Watanabe et
al., 2003). To our knowledge, there are no reports of IGFBP-5 in
association with aging-associated vascular diseases. However,
our results suggest that cellular senescence induced by
IGFBP-5 in endothelial cells might also contribute to vascular
aging and the development of aging-associated cardiovascular
diseases.
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