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ABSTRACT. 1t is known that replicative senescence of endothelium in vivo contributes at least partially to age-
related vascular disorders such as arteriosclerosis. However, the genes involved in this process remain to be
identified. In this study, we employed a proteomics-based approach to identify candidate genes using in vitro
cultured human umbilical vein endothelial cells (HUVECs) as an experimental model for replicative senescence.
By comparing protein spots from young and senescent HUVECs using two-dimensional electrophoresis, we
identified three up-regulated proteins and five down-regulated proteins in senescent HUVECs as compared to
young HUVECS, whose alteration was not observed during replicative senescence of primary human fibroblasts.
Consistent results were obtained in Western blotting analysis using specific antibodies raised against some of these
proteins, whereas there were no significant changes in the mRNA levels of these genes during senescence of
HUVECs. Among them, cathepsin B, a protease participating in both intracellular proteolysis and extracellular
matrix remodeling was observed to be dramatically up-regulated in senescent HUVECs and whose activity is
known to be up-regulated in atherosclerotic lesions with senescence-associated phenotypes in vivo. Additional
proteins, including cytoskeletal proteins and proteins involved in the processes of synthesis, turnover and
modification of protein, were identified, whose function in endothelium was previously unsuspected. These
proteins identified by a proteomics-based approach using cultured HUVECs may be involved not only in
replicative senescence but also in functional alterations in vascular endothelial cells with senescence-associated
phenotypes and may serve as molecular markers for these processes.

Key words:

Introduction

Replicative senescence is the limited ability of primary
mammalian cells to divide when cultured in vitro with alter-
ations in cell function, morphology and gene expression. It
has been widely assumed that replicative senescence of
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endothelial cells in vivo may be involved in a large variety
of age-related pathogenesis including atherosclerosis, fail-
ure of cardiovascular system, diabetes, and hypertension
(Cines et al., 1998). This view is further supported by the
recent report that vascular endothelial cells with senes-
cence-associated phenotypes are present in human ather-
osclerotic lesions, and that endothelial cell senescence
induced by telomere shortening may contribute to athero-
genesis (Minamino et al., 2002). Although the replicative
life span of primary cells in culture does not correlate with
donor age at least in human fibroblasts (Cristofalo et al.,
1998), HUVEC cultures remain a powerful experimental
model for a variety of aging-related studies. To date, some



studies have been conducted to determine the alterations in
the pattern of gene expression during the process of in vitro
senescence of HUVECs. For example, Grillari ef al. identi-
fied beta-1G-H3, IGFBP-3, PIG3, SEC13R, L28 as prefer-
entially expressed genes in senescent HUVECs by using
subtractive hybridization of mRNA from early passage and
senescent HUVECs (Grillari et al., 2000). Other member of
our group also identified EST clones expressed and proteins
phosphorylated differentially between young and senescent
HUVECs by using RT-PCR screening and SDS-PAGE fol-
lowed by autoradiography of in vivo 32P-labelled proteins,
respectively (H. Fukuda and M. Katoh, unpublished obser-
vations). However, the principal mechanisms of replicative
senescence of endothelial cells are not fully understood.
Thus, more data on differential expression patterns and rele-
vant aging markers should be obtained. In this study, we
used a proteomics-based technique (Toda ef al., 1998;
Nishigaki et al., 2002; Hiratsuka et al., 2003) for the identifi-
cation of differentially-regulated proteins in senescent
HUVECs. We were successful in identifying three protein
spots up-regulated and five protein spots down-regulated in
senescent HUVECs. Among them, cathepsin B, a lysosomal
protease participating in both intracellular proteolysis and
extracellular matrix remodeling, was included as a protein
up-regulated in senescent HUVECs, whose activity is
known to be up-regulated in atherosclerotic lesions (Chen et
al., 2002). Additional proteins including cytoskeletal pro-
teins and proteins involved in the processes of synthesis,
turnover and modification of protein were also identified,
whose function in endothelium was previously unsuspected.
These proteins identified are the candidates for molecular
markers and for the molecules involved in replicative senes-
cence occurring in vivo and functional alterations in vascu-
lar endothelial cells with senescence-associated phenotypes.
The possible function of these proteins in senescence and
pathogenesis are also discussed.

Materials and Methods

Cell culture

HUVECs were obtained from KURABO (Japan) were grown in
the HuMedia-EG (KURABO) medium supplemented with 2%
fetal bovine serum, 10 ng/ml hEGF, 5 ng/ml hFGF-B, 10 pg/ml
heparin, 50 mg/ml gentamicin, 50 ng/ml amphotericin B, and 1 pg/
ml hydrocortisone at 37°C in a 5% CO, atmosphere. Primary
human fibroblasts were isolated from human foreskin according to
standard procedures and were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen), supplemented with 10% fetal calf
serum. Both cells were routinely split and were kept at less than
90% confluency. The number of population doublings (PD) that
occurred prior to each passage was calculated according to the for-
mula PD=log2 [(number of cells harvested)/(number of cells
seeded)] and the number was scored from the date we obtained.

496

H. Kamino et al.

Senescence-associated B-galactosidase (SA-B-gal)
staining

The senescent state was verified by in situ staining for SA-B-gal as
described elsewhere (Dimri et al., 1995; Yawata et al., 2003).
HUVECs grown on 60 mm dishes were washed three times with
PBS and fixed with 2% formaldehyde/0.2% glutaraldehyde in PBS
for 5 min at room temperature. The cells were then washed two
times and incubated with [3-galactosidase staining solution [40 mM
citric acid/sodium phosphate buffer (pH 6.0), 5 mM potassium
ferricyanide, S mM potassium ferrocyanide, 150 mM NaCl, 2 mM
MgCl, and 1 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactose]
for 24 h at 37°C.

2-dimensional electrophoresis (2-DE) analysis and
protein identification

2-DE analysis followed by protein identification was performed as
described in our previous paper (Toda et al., 1998; URL, http:/
proteome.tmig.or.jp/2D/J_index.html). Briefly, young and senes-
cent HUVECs on 100 mm dishes were washed three times in PBS,
and harvested with a scraper. Cell pellets were suspended in four
volumes of lysis buffer (7 M urea, 2 M thiourea, 1.5% Triton
X-100, 0.5% CHAPS, 0.5% pharmalyte, 10 mg/ml DTT, 5 pg/ml
aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin, and 1 mM PMSF)
and disrupted by sonication. In the first dimension of isoelectric
focusing, an 18 pl aliquot of protein extract was applied near
the cathode wick on each 17 cm immobilized pH-gradient
Readystrip™ gel, pH 4 to pH 7, and run using the PROTEAN IEF
cell system (Bio-Rad). In the second dimension of SDS-PAGE,
equilibrated Readystrip™ gels were placed on top of the
PROTEAN II ready-gel 8-16%T™ (Bio-Rad) and were run verti-
cally with SDS running buffer (25 mM Tris, 192 mM glycine,
0.1% SDS). After electrophoresis, proteins were detected using a
silver-staining reagent kit or Quick CBB staining reagent kit
(Wako). Protein spots were quantified using the PDQuest 6.2
software (Bio-Rad).

Protein spots were excised by ProteomeWorks Spot Cutter (Bio-
Rad) followed by in-gel digestion with trypsin (Promega) accord-
ing to manufacturer’s specifications. The digested peptide was
directly mixed with an equal volume of 10 mg/ml alpha-cyano-4-
hydroxy cinnamic acid and peptide mass spectra were obtained on
an AXIMA-CFR MALDI-TOF-MASS (Shimadzu, Japan) plat-
form. Peptide mass mapping was performed using Mascot Search
(Matrix Science).

RT-PCR

Total RNA was isolated using the RNeasy kit (Qiagen), and was
reverse-transcribed with the oligo (dT) 12—-18 primer (Roche) by
using the M-MLV Reverse Transcriptase (Invitrogen) for first-strand
c¢DNA synthesis. PCR detection of each gene expression was per-
formed with a part of the reaction (1 pl) in a total volume of 10 pl of
reaction mixture containing 1 uM of each primer, 0.2 mM of each
dNTP, and 0.25 unit of KOD Dash (TOYOBO). Reactions were per-
formed using a GeneAmp 9700 PCR System (PE Applied Biosys-
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tems) and amplifications were performed with the cycle of 94°C for
10 sec, 62°C (for B-actin) or 66°C (for others) for 2 sec, and 72°C
for 2 min with the cycle number indicated in Figure 4. The following
primer pairs were used: P4HA1 (5-GCCTGGCTCTCTGGCTAT-
GAAA-3’ and 5’-CACAGATGAAACATGGGATGAGG-3’, ampli-
fied a 600-bp fragment); P4AHA2 (5’-ATTTAGGGACGGG-
GAATCGTGT-3" and 5’-GGTCTCCCTCTGCTCCAGACAA-3’,
amplified a 413-bp fragment); BAT1 (5’-CAACGAGAAGAACCG-
GAAGCTC-3" and 5’-TCAAAGCGATCCTGCACATCAT-3’,
amplified a 411-bp fragment); gp96 (5’-GCGCCGTGTATTCATCA-
CAGAC-3’ and 5’-GCCCTTTTTCAGAAGTCGCTCA-3’, ampli-
fied a 448-bp fragment); GDI-B (5’-GCCCTCAAAAAGGAAAC-
CATTG-3’ and 5’-GGGTGGATGCATTCATTCTGTC-3’ , amplified
a 342-bp fragment); cathepsin B (5’-GCGTCTCCAATAGCGAG-
AAGGA-3’ and 5’-TGGGATGTAGCCAGGACTTGGT-3’, ampli-
fied a 494-bp fragment); and B-actin (5’-CAAGAGATGGCCACG-
GCTGCT-3’ and 5’-TCCTTCTGCATCCTGTCGGCA-3’, amplified
a 257-bp fragment). The PCR products were resolved by electro-
phoresis on a 1.5% agarose gel and the gel was stained in ethidium
bromide.

Western blotting

Young and senescent HUVEC cells were collected in lysis buffer
[5S0 mM Tris-HCI (pH 6.8), 25 mM NaCl, 0.5 mM EDTA, 0.2%
SDS, 0.1 M DTT, and 10% glycerol]. Protein boiled in lysis buffer
was subjected to 12% SDS-PAGE and blotted onto PVDF mem-
branes (Millipore). Anti-human cathepsin B (The Binding Site;

PC049, 1:500 dilution in 3% BSA/TBS-T) or anti-Grp94 (Stress-
gen; SPA-850, 1:300 dilution in 3% BSA/TBS-T) was used as a
primary antibody. As a secondary antibody for each primary anti-
body, the peroxidase-conjugated anti-sheep/goat immunoglobulin
(The Binding Site; AP360, 1:1000 dilution in 3% BSA/TBS-T) or
anti-rat immunoglobulin (ZYMED, 1:3000 dilution in 3% BSA/
TBS-T) was used, respectively. Signals were visualized by ECL
plus™ detection system (Amersham Pharmacia). Equal loading of
lysate was confirmed by Pouceau S staining of the membrane (data
not shown).

Supplementary data

2-DE protein maps obtained in this study are available at http:/
www.proteome.jp/2D/index.html.

Results

2-DE analysis of proteins

HUVECs were cultured in vitro until about 45 PD, when the
cells ceased to undergo cell division and began to exhibit an
enlarged and flattened morphology (Fig. 1). In SA-B-gal
staining, more than 90% of cells were positive at 45 PD,
whereas few were positive at 5-6 PD (Fig. 1). Thus, we used
HUVECs at 5-6 or 45 PD as young or senescent HUVECs,
respectively, for subsequent proteomic analyses. On 2-DE
gels stained with SYPRO Ruby, about 1000 protein spots

HUVECs

early passage
(5 PD)

(x40)

Fig. 1.

late passage
(45 PD)

Senescent associated -galactosidase (SA-B-gal) staining of early and late passage HUVECs. HUVECs at early passage (5 PD) and late passage

(45 PD) were subject to SA-B-gal staining. Note that senescent HUVECs exhibits flattened morphology.
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were detected (Fig. 2A). The 2-DE profiles and relative spot
intensities obtained from all samples were reproducible
when we performed the experiments with duplicates or trip-
licates. Normalization was also performed using protein
internal standards whose corresponding spot intensities
remained unchanged between young and senescent
HUVEC:s. In this study, only spots which had over two-fold
changes in density after normalization were classified as
altered (Fig. 2B). The reproducibility of data from multiple
trials, the assignment of a stringent criterion for spot classi-
fication, and the use of internal protein standards ensure the

A
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reliability of the proteomic data we obtained.

As shown in Figures 2A and 2B, three up-regulated pro-
teins and five down-regulated proteins were selected for
subsequent analysis by mass spectrometry. Peptide mass-
fingerprinting of the selected spots and subsequent database
search revealed the identity of these proteins as summarized
in Table I. They are composed of molecular chaperon
[gp96; known as 94 kDa glucose regulate protein (Grp94)
and tumor rejection antigen (tral)], cytoskeleton-related
protein [vimentin, cytokeratin 8, and Rho GDP dissociation
inhibitor beta (Rho GDI-B)], and proteins involved in pro-

6.0 6.8

Fig. 2A.
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tein synthesis/modification/degradation [prolyl 4-hydroxy-
lase alpha 1 subunit (P4HA1), prolyl 4-hydroxylase alpha 2
subunit (P4HA2), HLA-B associated transcript-1 (BAT1),
and lysosomal proteinase cathepsin B]. In parallel, we per-
formed 2-DE analyses using young (2 PD) and senescent
(40 PD) primary human fibroblasts. In contrast to results
obtained in HUVECs undergoing replicative senescence,
the spots for vimentin, GDI-B, gp96, PAHA1, PAHA2 and
cathepsin B were not changed during the senescence of pri-
mary human fibroblasts (Fig. 2C; data not shown), although
spots corresponding to the remaining proteins were not
detected, suggesting that the alterations of these proteins are

specific to senescence of HUVECs, or a different set of
genes may be involved in the replicative senescence
between HUVECS and fibroblasts.

Western blotting analysis

We then performed Western blotting analyses to verify the
reliability of the data we obtained by proteomic study. In the
Western blotting to detect cathepsin B, three bands were
obtained (Fig. 3). A previous report has indicated that the
bands of the 31 kDa and the 25/26 kDa (doublet) corre-
spond to the single-chain cathepsin B (sc-CB) and the heavy

B
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Fig. 2. Two-dimensional protein profiles for HUVECs and primary human fibroblasts. (A) Patterns of protein expression in young HUVECs. Proteins

were separated on the basis of pl (x-axis) and molecular mass (y-axis). Spots were visualized with silver staining. Numbered spots were defined as altered
and then were identified by mass spectrometry. A1-A3 and B1-B5 represent up-regulated and down-regulated protein in senescent HUVECS, respectively.
(B) Close-up proteins from 2-DE gels of young and senescent HUVECs. (C) 2-DE profiles of cathepsin B in primary human fibroblasts.
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Table I. LIST OF PROTEINS HAVING ALTERED EXPRESSION LEVELS OF HUVECS UNDERGOING REPLICATIVE SENESCENCE

Spot Protein Sequence Coverage (%) Theoretical Possible NCBI Fold of Change
Probability pl/kDa Function Accession No.
A-1 vimentin 258 54 4.82/41.7 cytoskeleton gi:5030431 2.17
A-2  GDI-B 133 58 5.10/23.0 cytoskeleton gi:10835002 5.88
A-3  cathepsin B 86 42 5.19/23.6 protein degradation  gi:181178 25.0
B-1 P4HA1 116 15 5.70/61.3 protein synthesis gi:2507090 0.32
B-2  P4HA2 94 27 5.49/61.3 protein synthesis gi:4758868 0.44
B-3  cytokeratin 8 332 54 5.36/53.5 cytoskeleton gi: 181573 0.08
B-4  BATI 173 49 5.44/49.4 protein metabolism  gi:4758112 0.03
B-5  gp%6 108 19 4.76/92.7 molecular chaperon  gi:4507677 0.07

The table shows proteins that were defined as altered between young and senescent HUVECs. A1-A3 and B1-B5 represent up-regulated and

down-regulated protein in senescent HUVECs, respectively.

chain of fully processed double-chain cathepsin B (dc-CB),
respectively (Moin et al., 1992). The spot identified as
cathepsin B is dc-CB form (data not shown), and the expres-
sion of this form of cathepsin B was significantly higher in
senescent HUVECs than young HUVEC:s, a finding consis-
tent with proteomic data. In primary human fibroblasts, the
whole density of dc-CB was not changed between young
and senescent state; however, the intensity of the lower band
of dc-CB (25 kDa) was also increased in fibroblasts in the
senescent state as well in HUVECs. The same result was
obtained in other batches of HUVECs (data not shown).
Although the functional difference between 26 kDa and 25
kDa froms of dc-CB remains to be clarified, this raises the
possibility that cathepsin B is involved in the replicative
senescence of both HUVECs and fibroblasts although in a
somewhat different fashion.

As for gp96, the spots identified as gp96 are the deriva-
tives that appeared as bands around 50 kDa (data not
shown). These forms of gp96 were significantly down-regu-
lated in senescent HUVECS, but a full length gp96 remained
unchanged, appearing as a band at 96 kDa was not changed
(Fig. 3). In fact, all forms of gp96 remained virtually unal-
tered between young and senescent primary human fibro-
blasts (Fig. 3). These results are consistent with the data
obtained in proteomic study, showing the reliability of the
approach we used in this study. On the other hand, these
results indicate that the regulation of protein forms may be
involved in senescence.

RT-PCR analysis of mRNA levels

We then performed semi-quantitative RT-PCR analyses to
determine whether the changes at the protein level that were
validated by 2-DE analysis correlated with changes in
mRNA levels. As shown in Figure 4, the mRNA levels of
genes identified in this study were not changed significantly
between young and senescent HUVECs. This suggests that
the genes identified as differentially expressed at the protein
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level during replicative senescence may also be differen-
tially regulated at the post-transcriptional level. This under-
scores the importance of a proteomics-based approach to
isolate differentially regulated genes during senescence.

Discussion

In this study, we were successful in isolating three proteins
up-regulated and five proteins down-regulated during repli-
cative senescence by using a proteomics-based approach.
They are composed of cytoskeleton-related proteins and
proteins involved in turnover and protein synthesis. To our
knowledge, this is the first report of the use of a proteomics-
based approach to HUVEC with a focus on replicative
senescence.

PAHA plays a central role in the synthesis of all col-
lagens, because the 4-hydroxyproline residues are essential
for the folding of the newly synthesized collagen poly-
peptide chains into triple-helical molecules (Kivirikko and
Myllyharju, 1998; Kivirikko and Pihlajaniemi, 1998; Myl-
lyharju and Kivirikko, 2001). PAHAs exist as tetramers of
a(D)2B2 (Type 1 enzyme) or o(I[)2p2 (Type II enzyme)
(Annunen et al., 1997). It has been reported that Type II
functions as the main enzyme form in capillary endothelial
cells, osteoblasts and chondrocytes (Annunen et al., 1998;
Nissi et al., 2001). In this study, we found that prolyl 4-
hydroxylase ol and oll subunit were down-regulated in
senescent HUVECs. This suggests that down-regulation of
prolyl 4-hydroxylase may contribute to the decrease of
collagen observed in aorta during senescence (Andreotti et
al., 1985).

BAT]1 is thought to act as a negative regulator of inflam-
mation (Allcock et al., 2001) with properties of RNA bind-
ing activity and translation initiation factor (Peelman et al.,
1995; Allcock et al., 1999). Our result that BAT1 is down-
regulated in senescent HUVECs raises the possibility that
reduction of BAT1 in senescent endothelial cells leads to
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Fig. 3. Protein expression of gp96 and cathepsin B in HUVECs and pri-

mary human fibroblasts undergoing replicative senescence. HUVECs and
primary human fibroblasts were harvested at young and senescent states.
The cumulative PD is indicated for each sample. (A) Western blotting
using anti-cathepsin B antibody. The antibody recognizes 31 kDa single-
chain cathepsin B (sc-CB) and the 25/26 kDa doublet of the heavy chain of
fully processed double-chain cathepsin B (dc-CB) in both cells. (B) West-
ern blotting using anti-gp96 antibody. This antibody recognizes the gp96
protein band of 90 kDa in both cells. Arrow indicates ditferentially
expressed proteins during aging in HUVECs. Their putative molecular
weight is 40—-60 kDa. On the other hand, differentially expression of gp96
was not observed in primary human fibroblasts.

predisposition to vascular inflammation.

gp96 is a molecular chaperon in the endoplasmic reticu-
lum (Mazzarella and Green; 1987). It has been shown that
gp96 is a high density lipoprotein-binding protein in liver
(de Crom et al., 1999). Although its precise function is not
clear, gp96 may contribute to control the HDL-metabolism
for maintenance of normal function on vascular endo-
thelium.

Rho GDI-f was detected with a high level in senescent
HUVEGCs. This protein has been to known to participate in
the regulation of GDP/GTP cycle and the organization of
actin cytoskeleton (Leffers et al, 1993; Gorvel et al., 1998;
Olofsson, 1999; Groysman et al., 2002). In addition to Rho
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Fig. 4. Semi-quantitative RT-PCR analysis of the gene expression in
HUVECs. PCR was performed for the cycle number indicated in the fig-
ure, and the products were electrophoresed on a 1.5% agarose gel, and
stained with ethidium bromide. B-actin was used to guarantee that equal
amounts of mRNA were used to normalize the samples.

GDI-B, we found differential expressions of vimentin and
cytokeratin 8 during senescence of HUVECs. These results
imply the possibility that those cytoskeletal proteins may
participate in the change of cellular morphology during
senescence.

It has been shown that the activity of cathepsin B, a pro-
tease participating in both intracellular proteolysis and
extracellular matrix remodeling, correlates with aging and
disease (Sloane, 1990; Sloane et al., 1990; Keppler et al.,
2000), and that the activity of cathepsin B is up-regulated in
atherosclerotic lesions in human and in aortic endothelial
cells with aging in rat (Sasahara et al., 1988; Chen et al.,
2002). Therefore, we regard the identification of cathepsin
B identified as up-regulated in senescent HUVECs, as par-
ticularly important, because this result suggests that a
proteomics-based approach using cultured HUVECs may
prove to be a promising system to search for genes/
proteins involved not only in in vivo replicative senescence
but also aging-related pathogenesis of endothelium such as
arteriosclerosis.

In the present study, we presented eight candidate pro-
teins linked with replicative senescence of HUVECs by 2-
DE analysis. These results, particularly the identification of
cathepsin B, prompted us to investigate whether the proteins
identified in this study can be useful molecular markers for



the pathogenesis of endothelium including senescence of
endothelium, including failure of cardiovascular system,
diabetes, and hypertension as well as atherosclerosis. More-
over, the insights of 1) no significant changes of mRNA lev-
els of candidate genes during senescence, 2) the change of
protein forms of gp96, and 3) alteration of proteins partici-
pating protein metabolism, such as cathepsin B, prolyl 4-
hydroxylase, and BAT1, underscore the importance of the
proteomics-based approach in order to identify differen-
tially expressed genes during senescence. In this study, we
employed a HUVEC culture system as a representative
experimental model of aging-related study. Therefore, it is
useful to apply a proteomic approach to the human aortic
endothelial as well as HUVECS to identify additional pro-
teins differentially expressed during senescence in order to
provide a more complete picture of aging markers of
endothelial cells and aging-related pathogenesis in future.
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