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Abstract

Biliverdin reductase A (BLVRA), an enzyme that con-
verts biliverdin to bilirubin, has recently emerged as a
key regulator of the cellular redox cycle. However, the
role of BLVRA in the aging process remains unclear.
To study the role of BLVRA in the aging process, we
compared the stress responses of young and sen-
escent human diploid fibroblasts (HDFs) to the re-
active oxygen species (ROS) inducer, hydrogen per-
oxide (H20.). H0> markedly induced BLVRA activity in
young HDFs, but not in senescent HDFs. Additionally,
depletion of BLVRA reduced the H,O.-dependent in-
duction of heme oxygenase-1 (HO-1) in young HDFs,
but not in senescent cells, suggesting an aging-de-
pendent differential modulation of responses to oxida-
tive stress. The role of BLVRA in the regulation of cel-
lular senescence was confirmed when lentiviral RNAi-
transfected stable primary HDFs with reduced BLVRA
expression showed upregulation of the CDK inhibitor
family members p16, p53, and p21, followed by cell cy-
cle arrest in Go-G1 phase with high expression of sen-
escence-associated f-galactosidase. Taken together,
these data support the notion that BLVRA contributes
significantly to modulation of the aging process by ad-
justing the cellular oxidative status.
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Introduction

Reactive oxygen species (ROS) are involved in the
pathogenesis of various human diseases and in
the aging process. ROS-related oxidative stress is
the result of an imbalance between the generation
and scavenging of ROS. Thus, restoration of the
balance would be necessary for modulation of the
aging process. A sub-lethal concentration of pro-
oxidants induces premature cellular senescence
(Chen and Ames, 1994; Chen et al., 1998), and
ROS levels are higher in old cells than in younger
cells (Hagen et al., 1997; Lee et al., 1999). There-
fore, cells treated with antioxidants or grown under
low oxygen conditions may maintain a youthful
state for a longer time (Chen et al., 1995; Yuan et
al., 1995).

Biliverdin reductase A (BLVRA) is an evolu-
tionarily conserved enzyme that converts biliverdin
to bilirubin (Beale and Cornejo, 1984; Schluchter
and Glazer, 1997; Maines, 2005). Recent studies
have shown that BLVRA has ROS-scavenging
abilities through its production of bilirubin, a potent
physiological antioxidant (Baranano et al., 2002;
Florczyk et al., 2008; Wu et al., 2008; Sedlak et al.,
2009). As little as 10 nM bilirubin can protect cells
against almost 10,000-fold higher concentrations of
H20, (Baranano et al., 2002). The high efficacy of
bilirubin as an antioxidant is attributable to re-
newing cycle in which bilirubin is oxidized to
biliverdin, which is recycled back to bilirubin by
BLVRA (Baranano et al., 2002; Sedlak and Snyder,
2004). Biliverdin is a product of heme cleavage by
heme oxygenase (HO). Two heme oxygenase iso-
forms have been reported, a constitutive isoform
(HO-2) and an inducible antioxidant enzyme
(HO-1). Recently, Tudor et al. (2008) have shown
that BLVRA is involved in the regulation of HO-1
expression. This efficient antioxidative system con-
sisting of cyclic cellular redox control and induction
of HO-1 by BLVRA may fortify the capacity of bili-
rubin as one of the most effective physiological de-
fense molecules against cellular oxidative stress.

Despite the reported efficient capacity of the
BLVRA-associated system for protection against
oxidative stress, its role in the adjustment of the
aging process has not been thoroughly studied. In
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the present study, we examined the role of BLVRA
in the cellular response to oxidative stress and in
the maintenance of a youthful cellular state, using
human diploid fibroblast cells (HDF).

Results

Aging dependent differences in oxidative
stress-induced BLVRA expression

In order to test the relationship of BLVRA with
cellular senescence, we first compared BLVRA
activity in young and senescent HDF cells in
response to H,O, treatment. In senescent cells,
BLVRA activity was not significantly changed by
H20: in contrast to the significant increased activity
in young cells (Figure 1A). For the role of BLVRA in
ROS generation, the intracellular levels of ROS
was monitored after knockdown of BLVRA by
specific siRNA with use of the redox-sensitive
fluorophore 2’,7°-dichlorofluorescein diacetate (DCF).
As shown in Figure 1C, ROS levels increased
more than three-fold on day 4 after simple
knockdown of BLVRA. In addition, the role of
BLVRA against exogenous oxidative stress was
tested after exposure of the cells to H»0,. De-
pletion of BLVRA led to the increased sensitivity to
oxidative stress in young cells (Figure 1D). In
contrast, the senescent cells did not show any
significant changes toward oxidative stress by
BLVRA depletion. These data suggest strongly that
BLVRA would be involved in reduction of cellular
oxidative stress, especially in the young cells.

Aging dependent differences in induction of HO-1
by depletion of BLVRA

HO-1 is one of the critical proteins responsible for
regulating cellular stress. The induction of HO-1 is
reported to be regulated by BLVRA (Tudor et al.,
2008). Western blot analysis indicated that H.O-
dependent induction of HO-1 was much higher in
young cells than in old cells (Figure 2A). Moreover,
it is confirmed that this H,O, dependent induction
of HO-1 was effectively reduced by BLVRA de-
pletion in young cells. However, this effect was not
evident in senescent cells (Figure 2B).

Increased sensitivity to oxidative stress by depletion
of BLVRA

In order to assess the role of endogenous BLVRA
in cellular protection against physiological levels of
oxidative stress, we monitored the differences in
proliferation rates of HDF cells for 7 days after
transfection with shRNA against BLVRA or mock
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Figure 1. BVRA depletion markedly increases the ROS generation in
young HDF cells. (A) Young and senescent HDF cells were treated with 1
mM H,0, for the indicated periods. After lysis, the cell extract was pre-
pared, and the reductase activity was measured at pH 8.7. The activity
analysis was repeated using three separate preparations of HDF *P <

0.05 and **P < 0.01 when compared with young HDFs. (B) Young
HDFs were transfected with three different siRNAs of BLVRA and control
siRNA using Oligofectamine. After 72 h, cells were harvested. Protein ex-
pression of BLVRA were analyzed by Western blotting using anti-BLVRA
antibody (upper panel). All proteins were normalized to the densitometric
signal of the actinin loading control (lower panel). (C) After transfection
with BLVRA siRNA or a control siRNA for 72 h, cells were stained with di-
chlorofluorescein diacetate (DCF-DA), fixed and immediately analyzed
by FACS. The data are mean £ SEM of three independent experiments.
A double asterisk (**) denotes P < 0.01 in Student's t-test. () denotes
P < 0.01 compared with non-transfected cells (ANOVA, Dunnett was
used as post- test). (D) Effect of BLVRA deficiency on intracellular ROS
level in young and senescent cells undergoing oxidative stress. After
transfection with BLVRA siRNA or a control siRNA for 72 h, cells were
treated with 1 mM H,O, with/without NAC (20 mM), then stained with di-
chlorofluorescein diacetate (DCF-DA), fixed and immediately analyzed
by FACS. The data are mean £ SEM of three independent experiments.
A double asterisk (**) denotes P < 0.01 in Student's t-test. DCF: di-
chlorofluorescein.

shRNA. Efficacy of this shRNA was sufficient to
suppress BLVRA expression (Figure 3A). Deple-
tion of BLVRA could reduce the cell number by
>60% in young HDFs even without additive
exogenous oxidative stress. In contrast, mock
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Figure 2. Failure of H,Os-induced HO-1 induction in senescent HDFs.
(A) Young and s enescent HDF cells were treated with 500 uM H,0, for 4
h. After lysis, the cell extract was prepared, and the level of HO-1 were
determined by Western blotting using anti-HO-1antibody. (B) Young and
Senescent HDFs were transfected with siRNAs of BLVRA and control
siRNA using Oligofectamine. After 72 h, HDF cells were treated with 500
uM H,0, for 4 h. After lysis, the cell extract was prepared and protein ex-
pression of BLVRA were analyzed by Western blotting using anti-BLVRA
antibody (C) Quantitative graph of HO-1. The results shown are repre-
sentative of three independent experiments; the histograms represent
average and error bars represent standard deviations of the means. A
double asterisk (**) denotes P < 0.01 in Student's t-test.

shRNA did not significantly affect cell proliferation
(Figure 3B). In addition, morphological analysis
indicated that HDF cells became enlarged and
flattened after BLVRA shRNA treatment (Figure
3C). Moreover, knockdown of BLVRA led to induce
the expression of the senescence marker SA-B-gal
(Figures 4A and 4B). These data strongly implicate
that knockdown of BLVRA would induce the pre-
mature senescence in HDF cells and that the
enzyme might be one of the major cellular pro-
tective systems against oxidative stress in the
physiological condition.

Cell cycle arrest by depletion of BLVRA

In addition to senescence-associated [-galacto-
sidase expression, we assessed the expression of
p16inkd4a, p21waf1, and p53 by Western blot
analysis, which are highly up-regulated in various
forms of senescent cells (Kastan et al., 1991;
Johnson et al., 1994; Alcorta et al., 1996; Hara et
al., 1996). Transfection of the cells with shRNA-
BLVRA induced the expression levels of p53, 16,
and p21 significantly (Figure 4C), indicating the
arrest of the cell cycles. In order to understand the
mode of cell cycle arrest by BLVRA knockdown,
we carried out the flow cytometry. Seven days after
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transfection, HDF cells were grown to 70% con-
fluence and cell cycle analysis was performed by
propidium iodide uptake. As shown in Figures 4D
and 4E, BLVRA knockdown cells were arrested in
the Go-G1 phase of the cell cycle to approxi-
mately 78% of the cells whereas 53% of random
shRNA-treated cells were arrested in the Go-G4
phase of the cell cycle. At the same time, ap-
proximately 24% and 26% of control cells pro-
gressed into the S and G2-M phases, respectively.
In contrast, only 4% and 20% of BLVRA knock-
down cells progressed into the S and G2-M phas-
es, respectively. Furthermore, Western blot an-
alysis demonstrated that protein levels of cyclin D1
and CDK4 were markedly reduced 3 days
post-transfection with shRNA-BLVRA, compared
with the negligible changes in mock shRNA-
transfected cells (Figure 4C). We also observed
a dramatic decrease in Rb phosphorylation (Ser
795) in cell lysates from 7 days post-transfection
with BLVRA shRNA (Figure 4C). Down-regulation
of cyclin-D1 and CDK4, induced by depletion of
BLVRA, confirmed the Go-G1 cell cycle arrest
(Figure 4C).

Discussion

BLVRA was initially known as an enzyme that
converts biliverdin to bilirubin. Since then, numer-
ous studies have shown that BLVRA has extra
functions in cell signaling, gene control, meta-
bolism, cell growth, and apoptosis (Salim et al.,
2001; Kravets et al., 2004; Lerner-Marmarosh et
al., 2005), and BLVRA may play a role in the
pathogenesis of diseases such as diabetes or
cancer (Lerner-Marmarosh et al., 2005; Florczyk et
al., 2008; Wu et al.,, 2008). Moreover, because
BLVRA is a leucine zipper-like DNA binding pro-
tein, it may serve as a transcription factor for
activator protein 1 (AP-1)-regulated genes such as
HO-1 in the nucleus (Kravets et al., 2004; Tudor et
al., 2008). Nevertheless, the primary physiological
function of BLVRA is the production of bilirubin, a
major natural and potent antioxidant. In recent
studies, BLVRA administration effectively amelio-
rated oxidative stress-mediated pathological states,
and when cellular BLVRA activity was suppressed
by small interfering RNA (siRNA), ROS levels and
cell death markedly increased (Baranano et al.,
2002; Sedlak et al., 2009). We also observed that
BLVRA knockdown significantly increased ROS
levels in young HDFs (Figure 1C).

The efficient antioxidant capacity of this system
is potentiated by the redox cyclic nature of bilirubin
to biliverdin in addition to HO-1 induction by
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Figure 3. Effects of BLVRA depletion on cell proliferation and cell death. (A) Three in-
dividual clones from shRNA target set (sigma NM_002467) were co-transfected with a lenti-
virus packaging plasmid into HDF cells. 24 h post-infection, 2.5 mg/ml of puromycin was
added to select for infected cells. 72 h post-selection, cells were harvested. BLVRA protein
level was detected by western blot analysis (left panel). All proteins were normalized to the
densitometric signal of the actinin loading control (right panel). Actin was used as an load-
ing control. (B) Exponentially growing HDF cells were transfected with shBLVRA along with
shMock. (C) Morphologies of senescent HDFs after BLVRA downregulation were de-

termined by light microscopy.

BLVRA (Baranano et al., 2002; Sedlak and Snyder,
2004). BLVRA has been reported to function in the
transcriptional activation of HO-1 after oxidative
stress (Maines et al., 2001; Ahmad et al., 2002;
Wang and de Montellano, 2003; Kravets et al.,
2004). HO-1 is an inducible oxidative stress-re-
sponsive gene that is induced by various stimuli,
including heme, H>0,, metals, cytokines, and
growth factors, and is associated with various
pathological disorders such as hypertension, athe-
rosclerosis, and hypoxic injury (Guyton et al., 1996;
Otterbein and Choi, 2000; Dennery, 2004; Aggeli et
al., 2006) One major role of HO-1 is to protect cells
from oxidative stress via the degradation of pro-
oxidant heme to free iron, carbon monoxide (CO),
and biliverdin (Maines, 1997). Numerous studies
have indicated the close relationship between ROS
and aging (Martin et al., 1996; Sohal and Wein-
druch, 1996; Beckman and Ames, 1998). In this
regard, BLVRA may also contribute to the induction
of cellular senescence, although a direct role of

BLVRA in cellular senescence has not been tho-
roughly studied.

To compare the oxidative stress responses of
young and senescent fibroblasts, we examined the
effect of H,O, on HO-1 induction and on BLVRA
activity. Treatment with H,O, markedly increased
BLVRA activity in young fibroblasts, but not in
senescent cells. Moreover, BLVRA depletion de-
creased HO-1 induction in H;O»-treated young
cells, in contrast to the negligible induction of HO-1
in senescent cells. Interestingly, we could not ob-
serve any significant qualitative change in the
BLVRA protein expression level in young and
senescent cells (data not shown), whereas HO-1
induction after oxidative stress differed significantly
between young and senescent cells (Figure 2A).
These differences between young and old cells
may be related to a difference in the endogenous
oxidative stress level, that is, a high stress level in
senescent cells and a low level in young cells,
which would result in different oxidative stress-
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Figure 4. hBVRA knockdown induces premature senescence in HDF
cells. (A) hBVRA knockdown causes expression of SA-B-gal. shRNAs of
BLVRA were transfected into HDF cells. Seven days post-transfection,
cells were fixed and incubated with X-gal at pH 6.0 overnight and sen-
escence-like phenotype was imaged with microscopy. (B) Percentage of
cells that are positive senescence-associated [3-galactosidase activity in
three independent HDF populations from shMock or shBLVRA-trans-
fected cells. (C) The effects of BLVRA knockdown on cell cycle regu-
lators in HDF cells. Western blot analysis of whole-cell lysates from HDF
cells collected at 7 days post-shBVRA transfection. On the top of gels,
mock indicates lysate from control shRNA-transfected cells. p16ink4a,
p21waf1, and p-p53, cyclin D1, p16/INK4a, p21/Cip1, phospho-pRb (Ser
795) on the right side of gels indicate the proteins detected with corre-
sponding antibodies. Loading of equal amounts of protein was confirmed
by probing for B-actin. (D, E). A representative diagram of cell cycle his-
togram showed HDF cell arrest in Go-G1 when cells were subjected to
BLVRA shRNA knockdown (and mock shRNA) for 3 days prior to cell cy-
cle analysis with flow cytometry.

related signaling such as the Nrf-1 pathway (Lee et
al., 2002). Alternatively, these differences between
young and old cells may be explained by aging-
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Figure 5. Feedback loop of the physiological antioxidative defense
system. ROS, reactive oxygen species; HO-1, heme oxygenase-1;
BLVRA, biliverdin reductase-1.

dependent differences in the efficiency of oxidative
stress-related signal trafficking into the nucleus.
Nuclear localization of BLVRA is important for its
signal transduction and induction of HO-1 (Maines
et al.,, 2001), and we recently demonstrated that
the expression levels of genes involved in nucleo-
cytoplasmic trafficking were markedly decreased in
senescent HDFs (Kim et al., 2010). These data
suggest that nuclear trafficking of BLVRA and
oxidative signaling may be impaired in senescent
HDFs. Further studies are needed to better un-
derstand the nuclear translocation of BLVRA and
its contribution to HO-1 induction in young and
senescent cells.

In the present study, we explored the molecular
role of BLVRA in cellular senescence. Specifically,
we investigated the effects of BLVRA knockdown
by short hairpin RNA (shRNA) on cell viability and
cell cycle progression in human diploid fibroblasts.
After BLVRA depletion, the HDFs were arrested for
a prolonged period. Most BLVRA shRNA-trans-
fected HDFs developed premature senescence,
with decreases in cyclin D1 and phosphorylated
pRb concomitantly with increases in p16/INK4a
and senescence-associated p-galactosidase. To
confirm the role of high ROS in the induction of
premature senescence in HDFs, we treated cells
with N-acetyl cysteine (NAC), a potent ROS sca-
venger. Transfection of cells with the BLVRA gene
reduced ROS levels by about 35% (Figure 1D),
and ROS scavenging by NAC effectively sup-
pressed cellular senescence induced by BLVRA
knockdown (data not shown). The simple depletion
of BLVRA reduced the viability of the cells, sug-
gesting that BLVRA is most likely an essential
component for cell survival under physiological oxi-
dative stress. In contrast to its knockdown, BLVA
overexpression rescued the young cell-like mor-
phological changes in senescent fibroblasts to
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some extent, but without restoration of mitogenic
potential (data not shown), indicating that BLVRA
overexpression alone is not sufficient to prevent
senescence-related cell cycle arrest.

The Hayflick limit describes the phenomenon of
normal mitotic cells undergoing a finite number of
cell divisions and then entering replicative sene-
scence, after which they cannot divide further and
become unresponsive to mitogenic stimuli (Hay-
flick, 1965). In addition to replicative senescence,
cells can also exhibit stress-induced or premature
cellular senescence upon exposure to oxidants,
DNA-damaging agents, histone deacetylase in-
hibitors, or overexpression of certain oncogenes
(Chen et al.,, 1995; Serrano et al., 1997; Robles
and Adami, 1998; Zhu et al., 1998; Choi and Kim,
2004). Compared with early-passage cells, sene-
scent HDFs contain higher levels of oxidative DNA
lesions (Chen et al.,, 1995), presenting the pos-
sibility that oxidative damage may be responsible
for triggering the activation of cell cycle check-
points in senescent cells. Senescent cells contain
an elevated p21 level (Noda et al., 1994),
hypo-phosphorylated pRb (Stein et al., 1990), and
reduced E2F activity (Dimri et al., 1996), which are
responsible for arrest in Gy phase of the cell cycle.
Senescence in culture is thought to reflect the in
vivo aging process and might have evolved as a
tumor suppression mechanism (Cristofalo and
Pignolo, 1993; Campisi, 1996). Senescent cells
also express high levels of p16, which inhibits the
inactivating phosphorylation of pRb (Alcorta et al.,
1996; Hara et al., 1996; Ohtani et al., 2001). Thus,
cellular senescence may, to some extent, provide
an important barrier to genomic instability and
tumorigenesis (Campisi and d'Adda di Fagagna,
2007; Schmitt, 2007). In this regard, the sig-
nificance of the mechanism by which BLVRA
activity is elevated in tumor tissues (Maines et al.,
1999) and the relationship between serum bilirubin
levels and cancer mortality (McCarty, 2007) remain
to be elucidated.

Taken together, these results suggest that
BLVRA may be among the most effective phy-
siological ROS scavenging systems and may play
an important role in regulating cellular senescence.
Additionally, BLVRA may provide a new target for
developing a strategy to control aging and cancer.

Methods

Cell culture and SA B-galactosidase staining

Human diploid fibroblasts (HDFs) were isolated from the
foreskin of a 4-year-old boy and cultured in Dulbecco's
modified Eagle's medium containing 10% fetal bovine

serum (FBS) and 1% penicillin/streptomycin in a 5% CO;
incubator. Cells were subcultured serially at a ratio of 1:4.
We defined young cells as those resulting from < 22
population doublings, and old cells were from > 68 po-
pulation doublings. Cellular senescence of all of the old
cells was confirmed by their delayed population doubling
times and by a senescence-associated p-galactosidase
activity assay as described by Dimri et al. (1995). After
being grown in a semi-confluent state, senescence-as-
sociated B-galactosidase, pH 6.0, activity was examined.
Cells were washed with phosphate-buffered saline and
fixed with 2% paraformaldehyde containing 0.2% gluta-
raldehyde in phosphate-buffered saline for 5 min at room
temperature. After washing with phosphate-buffered saline,
cells were incubated with p-galactosidase reagent (1
mg/ml 5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside (X-
gal), 40 mm citric acid/sodium phosphate buffer, pH 6.0, 5
mm potassium ferrocyanide/potassium ferricyanide, 150
mm NaCl, 2 mm MgCl) at 37°C. HelLa and A498 cells
were purchased from the Korean Cell Line Bank (KCLB,
Seoul, Korea). Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% heat-
inactivated FBS at 37 5% CO; and 95% O in a humidified
cell incubator, and the medium was changed every 2 to 3
days. Cells were subcultured serially at a ratio of 1:3.

Enzyme assays

Biliverdin Reductase Assay - The enzyme activity was
determine by measuring the rate of bilirubin formation.
BLVRA activity was measured in HDF cells plated in
60-mm plastic dishes and pooled samples of cells using a
colorimetric reaction to measure the formation of bilirubin,
as described by manufacturer (Sigma, St. Louis, MO).
Cells were lysed in 150 pl of extraction buffer, and the
assay was performed using 150 pg of total protein.
Bilirubin levels were measured at 450 nm at 37°C 18 min
after start of the reaction. BVR activity was expressed as
units/ml with 1 unit of biliverdin reductase converting 1
nanomole of biliverdin to bilirubin in an NADPH-dependent
fashion at pH 8.5 at 37°C.

Cell-cycle analysis

Cells were seeded in 100 mm dish at 3 X 10° cells per
dish. After treatment with sh-BLVRA, cells were harvested
using trypsinization and combined with floating cells col-
lected from the medium. Cells were then washed twice
with PBS, and fixed with ice cold 70% ethanol. Cells were
pelleted by centrifugation and the 70% ethanol was dis-
carded. Cells were then stained with 50 pg/ml propidium
iodide (PI) plus RNase A for 20 min, analyzed for DNA
content on a FACScan flow cytometer (Becton Dickinson
FACSorter) using CELLQuest software.

Western-blot analysis

hBLVRA, p16, p21, p53, CDK1, Cyclin D1 and p-pRb band
were determined by Western blotting. Briefly, cells were
lysed with lysis buffer [50 mM Tris pH74, 150 mM NaCl, 1
mM EDTA pH8.0, 1 mM protease inhibitor (Roche), 1 mM



PMSF, 1 mM NaF, 1 mM sodium orthovanadate], and pro-
tein contents were determined using Bradford reagent.
Equal amounts of protein (40 nug) were then separated by
SDS-PAGE and transferred to nitrocellulose membranes
(Schleicher & Schuell Bioscience Inc). After blocking with
TBS containing Tween-20 in the presence of 2.5% nonfat
dry milk, the membranes were incubated with the primary
antibodies at 4°C for 16 h. Secondary antibodies were
added for 1 h at RT. The antibody-antigen complexes were
detected using the ECL detection system (Pierce).

RNA interference and transfection

The Lentiviral Transduction Particles are perchused from
sigma co. (NM_000712: The base vector pLKO.1-puro was
used. TRCN0000046388 sequence: CCGGGCAGAAGAA-
ATCCAGAAATATCTCGAGATATTTCTGGATTTCTTCTGCT-
TTTTG, TRCN0000046390 Sequence: CCGGGCGAAAG-
GAAGATCAGTATATCTCGAGATATACTGATCTTCCT-
TTCGCTTTTTG, TRCN0000046389 Sequence: CCGGC-
CATTTCAAGTCTGGGTCCTTCTCGAGAAGGACCC-
AGACTTGAAATGGTTTTTG) For puromycin selection, cells
in 6 cell plate added 0.5-2 pg/ml of puromycin to selected
wells and examine viability every 2 day for 10-14 days.
Then replace the media containing puromycin every 3
days. RNA interference expression vector or control vector
were transfected into HDF cells using Lipofectamine™
2000 (Invitrogen, CA) according to the manufacturers'
instructions. Briefly, the complexes of diluted RNA in-
terference eﬁ)ression vector or control vector and Li-
pofectamine™ 2000 were added to wells containing 90%
confluence cells and Opti-MEM medium (Invitrogen, CA). 6
h later, medium was changed to DMEM with 10% FBS.

The specific siRNA for BLVRA was purchased from
BIONEER Co. RNA interference (RNAi) of the BVRA
transcript was performed as described (Elbashir et al.,
2001). Briefly, senescent HDFs (5 X 104) were plated in a
100 mm dish, transfected with 0.5 nmole of siRNA and
Oligofectamine™ reagent in serum-free medium and in-
cubated for 4 h at 37°C in a CO: incubator. Following
incubation, the cells were supplied with growth medium
containing 10% fetal bovine seerum.

Measurement of intracellular ROS level

The cellular levels of ROS were determined using di-
chlorodihydrofluorescein diacetate (DCF-DA) (Sigma-Ald-
rich Co., Ltd.). siRNA treated cells were stained with 50 uM
of DCF-DA for 30 min and then harvested. The fluorescent
intensities were quantified using an cytometer (Becton
Dickinson FACSorter). To examine the effect of N-ace-
tylcystein (NAC) (Sigma-Aldrich Co., Ltd.), cell were tre-
ated with 20 mM of NAC for 2 days.

3-(4,5-dimethylthiazal-z-yl)-2,5-diphenylterazolium
(MTT) assays

Cells were plated in 24-well tissue culture plates and
allowed to attach overnight. MTT was added to each well
to a final concentration of 200 pg/ml, and cells were
incubated for 4 h. After removing the medium completely,
the formazan product was solubilized with dimethlysul-
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foxide. Optical densities (OD) were measured at 490 nm.
Each experiment was performed three times. Error bars
represent standard deviations of the means.
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