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Normal human cells have a limited replicative po-
tential and inevitably reach replicative senescence in
culture. Replicatively senescent cells show multiple
molecular changes, some of which are related to the
irreversible growth arrest in culture, whereas others
resemble the changes occurring during the process of
aging in vivo. Telomeres shorten as a result of cell
eplication and are thought to serve as a replicometer
or senescence. Recent studies show that young cells
an be induced to develop features of senescence pre-
aturely by damaging agents, chromatin remodeling,

nd overexpression of ras or the E2F1 gene. Acceler-
ated telomere shortening is thought to be a mecha-
nism of premature senescence in some models. In this
work, we test whether the acquisition of a senescent
phenotype after mild-dose hydrogen peroxide (H2O2)
xposure requires telomere shortening. Treating
oung HDFs with 150 mM H2O2 once or 75 mM H2O2

twice in 2 weeks causes long-term growth arrest, an
enlarged morphology, activation of senescence-associ-
ated b-galactosidase, and elevated expression of colla-
genase and clusterin mRNAs. No significant telomere
shortening was observed with H2O2 at doses ranging
from 50 to 200 mM. Weekly treatment with 75 mM H2O2

also failed to induce significant telomere shortening.
Failure of telomere shortening correlated with an in-
ability to elevate p16 protein or mRNA in H2O2-treated
cells. In contrast, p21 mRNA was elevated over 40-fold
and remained at this level for at least 2 weeks after a
pulse treatment of H2O2. The role of cell cycle check-

oints centered on p21 in premature senescence in-
uced by H2O2 is discussed here. © 2001 Academic Press

INTRODUCTION

Aging is an inevitable consequence of life. In hu-
mans, aging is a risk factor for cancer and many other
diseases. The causes of aging and its associated dis-
eases are the subject of many recent studies. It appears
that a large number of factors may play a role in the
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overall aging process, from whole organismal wear and
tear to changes at the cellular and molecular level.
Among the changes observed are an accumulation of
oxidative damage, reduced mitochondrial function, de-
clined functionality of a particular cell type, changes in
the composition of extracellular matrix proteins, al-
tered gene expression, and reduction in telomere
length. Despite numerous phenomena found to be as-
sociated with the process of aging, only a limited num-
ber of experimental models are available to study the
biology of aging and its contribution to diseases. Nor-
mal human cells in tissue culture show a number of
aging-related changes at the end of their replicative
life span. Although these molecular changes are com-
monly referred to as senescence, replicative senescence
usually defines a stable state at the end of the replica-
tive life span of normal (i.e., nontumor) cells in culture.
Replicative senescence has been used as an experimen-
tal model for studying aging and the relationship be-
tween aging and cancer [1–4].

Most tumor cells do not undergo senescence in cul-
ture. Studies from Pereiera-Smith and Smith’s group
[5] have found that tumor cells regain the senescent
program upon fusion with cells from a complementary
group. The genotype of senescence is dominant over
that of tumor cells because fusion of normal cells with
tumor cells results in hybrids that have limited repli-
cative life span [6, 7]. A distinct feature of normal
somatic cells is their inability to synthesize telomeres
at the ends of chromosomes. Shortening of telomeres
occurs during the process of senescence in vitro and
aging in vivo, while activation of telomerase is a hall-
mark for cellular immortality and occurs in many types
of cancers.

Telomere shortening is thought to serve as a repli-
cometer for senescence [8–10]. Telomeres, the simple
repetitive DNA sequences (i.e., TTAGGG repeats for
humans) at the ends of linear chromosomes, shorten
between 50 and 150 bp per cell division in normal
somatic cells [8, 9, 11]. This shortening is linearly
proportional to the cumulative number of cell divisions
during the process of replicative senescence [8, 9, 11].

Telomere shortening results from the inability of DNA
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polymerases to completely replicate the 39-end of the
lagging strand during DNA replication, leaving a
shorter daughter strand. Most tumor cells or immor-
talized cells utilize the enzyme telomerase to synthe-
size telomeric repeats de novo onto the end of the
39-strand to compensate for the incomplete DNA rep-
lication. However, most normal somatic cells do not
contain functional telomerase, and therefore cell repli-
cation ultimately results in telomere loss [8–11]. The
telomere hypothesis suggests that when telomeres
reach a critical shortened length at one or more chro-
mosome ends, a signal is generated to halt cell division
and to cause the onset of the senescent phenotype
[8–10]. It has been recently demonstrated that cellular
senescence can be delayed or abolished by activating
telomerase in normal human cells [12], providing
strong evidence in support of the telomere hypothesis
of replicative senescence.

It is thought that telomere shortening can trigger
the activation of cell cycle checkpoints in replicatively
senescent cells [13]. The p21 cyclin-dependent kinase
inhibitor is elevated when HDFs are approaching rep-
licative senescence [14, 15]. When cells are indeed se-
nescent, an elevation of the p16 cyclin-dependent ki-
nase inhibitor is observed [14, 16]. Traditionally, the
senescent phenotype is observed after normal somatic
human cells such as human diploid fibroblasts (HDFs)
go through a certain number of cell divisions in culture.
However, recent work has found that H2O2, hyperoxia,
inhibitors of histone deacetylase, hyperactive ras gene,
and overexpression of the E2F1 transcription factor
can all convert early passage HDFs to a state indistin-
guishable from replicative senescence [17–21]. Al-
though activation of p21, p16, or both is found in cer-
tain models of premature senescence [20], hyperoxia
(40% O2)-induced premature senescence is accompa-
nied by accelerated telomere shortening [13, 21], sug-
gesting that critically shortened telomeres are neces-
sary for the onset of the senescent phenotype under
these circumstances. Regardless, it is not clear
whether telomere shortening, elevation of p21, and
elevation of p16 occur in all pathways leading to the
senescent phenotype. Here we test whether the induc-
tion of a senescent phenotype by an acute or repetitive
treatment of H2O2 in early passage IMR-90 cells is
coupled to telomere shortening acceleration, elevation
of p21, and elevation of p16.

MATERIALS AND METHODS

Cell culture and H2O2 treatment. IMR-90 cells [obtained at the
population doubling level (PDL) 10.85 from the Corriell Institute for
Medical Research, Camden, NJ] at PDL less than 30 were seeded at
the density of 2 3 106 cells in 100-mm dishes containing 10 ml of
Dulbecco’s modified Eagle’s medium (Life Science Technologies,
Grand Island, NY) and 10% (v/v) fetal bovine serum (Life Science

Technologies, Grand Island, NY). At 20 to 24 h after seeding, the
cells were treated with H2O2 for 2 h. For two 75 mM H2O2 treatments,
the cells were split after being cultured for 1 week following the first
treatment and treated again for 2 h with 75 mM H2O2 at 20 to 24 h
fter seeding. Replicative senescence was achieved by weekly sub-
ulture at a seeding density of 0.5 3 106 cells per 100-mm dish. The

cells reached replicative senescence at PDL 54. For comparison stud-
ies, replicatively senescent cells were subcultured for 7 days before
various measurements were made.

Measurement of DNA synthesis, SA b-gal activity, and cell volume.
Cells were cultivated for 1 week after H2O2 treatment before being
seeded into 24-well plates (1 3 105 cells per well) for bromodeoxyuri-

ine (BrdU) incorporation and SA b-gal activity measurements. Af-
ter a 48-h incubation in the presence of 10 mM BrdU, the cells were
fixed in 5% formalin and stained for SA b-gal–positive cells as pre-
viously described [22]. Afterward, the cells were washed with 70%
ethanol, and DNA was hydrolyzed by 4 N HCl. BrdU incorporated
into the cells was detected with an anti-BrdU antibody (1:250 dilu-
tion, Sigma, St. Louis, MO) and an alkaline phosphate–conjugated
secondary antibody. At least 300 cells from each group were scored
under a phase-contrast microscope for BrdU- or SA b-gal–positive
taining.
At 7 to 10 days after H2O2 treatment, the adherent cells were

detached by trypsinization. Rounded cells were loaded onto a micro-
slide field finder (Fisher Scientific, Pittsburgh, PA) for measuring the
diameters of the cells that randomly landed on the grids under an
inverted phase-contrast microscope. The cell volume was calculated
using the equation for the volume of a sphere, 4/3 3 p 3 Radius3.

Measurement of collagenase, clusterin, p21, and p16 mRNA levels
by Northern blot. Cells were harvested with Trizol (Life Science
Technologies) for isolation of total RNA. RNAs (20 mg/lane) were
eparated by formaldehyde denaturing gel and were transferred to a
ylon membrane for hybridization with cDNA probes derived from
ollagenase-1, clusterin (both obtained from the American Type Cul-
ure Collection, Manassas, VA), p21, or p16 gene sequence. Random
rimer labeling method was used to synthesize cDNA probes as
escribed [23]. The membranes were stripped or stored until the
adioactivity was decayed for rehybridization with a different probe
or comparative studies or with cDNA of 18S rRNA. Radioactive
DNA probes that are bound to the membrane generate autoradiog-
aphy and allow for the determination of the abundance of the
RNA species. The densities of the bands were quantified using an
agle Eye II Image System (Stratagene, La Jolla, CA).
Measurements of p16 protein level by Western blot. Cells were

arvested at various time points after H2O2 treatment for Western
lot analysis of p16 protein level using a protocol described previ-
usly [24]. After SDS–gel electrophoresis, proteins were transferred
o PVDF membrane for blotting with an antibody against p16 (C-20
olyclonal from Santa Cruz Biotech, Santa Cruz, CA; clone Ab-2 from
eomarker, Fremont, CA, or clone G175-405 from Pharmingen, San
iego, CA). Secondary antibodies conjugated with horseradish per-
xidase and enhanced chemiluminescence reaction were used to
etect the bound primary antibodies [24]. The densities of the p16
ands were quantified using an Eagle Eye II Image System (Strat-
gene).
Measurement of the terminal restriction fragment (TRF) length.
ells were detached by trypsinization. Genomic DNA was prepared

rom cell pellets according to a standard protocol [11]. Briefly, cells
ere resuspended in 100 ml Tris–EDTA (TE) buffer, added to 1 ml
NA extraction buffer (100 mM NaCl, 10 mM Tris, 25 mM EDTA,
H 8, 0.5% SDS, and 0.1 mg/ml proteinase K), and digested at 50°C
or 16 h. The cell lysate was then treated as described previously
11]. DNA was dissolved in TE buffer and heated at 50 to 55°C for

h. An aliquot (3–5 mg) of DNA was digested with HinF1/RsaI (2
units/mg of DNA) and DNase-free RNase at 37°C for 16 h. Aliquots
(1–2 mg) of digested DNA were separated on a 0.5% agarose gel in
Tris–boric acid–EDTA buffer. The gels were dried for 30 min at 60°C,

denatured (0.5 M NaOH, 1.5 M NaCl) for 15 min, and neutralized



(
o
t
a
T
i
t

a
d
g
s
w
d

t
b

(
W

s
c
H

o
1
c
p

1

296 CHEN ET AL.
(0.5 M Tris, pH 7.0, 1.5 M NaCl) for 15 min. Gels were prehybridized
in 50 ml of Church and Gilbert hybridization solution at 37°C for 1 h.
An aliquot (0.25 mg) of a single-stranded telomeric oligonucleotide
TTAGGG)3 was end-labeled using 50 mCi of [g-32P]ATP and 10 units
f T4 polynucleotide kinase before being added to the prehybridiza-
ion buffer. The gels were hybridized with the probe at 37°C for 16 h
nd washed with 0.53 SSC, 0.1% SDS at 37°C (3 times, 10 min each).
o determine the TRF length, a PhosphorImager (Molecular Dynam-

cs, Sunnyvale, CA) was used to quantify the position and strength of
he radioactive signal in each of the lanes as described [11].

Statistics. The TRF lengths from duplicate experiments were
veraged and plotted versus concentration of H2O2 or number of
ays. Regression analysis and analysis of variance of the resulting
raphs determined whether the slope of the calculated line was
ignificantly different from zero. A P value less than or equal to 0.05
ould indicate a statistically significant change in TRF length with
ifferent H2O2 concentrations or time after treatment.

RESULTS

Induction of a Senescent Phenotype with Mild Doses
or Repetitive Treatment of Oxidants

Exposing early passage HDFs (PDL ,30) to suble-
hal doses of H2O2 for 2 h results in a prolonged inhi-
ition of cell growth [17, 25]. H2O2 caused a dose-

dependent inhibition of DNA synthesis in IMR-90 fetal
lung diploid fibroblasts (Fig. 1A). H2O2 above 200 mM
or 1 pmol/cell) induces apoptosis and necrosis [24].

ith 150 mM or lower concentrations, the majority of
H2O2-treated cells remained attached, were capable of
excluding trypan blue, and maintained an active me-
tabolism. A single treatment of 150 mM H2O2 abolished
the ability of 95% of surviving cells to perform DNA
synthesis (Fig. 1A). The cells could not replicate even
when they were allowed to recover for 2 weeks (Table
1). The proportion of SA b-gal–positive cells increased
with increasing concentrations of H2O2 (Fig. 1B).
About 40% of the cells were positive for SA b-gal 1
week after 150 mM H2O2 treatment. The percentage
was somewhat close to that observed in replicatively
senescent IMR-90 cells subcultured for 1 week (Fig.
1B). H2O2-treated early passage cells showed a senes-
cent morphology (Fig. 1C) and an enlarged cell volume
(Table 1).

With 75 mM H2O2, treated cells could replicate an
average of 0.35 population doublings over a week (Ta-
ble 1), and 70% of these cells were incapable of synthe-
sizing DNA 1 week after the treatment (Fig. 1A). About
30% of these cells were SA b-gal positive (Fig. 1B). The
cells were enlarged, but to a lesser degree than that

FIG. 1. H2O2-treated early passage IMR-90 cells develop a senesc
06 cells in 100-mm dishes and were treated with H2O2 for 2 h at 20

split 1 week after the first treatment for a repeated treatment. BrdU
harvested at 1 week after H2O2 treatment for determination of in
collagenase or clusterin mRNA by Northern blots (D). The Northern

bands to that of 18S rRNA analyzed by an Eagle Eye II Image System
induced by 150 mM H2O2 or than that observed in
replicatively senescent cells (Fig. 1C; Table 1). A sec-
ond treatment with 75 mM H2O2 1 week after the first
treatment completely eliminated the ability of the cells
to replicate DNA (Fig. 1A; Table 1) and converted 100%
of the cells to be SA b-gal positive (Fig. 1B). The cells
appeared to show the morphology (Fig. 1C) and an
enlarged volume similar to that of replicatively senes-
cent cells (Table 1). Therefore, one treatment with 150
mM H2O2 or two treatments with 75 mM H2O2 can
convert early passage IMR-90 cells to a state resem-
bling replicative senescence.

Replicatively senescent cells show multiple molecu-
lar changes, some of which are related to growth ar-
rest, whereas others are not [26–28]. For example,
replicatively senescent cells elevate the expression of
collagenase and clusterin genes [29, 30], which do not
appear to be related to growth arrest per se. Like
replicatively senescent cells, H2O2-treated early pas-
age cells elevated the expression of collagenase and
lusterin genes (Fig. 1D). This result indicates that

2O2-treated early passage cells likely resemble repli-
cative senescent cells at the molecular level.

No Significant Shortening of Telomeres in
Oxidant-Induced Premature Senescence

Telomeres are thought to serve as a replicometer for
replicative senescence [8–10]. Induction of premature
senescence by hyperoxia is thought to result from ac-
celerated telomere shortening [13, 21]. To test whether
telomere shortening occurs during the induction of pre-
mature senescence via acute or repetitive treatment of
oxidants, we determined telomere length by measuring
the length of TRF in IMR-90 cells. Cells were harvested
immediately after a 2-h H2O2 treatment to determine
whether the treatment can cause an immediate short-
ening of telomeres (presumably due to DNA damage),
or were harvested 1 week after H2O2 treatment to
determine whether onset of the senescent phenotype
correlated with shortening of telomeres. With either
set of samples, we did not detect any significant differ-
ences in TRF length with respect to the concentration
tested immediately after H2O2 treatment (P 5 0.14) or
ne week after H2O2 treatment (P 5 0.22; Fig. 2). At
week after H2O2 treatment, 150 mM H2O2-treated

ells appeared to resemble senescent cells both mor-
hologically and at the molecular level, yet did not

phenotype. IMR-90 cells (PDL ,25) were seeded at a density of 2 3
24 h after seeding. For two 75 mM H2O2 treatments, the cells were

al 10 mM) was added to the cells for a 48-h incubation. The cells were
porated BrdU (A), SA b-gal activity (B), cell morphology (C), and
t data are expressed as ratios of densities of collagenase or clusterin
ent
to

(fin
cor
blo
(D).
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show a senescent telomere length (10.9 kbp for H2O2-
reated cells versus 9.1 kbp for replicatively senescent
ells).

Because a one-time treatment with 75 mM H2O2

could not completely abolish cell proliferation and yet
did not result in significant shortening of telomeres, we
applied a second treatment of 75 mM H2O2 at 1 week
after the first treatment to model chronic and repeti-
tive oxidative stress. Although these cells showed a
slight change in TRF length, it was not statistically
significant (Fig. 3). To pursue this experiment further,
we compared the TRF length in parallel cultures of
cells maintained by weekly subculture with or without
once-a-week treatment of 75 mM H2O2. The untreated
group showed a significant (P , 0.0001) linear de-
crease in TRF length at the rate of 95 bp per population
doubling, similar to previous reports [8], and the TRF
length reached 9.1 kb at replicative senescence (Fig. 3).
In contrast, weekly treatment with 75 mM H2O2 did not
result in significant TRF shortening (P 5 0.65; Fig. 3).
Our results show that significant telomere shortening
does not occur as a consequence of H2O2 treatment.

Elevation of p21 but Not p16 in H2O2-Induced
Premature Senescence

Replicatively senescent cells show an elevation of
p21 and p16 cyclin-dependent kinase inhibitors [14–
16, 31]. Under certain circumstances, activation of p21
or p16 cell cycle checkpoints ultimately controls for the
senescent phenotype, regardless of whether or not telo-
meres are shortened [13]. Our previous work indicates
that H2O2 treatment causes prolonged elevation of p21
and sustained inhibition of Rb hyperphosphorylation

TABLE 1

H2O2 Treatment Inhibits Cell Replication but Causes
Increases in Cell Volumea

Cell replication
(population doubling/week)

Cell volume
(mm3, 3103)

Untreated 1.80 6 0.07 6.4 6 1.5
week 75 mM H2O2 0.35 6 0.19 *25.7 6 9.7

150 mM H2O2 #0 *36.9 6 12.1

Untreated 1.99 6 0.02 10.1 6 2.7
weeks 75 mM 3 2H2O2 #0 *83.3 6 20.8

150 mM H2O2 #0 *93.4 6 24.9

PDL 52 0 76.2 6 25.2

a The cells were treated as described in the legend to Fig. 1. Cell
eplication was determined by counting cell number using a Coulter
ounter. Cell volume was calculated after measurements of the di-
meter of 99 cells randomly in each group with a microscopic Field
nder (Fischer Scientific).
* Statistically significant difference (P , 0.05) between the num-

er and that of untreated cells by Student’s t test.
[25]. Since p16 has been found to be elevated in repli-
cative senescence and in some models of premature
senescence, we tested whether H2O2 treatment results
in elevation of p16. Cells were collected at various time
points after H2O2 treatment, and Western blots were
performed. A 96-h time-course study found no eleva-

FIG. 2. Telomere length of IMR-90 cells treated with various
H2O2 doses. Cells were harvested immediately or 1 week after 2-h

2O2 treatment for extracting genomic DNA. HinF1/RsaI-digested
genomic DNAs were separated by gel electrophoresis, and the gel
was hybridized to radiolabeled (TTAGGG)3 as described under Ma-
terials and Methods. Duplicate experiments were performed and a
representative gel is shown (A). M, molecular weight markers in kb.
The average TRF lengths from the duplicate experiments are pre-

sented in the graph (B).
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tion of p16 protein by H2O2 treatment at any time point
tested (Fig. 4A). With samples harvested weekly, no
elevation of p16 protein was observed at 1, 2, or 3
weeks after H2O2 treatment (Fig. 4B). These negative
results were observed in 10 independent experiments
with samples harvested at various time points after

FIG. 3. Telomere lengths in long-term cultures of H2O2-treated
s. untreated cells. Cells were treated with 75 mM H2O2 for 2 h
eekly (lanes 8–13) or left untreated (lanes 1–7) and cultured for the

ndicated number of days before TRF measurements. Duplicate ex-
eriments were performed, and a representative gel is shown (A).
he average TRF lengths from the duplicate experiments are shown

n graph B. The slope of the regression line for untreated cells (295
p/PD) was significantly different from zero (P , 0.0001), whereas
hat from the treated cells was nonsignificant (P 5 0.65).
various doses of H2O2 treatment. Replicatively senes-
cent cells showed an average 11-fold elevation of p16
protein (n 5 5; a representative gel is shown in Fig.
C) compared with early passage cells. The average
atios of p16 band density from H2O2-treated cells com-
ared with untreated cells immediately, 18 to 24 h, 44
o 48 h, 3 days, 7 days, or 14 days after H2O2 treatment
re 1.1, 1.1, 1.5, 1.1, 0.9, 1.2, or 0.8, respectively (n 5

3 or 7). Antibodies from two other sources confirmed
the negative Western blot results of p16. In brief, no
elevation of p16 protein was observed in H2O2-treated
cells.

To further verify the negative results on p16, we
performed Northern blot analysis to measure for the
abundance of p16 mRNA. The cells were harvested
immediately, 24, 32, 48, or 72 h after 150 mM H2O2

treatment for isolation of total RNAs, which were used
for Northern blot analysis. The results failed to show
elevation of p16 mRNA by H2O2 treatment (Fig. 5A). In
omparison, we determined the abundance of p21
RNA using the same blot. The results showed that

21 mRNA was elevated 50-fold within 24 h and re-
ained more than 40-fold elevated for 72 h after H2O2

treatment (Fig. 5A).
Because 72 h is not long enough for the cells to

develop all features of senescence, we determined the
level of p16 mRNA using the cells that show features of
senescence. Again, we used p21 mRNA as a compari-
son. Cells treated with 150 mM once or 75 mM H2O2

twice are indistinguishable from replicatively senes-
cent cells by a number of measurements 1 week after
H2O2 treatment (see first section of Results). However,
no elevation of p16 mRNA was detected in these H2O2-
treated cells (Fig. 5B), while the same blot showed
about 40-fold elevation of p21 mRNA levels in H2O2-
treated cells that displayed features of senescence (Fig.
5B). A dose–response curve was determined in an at-

FIG. 4. The level of p16 protein in H2O2-treated cells. IMR-90
ells (PDL ,25) were seeded at the density of 2 3 106 cells in 100-mm
ishes for 2-h treatment of 150 mM H2O2. Cells were harvested
ithin 96 h (A) or 3 weeks (B) after H2O2 treatment for Western blot

analysis (40 mg protein/lane). Replicatively senescent cells (C) were
harvested 1 week after splitting and were used as a positive control

(10 mg protein/lane).
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tempt to detect elevation of 16 mRNA species by using
doses around the range that induces premature senes-
cence. Again, we detected elevation of p21 mRNA but
not p16 mRNA species with any dose tested (Fig. 6).

DISCUSSION

This study demonstrates that induction of a senes-
cent phenotype by low or mild doses of oxidants may
not involve shortening of telomeres or elevation of p16
cyclin-dependent kinase inhibitor. Although early pas-
sage cells treated with one dose (150 mM) show many
features of senescence, these cells did not show signif-
icant shortening of TRF length. Long-term culture
with weekly 75 mM H2O2 treatment failed to accelerate
shortening of TRF length. The negative data on telo-
mere shortening has redirected our focus to a role of
cell cycle checkpoint proteins in the phenotype switch
of H2O2-treated early passage HDFs. However, al-
though p21 protein and mRNA remain elevated for at
least 2 weeks after a 2-h pulse treatment of H2O2, no

FIG. 5. The level of p16 mRNA at various time points after H2O
06 cells in 100-mm dishes for 2-h treatment of 150 mM H2O2. Cells
solation of total RNA and Northern blot analysis. Near-senescent (P
ere used as positive controls (B). The densities of p16 or p21 bands

he densities of 18S rRNA bands. The ratios were compared with th
old induction.
elevation of p16 protein or mRNA was observed in
H2O2-treated cells within such a time frame. This
leaves the possibility that p21, but not telomeres or
p16, plays a critical role in premature senescence in-
duced by H2O2.

Telomere shortening may be one of a few mecha-
nisms mediating the development of the senescent phe-
notype. It has been clearly demonstrated that cell rep-
lication causes telomere shortening due to the inability
of DNA polymerase to completely replicate the 39-ends
of lagging strands in the majority of normal human
somatic cells, which lack telomerase activity. As a re-
sult, replicatively senescent HDFs contain an average
of 2.4-kb shorter telomeres compared with their early
passage counterparts. Consistent with the telomere
theory of senescence, activation of telomerase has been
shown to be sufficient to bypass replicative senescence
in normal human cells [12]. Von Zglinicki et al. [21]
found that hyperoxia accelerates the rate of telomere
shortening and causes cells to gradually gain a senes-
cent phenotype prematurely. Under hyperoxic condi-

eatment. IMR-90 cells (PDL #25) were seeded at the density of 2 3
re harvested within 72 h (A) or 1 week after the treatment (B) for
52) or senescent (PDL 54) were harvested 1 week after splitting and
re analyzed by an Eagle Eye II Image System and were corrected by
of untreated cells at 2 h (A) or 1 week (B) for determination of the
2 tr
we

DL
we
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tions, the cells remain capable of replicating, although
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at a slower rate than under normoxia [21]. Differing
from the cells cultured under the hyperoxic condition,
the majority (70%) of IMR-90 cells failed to synthesize
DNA after one treatment of 75 mM H2O2. Perhaps cell
replication is indeed required for the telomeres to be
shortened. Low levels of oxidative stress such as hy-
peroxia may accelerate the telomere-shortening rate in
the presence of cell replication, presumably by causing
DNA strand breaks in the telomere regions [32]. Nev-
ertheless, the fact that low or mild doses of H2O2 can
induce the senescent phenotype without causing sig-
nificant shortening of telomeres supports a number of
recent findings against telomere shortening as a uni-
versal mechanism of senescence. For example, Syrian
hamster embryo cells contain telomerase and do not
shorten telomeres by cell replication but undergo rep-
licative senescence as a result of serial passage [33].
Although activating telomerase causes immortaliza-
tion without apparent changes in the karyotype, the
length of telomeres may not increase significantly in
the telomerase active cells [34–38]. In fact, a few stud-
ies regarding the consequence of telomerase activation
have found its function to be unrelated to telomere
extension. For example, telomerase activation causes

FIG. 6. The level of p16 mRNA in cells treated with various doses
of H2O2. IMR-90 cells (PDL #25) were seeded at the density of 2 3
106 cells in 100-mm dishes for a 2-h treatment with H2O2 at indi-
ated concentrations. The cells were harvested 1 week after H2O2

treatment for isolation of total RNA and Northern blot analysis. The
data are expressed as described in Fig. 5.
c-myc overexpression [39], a gene that is known to
cause hyperproliferation of mammalian cells. Taken to-
gether, it is likely that mechanisms other than telomere
shortening can also trigger the onset of the senescent
phenotype.

The senescent phenotype consists of at least three
elements: growth cessation, morphological enlarge-
ment, and changes in gene expression. Cessation of
growth itself, such as serum starvation of cells, will not
induce a senescent phenotype. The fact that the phe-
notype is induced by either telomere shortening or
damaging agents suggests that senescence-associated
changes result from a surveillance system that over-
sees the integrity of the genome and the process of
DNA replication. Vaziri et al. [13] recently reported
that telomere shortening results in activation of cell
cycle checkpoints, supporting the hypothesis that acti-
vation of cell cycle checkpoints ultimately controls for
the induction of senescence features. In fact, activation
of cell cycle checkpoints seems to be a common feature
of premature senescence induced by a variety of stim-
uli, ranging from damaging agents and chromatin re-
modeling to overexpression of ras or the E2F1 gene
17–21]. Nevertheless, although it is clear that the
ctivation of cell cycle checkpoints is critical for the
rowth arrest of senescent or senescent-like cells, what
ontrols the features of senescence beyond growth ar-
est remains unknown. Our recent work indicates that
ctivation of Rb family proteins is important for devel-
ping senescent morphology [40]. Because p21 is ele-
ated for at least 2 weeks after H2O2 treatment and is

an upstream regulator of Rb, it is possible that p21
may participate in the control of senescent morphogen-
esis after H2O2 treatment. Regardless, whether p21 or
Rb controls the expression of multiple senescence-as-
sociated genes has not been tested. Because a number
of different stimuli can induce the senescent phenotype
while inhibiting DNA synthesis and inducing cell cycle
checkpoints, perhaps many features of senescence re-
sult from cessation of replication without cessation of
other processes such as protein synthesis. In agree-
ment with this hypothesis, de novo protein synthesis
appears to be critical for senescent morphogenesis in
H2O2-treated HDFs [40].

Changes in gene expression, such as increased ex-
pression of collagenase and clusterin, have been found
to be associated with aging [30, 41]. Although replica-
tive senescence has been used as a model for studying
aging over the past 4 decades, whether cellular senes-
cence indeed occurs in vivo during the process of aging
has been a subject of much debate. An early study by
Robbins et al. [42] failed to find senescent-like cells in
vivo by examining the morphology of cells isolated from
elderly donors. Using replicative potential as a mea-
surement, Cristofalo’s group [43] recently reported no
significant correlation between senescence in vitro and

aging in vivo. Although the senescent biomarker SA
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b-gal was first reported to be present preferentially
and selectively in the skin biopsy samples of elderly
donors [22], works from other groups failed to detect
SA b-gal–positive cells in tissues from elderly donors
[44]. Regardless of whether cellular senescence occurs
in vivo, the free radical theory of aging holds that aging
results from random damage produced by the oxidant
by-products of aerobic metabolism [45]. The level of
oxidative damage accumulates during the process of
aging [45]. Recent profiling of aging-associated genes
found many oxidative stress-inducible genes in the tis-
sues of aging mice [46, 47], supporting a role for oxi-
dative damage perhaps by changing gene expression in
aging. Given the fact that oxidants can induce changes
in the expression of a large number of genes, it is
possible that some of these changes play a critical role
in aging and aging-associated diseases. The observed
phenotypic switch that occurs within a well-defined
time frame of H2O2-treated cells gives us an advantage
in studying the regulation of gene expression and the
identification of critical control genes that might con-
tribute to the process of aging or aging-associated dis-
ease at the molecular level.
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