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Telomere loss has been proposed as a mechanism for
counting cell divisions during aging in normal somatic
cells. How such a mitotic clock initiates the intracellular
signalling events that culminate in G cell cycle arrest
and senescence to restrict the lifespan of normal human
cells is not known. We investigated the possibility that
critically short telomere length activates a DNA damage
response pathway involving p53 and p244*1 in aging
cells. We show that the DNA binding and transcrip-
tional activity of p53 protein increases with cell age in
the absence of any marked increase in the level of p53
protein, and that p21"WAF1 promoter activity in senescent
cells is dependent on both p53 and the transcriptional
co-activator p300. Moreover, we detected increased
specific activity of p53 protein in AT fibroblasts, which
exhibit accelerated telomere loss and undergo pre-
mature senescence, compared with normal fibroblasts.
We investigated the possibility that poly(ADP-ribose)
polymerase is involved in the post-translational activ-
ation of p53 protein in aging cells. We show that p53
protein can associate with PARP and inhibition of
PARP activity leads to abrogation of p21 and mdm2
expression in response to DNA damage. Moreover,
inhibition of PARP activity leads to extension of cellular
lifespan. In contrast, hyperoxia, an activator of PARP,
is associated with accelerated telomere loss, activation
of p53 and premature senescence. We propose that p53
is post-translationally activated not only in response
to DNA damage but also in response to the critical
shortening of telomeres that occurs during cellular
aging.
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Introduction

Normal human diploid fibroblasts (HDFs) are mortal and
undergo a limited number of population doublings in
culture (Hayflick and Moorhead, 1961), after which they

block can be overcome upon expression of the SV40 large
T antigen or the HPV-16 E6/E7 proteins, resulting in an
extension of cellular lifespan (Shagt al., 1993). SV40
large T antigen is known to bind the p53 tumor suppressor
protein and to interfere with its DNA binding and transcrip-
tional activation function. HPV-16 E6 protein also binds
p53 protein and promotes its degradation by the ubiquitin-
dependent proteolytic pathway. Hence, both proteins dis-
rupt the function of p53, suggesting that p53 protein likely
serves as a key regulator of cellular senescence. Consistent
with this idea are the findings that spontaneous loss of
p53alleles in HDFs is associated with extension of cellular
lifespan (Rogaret al., 1995) and that expression of certain
dominant negativep53 alleles can extend the cellular
lifespan of human (Boncet al, 1994; Gollahon and
Shay, 1996) and rat fibroblasts (Rovinski and
Benchimol, 1988).

Aging in HDFs (Harleyet al, 1990; Lindseyet al,
1991; Allsoppet al, 1992) and in human hematopoietic
cells (Hastieet al, 1990; Vaziri et al, 1993, 1994;
Metcalfeet al, 1996) is accompanied by the progressive
loss of telomeric DNA. Expression of the enzyme telomer-
ase in immortal cells provides one mechanism for the
prevention of telomere shortening (Morin, 1989; Counter
et al, 1992; Kimet al, 1994). Persistent loss of telomeres
in the absence of telomerase could lead to a critically
short telomere length, cell cycle arrest and senescence
(Allsopp and Harley, 1995). However, it is unclear how
shortened telomeres give rise to the anti-proliferative
signals that result in senescence. One clue was provided
by Benn (1976) and Sherwoed al. (1988), who reported
an increase in the incidence of dicentric chromosomes in
aging cell populations. Dicentric chromosomes are likely
the result of recombination occurring at the shortened and
exposed telomeric ends of chromosomes. We suggested
previously that dicentric chromosomes, upon breakage at
mitosis, might activate a p53-dependent DNA damage
pathway leading to cell cycle arrest (Vaziri and Benchimol,
1996). Several lines of evidence are consistent with this
model. First, thep21"AF! gene, which encodes an inhibitor
of cyclin-dependent kinases (CDK) (Harpetr al, 1993;
Dulic et al, 1994), is transcriptionally regulated by p53
(El-Deiry et al, 1993) and is over-expressed in senescent

cells (Noda al., 1994). Overexpression of a transfected
p21WAFL gene in recipient cells results in;@ell cycle
arrest (Yanget al, 1995). Second, exposure of HDFs to
y-irradiation leads to a p53-dependent, prolonge@d@est
and induction ofp21VAFL expression that is reminiscent
of senescence (Di Leonardat al, 1994). Third, DNA
binding experiments indicate that binding of p53 protein
to the p53-responsive element present on the ribosomal

enter a viable but non-proliferative phase known as senes-gene cluster (RGC) DNA fragment increases in senescent

cence. Senescent cells arrest primarily in thepBase of
the cell cycle (Sherwooet al., 1988). This proliferative
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cells (Atadjaet al, 1995). Together, these results suggest
that p53 protein may be activated during cell aging

© Oxford University Press



Activation of p53 protein in aging cells

to promote transcription of th@21VAFl gene.p21WAFL activity of p53 as a consequence of such DNA damage.
expression, however, is known to be regulated through Therefore, we examined the DNA binding activity of
p53-dependent and p53-independent pathways (Michieli p53 protein using an electrophoretic mobility shift assay
et al, 1994; Dattoet al, 1995). In this study we have (EMSA) with a3?P-labeled double-stranded oligonucleo-
investigated further the role of p53 amp@1VAFL in cell tide containing the p53 consensus binding sequence
aging and demonstrate that the DNA binding activity of (p53CON) (Funket al, 1992) and nuclear extracts pre-
p53 protein on the p53-responsive element present in thepared from the human fibroblast strain MRC-5 at different
humanp21"AF1 promoter increases during cell aging. In population doublings (PDs). Inclusion of the p53-specific
addition, we show thap21VAF! expression at senescence monoclonal antibody PAb421 in the binding reaction
is dependent on p53 as well as on the transcriptional co-facilitated visualization of the p53—-DNA complex. An
activator p300. increase in DNA binding activity of p53 protein was
A number of genes encode proteins that may be capableobserved as MRC-5 cells approached senescence (Figure
of sensing DNA damage. ATM and poly(ADP-ribose) 1A and B). This observation was confirmed in two other
polymerase (PARP) represent two such proteins and bothhuman fibroblast strains, WI-38 and BJ (Figure 1C).
have been implicated in the p53-dependent DNA damage Competition with an excess of unlabled p5S3CON oligo-
response pathway (Kastegt al, 1992; Lu and Lane, nucleotide but not with an equivalent amount of unrelated
1993; Wesierskeet al, 1996). HDFs from individuals  oligonucleotide with a similar nucleotide composition to
with ataxia telangiectasia (AT), an autosomal recessive P53CON confirmed that binding was specific (Figure 1A).
disease characterized by sensitivity to ionizing radiation, As a further control for specificity, binding to p53 was
sterility, immune dysfunction, telangiectasia and premature observed when an extract from the p53-overexpressing
aging, undergo premature senescence in culture (Shilohcell line SF1 was used (Figure 1A) but not when an extract
et al, 1982). The gene that is defective in AT patients, prepared from p53-null cells was used (data not shown).
calledATM, is related to th&EL1gene ofSaccharomyces When the DNA binding activity was normalized to the
cerevisiaeand encodes a protein with similarity to the amount of p53 protein present in extracts from young and
phosphatidylinositol 3-kinase family of proteins. Inactiv- ©0ld cells by Western blotting (Figure 1D), we found a
ation of TEL1in S.cerevisiadeads to rapid telomere loss 1.9-fold increase in the DNA binding activity of p53 in
(Greenwellet al, 1995). Furthermore, fibroblasts from 0ld MRC-5 cells ¢ = 2), a 5.5-fold increase in old WI-
mice lacking ATM undergo premature senescence in 38 and a 1.5-fold increase in old BJ cells relative to their
culture (Xu and Baltimore, 1996). We demonstrate that Young counterparts (Figure 1E). Hence, the increase in
telomeric DNA is rapidly lost in human AT fibroblasts and DNA binding cannot be ascribed to elevated levels of p53
that this telomere shortening is associated with prematurepProtein and could reflect an age-related post-translational
senescence and increased DNA binding activity of p53 change in p53 protein. .
protein. PARP is strongly activated by binding to DNA ~ The frequency of dicentric chromosomes was shown
strand breaks produced by various DNA damaging agents,Previously to increase in aging MRC-5 cultures (Benn,
including hydrogen peroxide, and undergoes rapid auto- 1976), possibly as the result of telomere shortening
modification by synthesizing long branches of poly(ADP- (Harley, 1991). In Figure 1F we superimpose our data
ribose) (Lindahlet al, 1995). We report that PARP and Showing age-related changes in the DNA binding activity
p53 protein associatén vitro and in vivo. Hyperoxia,  Of p53 protein with the frequency of dicentric chromo-
which is known to activate PARP (Zhares al, 1994), ~ Somes in aging MRC-5 cells. The DNA binding data was
leads to accelerated loss of telomeres, activation of p530btained from five independent experiments. The activity
protein and premature senescence. Furthermore, inactivP@aked in near senescent cultures as cellular proliferation

ation of either p53 or PARP in HDFs leads to extension declined and then decreased in cells that had reached
of cellular lifespan. Together, these data implicate ATM, Senescence. The incidence of dicentric chromosomes near

PARP, p53 ang21"AF1 as key components in a telomere Senescence peaks at the same time as the DNA binding
loss/DNA damage signaling pathway that is activated in activity of pS3 (Figure 1F). It is of interest to note that
human cells during cell aging. extracts prepared from aging WI-38 cells, which have a
higher incidence of dicentric chromosomes than MRC-5
cells (Benn, 1976), also exhibit a higher level of DNA
binding by p53 after normalization for p53 protein content

Results : . ; i

(Figure 1E). Since dicentric chromosomes undergo break-
DNA binding activity of p53 protein is altered age and fusion cycles during mitosis, it is possible that
during cellular aging the resulting DNA strand breaks activate the latent DNA

Nuclear injection of linearized plasmid DNA or circular binding activity of p53 protein. We suggest that senes-
DNA with a large gap is sufficient to induce p53-mediated cence-associated DNA damage (Figure 1F), acting
growth arrest, a process that is known to depend on thethrough p53, could initiate the events that lead to cellular
DNA binding activity of p53 (Huanget al, 1996). senescence.

Moreover, the generation of double-stranded DNA breaks Since the increased DNA binding activity of p53 was
in response to ionizing radiation has been shown to measured in the presence of PAb421 antibodies, we
increase the DNA binding activity of p53 (Reed al, considered the possibility that the DNA binding assay
1995). If double-stranded breaks or large gaps in chromo- reflected greater accessibility of p53 protein to PAb421
somal DNA occur during the process of cellular aging in antibodies, perhaps due to a conformational change and/
culture, one might expect to see increased DNA binding or post-translation modification of p53 in old cells. While
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Fig. 1. DNA binding activity of p53 protein increases with cell ag8) Nuclear extracts ($ig) prepared from SF1 or MRC-5 cells were incubated

with a 32P-labeled double-stranded oligonucleotide containing the p53 consensus binding sequence (p53CON)arithithout (—) the

p53-specific monoclonal antibody PAb421 and analyzed by EMSA. SF1 cells which overexpress p53 protein were used as controls in lanes 1-4.
MRC-5 cells at PD32 were used in lanes 8 and 10 and at PD47 in lanes 5-7 and 9. The binding reactions were supplemented with the human
p53-specific monoclonal antibody PAb1801 (lane 3) or control IgG antibodies (lane 4). Lanes 5 and 6 contained cold competitor p53CON at 50-fold
and 10-fold molar excess over the labeled p53CON substrate; lanes 7 and 8 contained a 50-fold excess of an unrelated, cold double-stranded mutated
oligonucleotide with the same nucleotide composition as p53CON. Arrow 1 on the left indicates the position of the supershifted PAb421-p53
protein—DNA complex, arrow 2 is the p53 protein—-DNA complex and arrow 3 is a non-specific lBrdu¢lear extracts prepared from MRC-5

cells at different PDs were tested for p53 DNA binding activity; arrow 1 indicates the position of the PAb421-p53 protein—DNA caD)lEyA(

binding activity of p53 in nuclear extracts prepared from young and old WI-38 and BJ cells; arrow 1 indicates the position of the PAb421—p53
protein—DNA complex. D) Western immunoblot analysis of p53 protein in young and old MRC-5 cells (top) and in young and old WI-38 cells
(bottom). The p53-negative cell line Saos2 was included as a control. Total cell lysategg(@00tein) were resolved by SDS—-PAGE; p53 protein

was detected by immunoblotting with PAb1801 and visualized by enhanced chemiluminescence. (Middle) p53 was immunoprecipitated with PAb421
from young and old MRC-5 cells prior to Western blotting) (The p53 DNA binding activity in young and old cells was determined by EMSA and
normalized to the amount of p53 protein present in the nuclear extracts by Western bl&}iNyic{ear extracts were prepared from MRC-5 cells at
different population doublings on five separate occasions. Each mean value shown on the curve is based on five independentugaprptein(s

each measured for DNA binding activity at least once within the linear range of the DNA binding assay. Binding activity was determined by
measuring the amount of radioactivity present in the PAb421 supershifted complex using a Molecular Dynamics Phosphorimager and ImageQuant
software. DNA binding activity is expressed relative to that seen at the earliest time point (PD24-27). Error bars represent the SEM. Also shown is
the frequency of dicentric chromosomes (bars), which increase during cell aging in culture. The data for the frequency of dicentric chromosomes in
aging MRC-5 cells was obtained from Benn (1976). At the latest time point (PD50-60) no dicentric chromosome data were available.

Western blotting revealed similar levels of p53 protein in pafi"AF! expression and transcriptional reporter assays
young and old cells, immunoprecipitation analysis revealed in which RNA expression, while dependent on the DNA
increased levels of PAb421-reactive p53 protein in old binding activity of ip5@vo, occurs independently of
cells (Figure 1D, middle). We turned, therefore, to studies added PAb421 antibodies.
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these cells, possibly due to residual p53 activity or the
existence of a p53-independent pathway fu21VAF!
induction. It should be noted that S1C/E6 cells underwent
senescence and did not exhibit a significant extension of
their lifespan.

In order to examine the mechanism underlying transcrip-
tional activation of thep21WAFl gene in aging cells,
transient expression studies were performed using a vector
(p21P-luc) in which the humap21"¥AF! promoter (2.4 kb
fragment) containing a resident p53-responsive element
was linked upstream of a luciferase reporter gene. A related
reporter plasmid in which a 72 bp region encompassing the
p53 consensus sequence was deleted frompgidArt
promoter (p2AP-luc) was used in parallel. All measure-
ments of luciferase activity were normalized with respect
to plasmid copy number in the transfected cells, using a
modified Hirt assay, to control for variations in transfection
efficiency. Measurement of luciferase activity 72 h after
transfection in young and old cells revealed ~3-fold higher
levels of luciferase in cells transfected with the full-length
promoter compared with cells transfected with the deleted
promoter (Figure 3A). Hence, the 72 bp fragment of the
p21WAFL promoter that contains a p53-responsive element
is required for maximal luciferase activity in both young

: . and old cells. Luciferase activity was ~2-fold higher in
C old cells compared with young cells (Figure 3A and D).
Elevated expression of luciferase in old cells was observed
with both the full-length and truncated promoters, sug-
gesting that induction of luciferase activity in old cells
might involve sequences that lie outside the 72 bp fragment
of the luciferase promoter. El-Deist al. (1993) identified
a second p53 recognition element in the hurp2aVAF!
promoter that may be involved in this age-related induc-
tion. However, it remains possible that the age-related

Fig. 2. p21 protein expression during cell aging\)(Young and

(B) near senescent MRC-5 cells were fixed and p21 protein was increase irp21promoter aCtiVit_y involves a p53-ind<_epend—
detected immunohistochemically using SC-187 monoclonal antibody ~ €nt pathway. To address this further, we examined the
and biotinylated HRP-conjugated secondary antibo@y.q21 protein Box A promoter of thd GF-BP3 gene, which is reported

fs“ém1§710 Ct'et:| extracts d(lt m grgte.i”) was lijrlnrtrt\_unOprzc:EpgeEted_with to be a target for p53 (Buckbindet al, 1995) and to be
- nti n Immun n ni n . .
rabbit poallyclo?la?/;ntibOSyeggeains)tl p21 l(JPr?ar%ingger‘?) and HRUFS’ 98 Ove.r'eXpreSSEd In s_enes_cent HDFs (Goldsteal, 1991).
conjugated anti-rabbit antibodies. Lanes 1 and 2, near senescent Luciferase expression directed by tieF-BP3 promoter
(PD58) cultures of two clones transfected with HPV-16 E6; lanes 3 was 10 times higher in old MRC-5 cells compared with
and 4, two near senescent cultures of S1C cells; lane 5, young S1C younger cells (Figure 3A). The SV40 promoter, which
cells (PD25). does not contain a p53 consensus binding site, provided
a control for specificity in this series of transfection

Involvement of p53 and p300 in the regulation of experiments and showed no age-related activation.
p21WAFT bromoter activity in aging human The ability of the 72 bp fragment containing the p53
fibroblast strains consensus binding site to confer maximal activity on the
p21YAFL mRNA levels were shown previously to increase p21YAFl promoter was confirmed through the use of
as HDFs approached senescence (Netlaal, 1994). MRC-5 clones stably transfected with pSV2neo and either
Analysis of p21 protein levels in MRC-5 cells by immuno- p21P-luc or AR4uc. Luciferase activity in pooled,
histochemistry (Figure 2A and B) and in S1C cells stable, G418 clones was 9-fold higher in cells that
by Western immunoblotting (Figure 2C) revealed an contained an ip2A¥"™ promoter compared with cells
accumulation of p21 protein in near senescent cells. While that contained the deleted promoter (Figure 3B).
p21 protein was localized primarily in the nucleus of To test directly the involvement of p53 protein in
young cells, both nuclear and cytoplasmic staining were regulating the activity of th@21"AF1 promoter present in
seen in the older cells. p21P-luc, we chose to disrupt endogenous p53 function

To examine the involvement of p53 in regulating p21 in near senescent MRC-5 cells through transient over-
levels in aging fibroblasts, clones of the human fibroblast expression of various dominant negative mutant p53
strain S1C expressing HPV-16 E6 were generated and p21cDNAs. p21"AF1 promoter activity was significantly
protein levels were measured. S1C/E6 clones produced repressed upon expression of p53Alal43, p53His175 and
less p21 protein compared with non-transfected S1C cells p53Tyr275 polypeptides but not by wild-type p53 expres-
at the same population doubling (Figure 2C). p21 protein sion (Figure 3C).
expression, however, was not completely abolished in An alternative means of disrupting endogenous p53
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Fig. 3. Activation of the p21 promoter requires both p53 and p3@().Young and old MRC-5 cells were transfected withu reporter plasmid in

which the luciferase coding sequence was placed downstream of the wilgptg@omoter (p21P-luc), a mutap21 promoter (p2AP-luc), the

IGF-BP3 promoter element bearing Box A, no promoter (vector) or the SV40/pGL3 control promoter. Luciferase activity was measured in triplicate,
72 h after transfection, using a luminometer and normalized for differences in plasmid copy number determined using a modified Hirt procedure as
described in Materials and methods. The highest level of normalized luciferase activity was seen in old cells. This value was set at 100% and all
other values are expressed proportionately. Error bars represent the BE¥buhg MRC-5 cells were stably transfected with wild-type or mutant

p21 promoter—luciferase plasmids. After selection in G418 the resulting 25 mutant promoter clones and 20 wild-type promoter clones were pooled
and luciferase activity was measure@) (MRC-5 cells nearing senescence were co-transfected witp2ih@romoter—luciferase reporter plasmid
(p21P-luc) and one of various humpaB3 cDNA plasmids (2ug) in which expression was controlled by the CMV promoter. Normalized values of
luciferase activity were determined as described in (A) and are expressed in relative light units (BL¥Yug and old cells were co-transfected

with 5 ug p21P-luc plasmid together with 1@ of one of the following expression plasmids: pSV2-E6, pSV2-E7, pSV2-E6/E7 or control vector
plasmid. Seventy-two hours after transfection, luciferase activity was measured as describedB) @8Il nearing senescence were transfected

with the p21P-luc plasmid together with plasmids expressing wild-type or mutant Ad E1A protein. di1108 can bind p300 but fails to bind pRB or
p107; di1101 and di1143 both fail to bind to p300 but do bind to pRB and p107. pLE2/520 expresses wild-type E1A prptie. €ell strain

2675T, derived from a Li—Fraumeni patient, bears a heterozygb8gene mutation. Upon prolonged passage in culture, these cells lose the

wild-type p53 allele. Thep53 gene status of these cells at PD41 and at PD65 was examined and found to be heterogzygoatthe earlier

passage with loss of heterozygosity (—/—) occurring at the later passage. Cells at PD41 and at PD65 were transfected with p21P-luc and luciferase
activity was measured as described in Materials and methods.

function involves expression of HPV-16 E6 protein, which transcriptional adapter protein p300. To determine if
is known to promote ubiquitin-dependent degradation of any of these proteins is involved in regulatipg1VA™!
p53 protein. Accordingly, young and old cells were co- promoter activity, we made use of several adenovirus E1A

transfected with p21P-luc and one of either E6, E7 or a protein variants that have either lost the ability to bind
combination of E6 and E7. E6 reducpd1VAF! promoter pRB and pRB-related proteins yet retain the ability to
activity more profoundly in old cells than in young cells bind p300 (dI1108) or lost the ability to bind p300 while

(Figure 3D). E7 had no significant effect qlVAFt retaining the ability to bind pRB and pRB-related proteins
promoter activity in young cells but a reproducible repres- (dl1101 and di1143) (Howet al, 1990). Of the three

sion of p21WAFL promoter activity was observed in old E1A variants tested, only that encoded by dl1108 repressed
cells. The combination of E6 and E7 in old cells was no the p21"AF! promoter in old cells (Figure 3E). Wild-type
better than E6 alone in repressing luciferase expression. E1A (pLE2/520) repressed the activitypalhé

E7 protein is known to bind to a number of cellular promoter as effectively as p53Alal43. Wild-type E1A and
proteins, including pRB, pRB-related proteins and the the dI1108 variant also share the ability to induce DNA
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synthesis in quiescent fibroblasts (Howe al, 1990). with the humal\TM gene, results in accelerated loss of
Together these data implicate both p300 (or other p300- telomeric DNA (Greenwellet al, 1995). As a result
related molecules) and p53 proteins in regulation of the of these findings, we wished to investigate further the
p21IWAFL promoter in human fibroblasts. connection between p53 function, aging and telomere loss

in AT cells.
Loss of a wild-type p53 allele leads to reduced Fibroblasts were obtained from five AT patients and
p21WAFT bromoter activity and extension of compared with fibroblasts from either their normal siblings
cellular lifespan or unrelated age-matched controls. For each cell strain

Expression of SV40 large T antigen or HPV-16 E6/E7 we determined the number of population doublings that
proteins in human fibroblasts leads to an extension of preceded senescence, mean terminal restriction fragment
cellular lifespan. These cells bypass the senescence check- (TRF) length, the amount of p53 protein and the DNA
point but eventually enter a second phase of arrest termedbinding activity of p53 protein. The results are presented
crisis that, unlike senescence, is associated with cell death. in Figure 4. As expected, all the AT fibroblast strains
An elevation ofp21YAF1 RNA levels has been observed reached senescence earlier than the normal strains. The

in cells entering crisis, as well as in cells entering mean TRF length, which reflects the length of telomeres,
senescence (Rubelj and Pereira-Smith, 1994). Havingwas shorter at the same PD in the AT strains 3487C and
shown that p53 protein is involved in the regulation of 1937B than in their sibling control 3492 and 3400 cells
p21WAFL gene transcription in aging fibroblasts, we next (Figure 4A and D). Of the remaining three AT strains,
wished to determine if p53 played any role in induction 3395B had a short TRF length and displayed premature
of p21"AF1 mRNA at crisis. We made use of fibroblasts senescence while 2052B and 2530 had longer telomeres
obtained from an individual with Li—-Fraumeni syndrome. (longer than controls) at early passage and continued to
Fibroblasts from Li—Fraumeni patients commonly contain divide until they reached PD35 and PD38 respectively, at

one wild-type p53 allele and one mutant, non-functional which time shortened telomeres were present (Figure 4D).
p53 allele. When placed in culture, these cells have beenThis finding prompted us to compare the rate of telomere
shown to bypass senescence (Bisclatfél, 1990) upon loss in AT strain 2530 with its age-matched normal control
loss of the remaining wild-type p53 allele (Rogenal, 3400. Accelerated telomere loss was observed in 2530
1995). The 2675T strain carries a heterozygous mutation at (267 bp/PD) compared with 3400 (60 bp/PD) cells. While
codon 245 that converts glycine to aspartic acid (Srivastavathese data strengthen the association between AT and the

et al, 1990; Mirzayanset al, 1995). The p53Asp245 senescent phenotype, they indicate that involvement of
protein is stable, displays an altered conformation and the ATMgene in regulating telomere length and replicative

fails to bind DNA (Friend, 1994). The 2800T strain was senescence is likely to be complex.

obtained from a normal individual, however, it carries a  In Figure 1 we showed that the DNA binding activity
heterozygous p53 mutation at codon 234 that replaces of p53 protein increased during cell aging in the absence
tyrosine with cysteine (Mirzayangt al, 1995). The of a marked increase in the steady-state level of p53
p53Cys234 protein appears to have retained a normal protein. Since certain AT strains have short telomeres and
conformation (Friend, 1994). We cultured the 2800T and display accelerated aging in culture, we compared the
2675T strains and noticed that 2800T entered senescence DNA binding activity and steady-state level of p53 protein
after PD56, while 2675T continued to divide for a longer in the 3487C AT strain with its age-matched, normal
period of time prior to entering crisis after PD68. Analysis sibling strain 3492 at the same population doubling.
of the p53 gene revealed that the senescent 2800T cells Enhanced DNA binding activity was evident in 3487C
remained heterozygous at thB3locus, while 2675T lost even though these AT cells contain less p53 protein than
the normalp53allele at some point prior to entering crisis  the normal sibling control 3492 (Figure 4B). These results
between PD41 and PD65. The 2675T cells remained in indicate that the specific DNA binding activity of p53
crisis for 230 days and no immortal (i.e. post-crisis) clones protein is higher in the 3487C AT strain than in the normal
arose from this strain. 2675T cells at PD41 and PD65 sibling 3492 strain. Increased DNA binding activity was
were transfected with p21P-luc and luciferase was similarly observed in 1937B AT cells compared with the
measured 72 h later. Luciferase activity was lower at age-matched sibling control 3400 cells (data not shown).
PD65 than at PD41 (Figure 3F). These data indicate that These data support the view that ATM is involved in the
complete loss of wild-typ@53 gene expression in human regulation of telomere length and that the DNA binding
fibroblasts is associated with a reduction p21WAFL activity of p53 protein is post-translationally activated in
promoter activity and with extension of cellular lifespan. aging cells.

Short telomeres, premature senescence and Hyperoxia leads to accelerated telomere loss,

increased DNA binding activity of p53 protein in functional activation of p53 protein and premature

AT strains senescence

The ATM gene product has been proposed to lie upstream The cellular lifespan of human diploid fibroblasts can be
of p53 protein in the DNA damage response pathway that affected by the oxygen concentration at which the cells
leads to cell cycle arrest at the,/S boundary (Kastan are cultured. Cells have an extended lifespan under low
et al, 1991; Lu and Lane, 1993). HDFs from individuals oxygen conditions and a shortened lifespan under high
with ataxia telangiectasia display increased sensitivity oxygen (€hah 1995; Saitcet al, 1995). In addition,

to y-irradiation and certain strains undergo accelerated telomeres of HDFs grown under hyperoxia have been
senescence in culture (Shilat al, 1982). In addition, shown to undergo an accelerated rate of shortening (von
disruption of the yeastEL1gene, which shows homology  Zglinicki et al, 1995). We wished to determine if the
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Fig. 4. Analysis of replicative lifespan, telomeric DNA length and DNA binding activity of p53 protein in AT HDA¥.Genomic DNA from five

normal (lanes 1-5) and five AT strains (lanes 6-10) were digestedHiitiy Rsd and telomeric DNA was detected using/&2P-labeled (GTA,)3

probe. The mean TRF length was determined from these data as described in Materials and methods and are indica@d(Botm) EMSAs

were performed with fug nuclear extract from an AT strain (3487C) and its normal age-matched sibling (3492). Nuclear extracts were prepared at
PD23 for both cell strains and were added to reactions containing end-labeled p53CON oligonucleotide and the p53-specific antibody PAb421. Lane
1, 3487C cell extract without antibody; lane 2, 3492 cell extract; lane 3, 3487C cell extract. (Top) A Western blot in which cell lysates (300
protein) were subjected to electrophoresis on a SDS—polyacrylamide gel, transferred to a nitrocellulose membrane and subsequently blotted with
DO-1 antibody to detect p53 andpatubulin control antibody.€) Mean TRF length of AT strain 2530 was measured throughout its lifespan and
compared with an age-matched normal control strain 34DPSgmmary of data collected on normal and AT strains. Three AT strains had shorter
telomeres and were entering senescence, while two AT strains with longer telomeres continued to proliferate further before entering premature
senescence (indicated by PD max).
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Fig. 5. Hyperoxia leads to accelerated telomere loss, activation of p53 protein and premature seneAgétioél/ Rsd-digested genomic DNA

(1 pg) from WI-38 and BJ cells under normoxia and hyperoxia was resolved on a 0.5% agarose gel and subsequently prolyedrvittbaled
(C3TA,);3 probe. Quantification of mean TRF length over the indicated PD range is shown for BJ cells under hyperoxia (dotted line and solid
squares) and under normal oxygen (solid line and open circles). The rate of TRF loss observed under normal oxygen was 166- bff32)(and
under hyperoxia, 486 bp/PD & —0.99). B) Immunoblot analysis of p53 (DO-1) and p21 (SC-187) protein in young WI-38 cells under normal
conditions and hyperoxic conditions and in old cells under normal conditi@)sEMSA showing the increase in DNA binding activity of p53 in
young and hyperoxic cells as described in Figure 1. Arrow 1 indicates the position of the supershiftedpapukargtification of DNA binding
activity of p53 under normal and hyperoxic conditions. Values obtained by integration of the supershifted band (band 1) in Figure 5C and
normalized to the values obtained from quantification of p53 protein in Figure 5B.

association between shortened telomeres, p53 activation prematurely (Figure 5A). BJ cells lost telomeric DNA at
and senescence could also be demonstrated in cells growra rate of 66 bp/PD when grown at 20% 6r at a rate of

under hyperoxic conditions. WI-38 and BJ cells were 486 bp/PD in hyperoxia (Figure 5A); WI-38 cells lost
cultured under normal oxygen (20%) or exposed to telomeric DNA at a rate of 70 bp/PD under normal oxygen
hyperoxia (40% oxygen). WI-38 and BJ cells were exposed or at a rate of 240 bp/PD in hyperoxia (data not shown).
to hyperoxia at PD27 and PD57 respectively and cultured We then measured the relative level of p53 protein by
under hyperoxic conditions for the duration of their Western blot analysis and the DNA binding activity of
lifespan. Both WI-38 and BJ cells lost telomeric DNA at p53 by EMSA in cells grown under normal or hyperoxic

an accelerated rate under hyperoxia and entered senescence conditions (Figure 5B and C). Normalization of the DNA

6025



H.Vaziri et al.

binding values to the level of p53 protein revealed a 13- non-irradiated cells. Of the three p53 antibodies used,
and a 2-fold increase in the specific DNA binding activity PAb1801 was the least effective in co-immunoprecipitating

of p53 protein in WI-38 cells and BJ cells respectively the bound PARP. One explanation for this observation is
upon exposure to hyperoxia. Consistent with this finding, afforded by the peptide mapping experiments, which

the amount of p21 protein increased in hyperoxic cells to revealed that PARP bound tightly to the N-terminal
a level even higher than that seen in old cells (Figure 5B). fragment of p53. PAb1801 also binds to the N-terminus
Together these results indicate that hyperoxia leads to an of p53 and could disrupt the interaction between PARP

accelerated loss of telomeric DNA beyond the level which and p53. Alternatively the interaction between p53 and

can be explained by the end replication problem. The loss PARP may prevent access of PAb1801 to its binding
of telomeric DNA is associated with an increase in the site. Two other antibodies that recognize epitopes at
specific activity of p53 protein, elevation of p21 protein the N-terminus of p53, DO-1 and DO-7, failed to co-

expression and premature senescence. immunoprecipitate PARP (data not shown).

The PARP—p53 interaction was investigated further
Poly(ADP-ribose) polymerase and p53 protein using gel mobility shift experiments to assay for p53—
interact in vitro and in vivo DNA binding activity to the previously described p53

The senescence-associated activation of p53 protein func-binding sequence p53CON. Nuclear extracts from young
tion seen in aging fibroblasts, AT fibroblasts and hyperoxic and old HDFs were incubated with p53CON. The binding
fibroblasts may be analogous to the post-translational reactions were supplemented with PAb421 or a mixture

activation of p53 protein that is observed in cells exposed of PAb421 and 318 antibodies. The results presented in
to DNA damaging agents. Modifying enzymes that are Figure 6D show that p53—DNA complexes can be recog-
activated in response to DNA damage, such as DNA-PK, nized and supershifted with antibodies to p53 (band B)
SAPK and PARP, have been shown to modify p53 protein and that these supershifted complexes can be further
in vitro (Anderson, 1993; Wesierskaet al, 1996) and, shifted upon incubation with antibodies to PARP (band
hence, represent potential physiological activators of p53 A). Inclusion of the PARP antibody alone in the binding
protein during aging or after DNA damage. reaction resulted in a supershifted band with a mobility
To investigate the interaction of p53 and PARP, purified very similar to that seen with the PAb421 antibody (data
full-length human p53 was mixed with purified full-length not shown). These results confirm the exigtevie®

PARP (Huletskyet al, 1989). The mixture was subjected of a p53—PARP complex with DNA binding activity.

to immunoprecipitation with CM1 polyclonal antibody

against p53, resolved by PAGE and processed for Westernlnactivation of PARP leads to extinction of p21 and

blotting to detect p53 (with a mixture of PAb7 and PAb240 mdm2 expression in response to DNA damage

antibodies) and bound PARP (C2-10 antibody). The If the interaction with PARP regulates the activity of p53

immunoblot presented in Figure 6A shows that PARP co- protein in response to DNA damage, then it is possible

immunoprecipitated with p53. In order to map the region that inhibition of PARP leads to abrogation of p53—-DNA

of p53 that interacts with PARP, several truncated forms binding activity and of the expression of downstream

of p53 protein were prepared and mixed with full-length targets of p53. Cells irradiated with 2 Gy showed an

PARP for immunoprecipitation/Western blot analysis. As increase in the amount of p53 protein and an elevation in

shown in Figure 6B, both an N-terminal p53 fragment the level of p21 and mdm2 proteins (Figure 6E). However,

(amino acids 1-72) and a C-terminal p53 fragment (311— prior treatment of the cells with the specific PARP inhibitor

393), but not the DNA binding domain of p53 (82—-292), 1,5-dihydroxyisoquinoline (1Q), prevented the increase in

were able to interact with PARP. The binding with PARP expression of p21 and mdmz2 after irradiation without

was much stronger with the N-terminal fragment of p53. affecting accumulation of p53 protein. Treatment with 1Q
To investigate this interaction vivo, cell extracts were  also diminished and delayed the increased DNA binding

prepared from the wild-type p53-expressing human cell activity that is normally seen after irradiation (data not

line OCI/AML-3 (Fu et al, 1996) and subjected to shown). This indicates that mechanisms involved in accu-

immunoprecipitation with antibodies against p53 mulation of p53 protein in response to DNA damage are

(PAb1801, PAb240 or PAb421) or PARP (318). The uncoupled from those affecting its activation.

immunoprecipitates were resolved by PAGE, proteins were

transferred to nitrocellulose membranes and probed with Inactivation of PARP leads to an extension of

a mixture of antibodies against PARP (C2-10 and 318) or lifespan in HDFs

p53 (PAb7). The results of this co-immunoprecipitation/ The demonstration that p53 is involved in cellular senes-
Western blot analysis indicate that p53 protein and PARP cence coupled with the observation that PARP, an enzyme
form a complexn vivo. Three antibodies directed against which is strongly activated by binding to DNA single- or

different epitopes of p53 co-immunoprecipitated bound double-strand breaks, can associate with p53 praieiivo
PARP (Figure 6C, top) in addition to p53 protein (Figure raises the question of PARP involvement in modulating
6C, bottom). Moreover, in the reciprocal experiment cellular lifespan. PARP may sense DNA damage directly

antibodies against PARP co-immunoprecipitated bound and relay the signal to p53 protein, resulting in functional
p53. An extract prepared from thp53-null cell line activation of p53. One prediction of this model is that in
SKOV3 served as a control. Although certain extracts the presence of a PARP inhibitor p53 may not become
used for this experiment were prepared frgsinradiated activated and cells would have an extended lifespan. To
cells (2 or 6 Gy) in order to increase the amount of p53 test this model, HDFs were treated with inhibitors of
protein and facilitate detection of complexes with PARP, PARP, namely 3-aminobenzamide (3AB), having agyIC

the interaction between p53 and PARP was also seen in efM23and the more specific inhibitor 1Q, having an
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Fig. 6. (A) Interaction of full-length human p53 with PARR vitro. p53 (0.5pg) and PARP were mixed, incubated and subsequently
immunoprecipitated with CM1 antibody against p53 as described in Materials and methods. Immune complexes were subjected to immunoblotting
with PAb7 and C2-10 to detect p53 and PARP respectiv8y.Hull-length purified PARP was mixed with different purified fragments of p53

protein as indicated and subjected to immunoprecipitation and immunoblotting with PAb7, PAb240 and C2-10. DB, DNA binding domain, residues
82-292; N, residues 1-72; C, residues 311-3@3.Ifteraction between PARP and p53 proteirvivo. Cell extracts were prepared from untreated

or y-irradiated wild-type p53-expressing cells (OCI/AML-3) or p53-null cells (SKOV3), 1-2.5 h after treatment with a dose of 2 or 6 Gy. Proteins
were immunoprecipitated with antibodies against p53 (PAb1801, PAb240 and PAb421), antibodies against PARP (318) or control IgG antibodies.
Immunoprecipitated proteins were resolved by SDS—-PAGE, transferred to nitrocellulose membranes and blotted with a mix of C2-10 and

318 antibodies specific for PARP (top) or with PAb7 antibodies directed against p53 (botinNu€lear extracts were prepared in low pH buffer

from young and old cells and mixed wifliP-labeled p5S3CON. The DNA binding reactions were supplemented with PAb421 antibodies or a mixture
of PAb421 and 318 antibodies and analyzed on a native polyacrylamide gel (pHE.&C(/AML-3 cells were incubated in the presence of

200 uM 1Q or in DMSO (control) fa 1 h prior toy-irradiation (2 Gy). Twenty minutes after irradiation, a second equivalent dose of IQ was added

to the cells that had received 1Q earlier. At different times after irradiation cell extracts were prepared and samples contgigrgretéth were
subjected to sequential immunoblotting with the following antibodies: PAb1801 (p53), SC-187 (p21), 2A10 (mdm2) ghtlibniliiA.

IC5q Of 0.39uM (Banasiket al, 1992). We recognize the been shown previously that IQ has specificity for PARP
possibility that these two inhibitors may target NAD- in vivoand that it does not significantly change the NAD
dependent enzymes other than PARP. However, it has ipadlo (Shahet al, 1996). 3AB-treated cells showed
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Fig. 7. Extension of cellular lifespan by PARP inhibitors. WI-38 cells were grown in the presence qftdQ (A) or in the absence of 1QB).
Growth curves of WI-38 cells incubated in the presence of different concentrations of GA& (Q (D).

a significant extension of cellular lifespan, as did the 1Q- The data we present here extend these observations and
treated cells (Figure 7). Removal of the PARP inhibitors demonstrate that binding of p53 to a physiologically
led to restoration of normal lifespan and subsequent relevant binding site g2 tH&™ promoter increases in
senescence (data not shown). Hence, functional inactiv-old cells. We show that expression of thg1VAF1 gene

ation of PARP or functional inactivation of p53 leads to a in aging fibroblasts is regulated by p53 and by the
common phenotype, namely extension of cellular lifespan. transcriptional co-activator p300, which was previously
This supports the idea that PARP and p53 are both shown to regulgt@ 14 promoter independently of
components of a senescence-determining pathway. p53 (Misseroet al, 1995). The increased p53-dependent
transcriptional activity of thdGF-BP3 promoter in old

cells (Figure 3A) also provides an explanation for the up-
regulation of IGF-BP3 with cell age (Goldsteiret al,

There is substantial evidence that cellular senescence is1991). In agreement with previous studies we find that

Discussion

associated with elevated expression of ggd"AF! gene the steady-state level of p53 protein does not change
and with a decrease in the size of telomeres. The p53markedly as cells age in culture. These observations
nuclear phosphoprotein has also been implicated in senes- suggest that p53 protein is post-translationally activated
cence, since it can activate expression of pggWAFL in aging cells and that one of its functions is to control

gene by binding to the p53-responsive element within the expressipAIHfrl,

p21WAFL promoter. Moreover, the DNA binding activity We and others have detected higher levels of p53 protein

of p53 has been shown to increase in aging fibroblasts in old cells compared with young cells when extracts were
and disruption of p53 protein function has been reported immunoprecipitated with PAb1801 or PAb421 antibodies

to extend the proliferative lifespan of human fibroblasts. prior to Western blotting (Kulju and Lehman, 1995; Vaziri
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DNA Replication

and Benchimol, 1996). Immunoblotting without prior (End-Replication Problem)
immunoprecipitation revealed similar levels of p53 protein

in young and old cells. These observations suggest that Telomere Specific > Short Telomeres <— ATM

p53 protein undergoes a change in conformation during s s g

cellular aging that exposes epitopes at the termini of the Dicentric Chromosomes

molecule. The altered conformation may have relevance T

with respect to the increased DNA binding (Figure 1) and Hyperoxia ————————» Broken DNA Ends «——— Gamma

transcriptional activity of p53 (Figure 3).

PARP Activati
In AT cells that have short telomeres and consequently crvation

reach senescence after fewer population doublings we P53 Activation
found that p53 protein had increased DNA binding activity — l
compared with age-matched normal controls at the same GEBP3  p2l 9
population doubling. These data are consistent with the \ l /
results obtained with aging normal fibroblasts and demon-

strate an association between the DNA binding activity Senescence

of p53 and cellular lifespan that is independent of p53 Fig. 8. Model connecting telomere loss signal and senescence-
protein level. associated growth arrest. Telomere loss as a consequence of an end

Amongst the five AT fibroblast strains examined, we replication problem or direct damage to telomeres by free oxygen

. . radicals may initiate a series of events leading to formation of

found hetererne|ty with respect to telomere |ength' Three dicentric chromosomes, which upon subsequent breakage activate
strains had short telomeres and senesced prematurelypARP and p53 protein. p53-dependent/independent transcriptional
while two strains with longer telomeres at the time of activation of genes such @21 andIGF-BP3leads to cessation of
analysis displayed a higher proliferative capacity in culture. proliferation and the cell cycle arrest associated with senescence.
Nevertheless, these strains had an accelerated rate of
telomere shortening and underwent premature senescence. resulted in abrogation of the p53-mediated induction of
These data are consistent with the idea thatAfi® gene p21 and mdm2 expression normally seenyiimradiated
plays a role in determining cellular lifespan. However, the cells. Our findings are consistent with the observation that
involvement ofATMin regulating telomere length is likely ~ the p53 response to DNA damage is defective in cells
to be complex. with PARP deficiency (Whitacgeal, 1995). These data

A number of studies have concluded that the p53- indicate that the interaction between PARP and p53 is
dependent DNA damage response is defective or attenu- critical for p53 function in response to DNA damage
ated iny-irradiated AT cells (Kastaet al, 1991; Lu and signals. While p53 activity was disrupted by the inhibition
Lane, 1993). It may not be appropriate, however, to of PARP activity, accumulation of p53 protein in response
compare the activity of p53 protein in response to to irradiation was not greatly affected. This provides
y-irradiation in AT and normal cells or even the radio- compelling evidence that accumulation and activation of
sensitivity of AT cells with normal cells. AT cells have a p53 protein in response to irradiation represent separate
shorter lifespan than normal cells and, hence, at the time events that can be completely uncoupled. PARP activity
of analysis these cells will have completed a far greater is required for p53 protein activation but is dispensable
proportion of their total lifespan than normal cells. AT for p53 protein accumulation.
cells may be approaching the end of their proliferative  Since PARP is known to become activated in response
lifespan, while normal cells at the same population to DNA damage, it is possible that PARP acts as a DNA
doubling will still retain considerable proliferative poten- damage sensor that relays the telomere loss signal to p53.
tial. It has been shown, for example, that the radiation To investigate the presumed involvement of PARP in
sensitivity of normal fibroblasts could change with age in senescence, we rendered cells deficient in PARP activity
culture (Holliday, 1991). through the use of two chemical inhibitors, 3-AB and

Hyperoxia results in premature senescence and anlQ. Both inhibitors were effective in extending cellular
accelerated rate of telomere shortening that cannot be lifespan. We conclude that PARP is involved in cellular
accounted for by the end replication problem associated aging. Hence, inactivation of at least two proteins, p53
with the inability to fully replicate DNA at the ends of and PARP, leads to a similar phenotype, namely extension
chromosomes during each round of DNA replication. of cellular lifespan. These findings suggest a model in
Premature senescence resulting from hyperoxia, like the which PARP, in response to the DNA ends which accumu-
premature senescence seen in AT fibroblasts, is associatethte in aging cells, possibly as a consequence of dicentric
with shortened telomeres and with the post-translational chromosome breakage, activates p53 protein (Figure 8).
activation of p53 protein. The p53—-PARP interaction may affect p53 protein

We provide several lines of evidence to show that p53 function in at least two ways. First, it is possible that p53
and PARP interact: (i) binding occursvitro using purified is ADP-ribosylated by PARP in response to DNA damage
components; (ii) bindingn vivo can be demonstrated by or cellular aging. ADP-ribosylation may be the mechanism
co-immunoprecipitation of PARP using three antibodies through which p53 protein is post-translationally activated
against distinct epitopes of p53 and by co-immunoprecipit- in aging cells or in cells that have acquired DNA damage.
ation of p53 with an antibody against PARP; (iii) PARP Inhibition of poly(ADP-ribose) synthesis would prevent
can be detected on p53-DNA complexes by antibody the activation of p53 and, hence, no mdm2 or p21
supershift experiments. An association between p53 andexpression would be triggered. In a second, alternative
PARP in vitro was recently reported (Wesierska al,, model, PARP may regulate p53 function in the absence
1996). Chemical inhibition of PARP activity with 1Q  of enzymatic modification. PARP is known to bind tightly
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to DNA ends and strand breaks and requires automodific-

ation (i.e. ADP-ribosylation) for release from DNA. Bind-

ing of p53 to PARP at such sites will similarly sequester
p53 and prevent it from acting as a transcriptional factor.
The addition of an inhibitor of poly(ADP-ribose) synthesis

in PBS, collected and mixed with the appropriate plasmids, p21P-luc,
p21AP-luc or pSV2-E6 (2Qug), in combination with pSyheo (2ug).
Cells were electroporated using a Bio-Rad gene pulser at 150-300 V,
960 pF. Cells were selected in medium containing 4@gml| G418 and
clones were isolated using cloning rings.

For inhibition of PARP varying amounts of 3-AB (Sigma) (0, 10 or

will prevent the release of PARP and associated proteins 100 uM or 1 mM) or IQ (Aldrich) (0, 0.01, 1 or 10QM) were added

such as p53 from the DNA ends. Under these conditions

p53 would be incapable of promoting transcription. Further

to the cells, which were plated at a density of®1€ells/cn? in
6-well plates.

experiments are needed to determine which of these twoHyperoxic conditions

models is correct. It will be important, for example, to
determine if p53 protein is ADP-ribosylatéal vivo.

Mice deficient in PARP activity have been generated
(Wang et al, 1995). These mice are born healthy and
fertile. However, proliferation of primary embryonic
fibroblasts in culture was impaired and proliferation of
thymocytesin vivo following y-irradiation was delayed.
While the normal lifespan of these mice may seem to be

A tri-gas water-jacketed incubator from Forma Scientific (Model 3327)

was used to culture cells under hyperoxia. BJ and WI-38 cells were
exposed to hyperoxia (40% oxygen) at 50% confluency at PD57 and
PD27 respectively. After several weeks in culture the BJ and WI-38
cells stopped dividing at PD60 and PD32 respectively. Control cells
were maintained under normal oxygen conditions. Cells were grown in
DMEM-M199 medium supplemented with 10% FBS and gentamicin

(50 mg/l). Cells were re-fed weekly and split 1:2 upon achieving

confluency.

at odds with the model presented in Figure 8, we believe Plasmid constructs

that it is inappropriate to compare the lifespan of inbred
mice having long telomeres in excess of 100 kb with that
of human cells which have much shorter telomeres. It
should be noted in this context that PARP activity is
positively correlated with the lifespan of various species
(Grube and Burkle, 1992). PARP activity may be dispens-
able in animals with a short lifespan.

In summary, our results provide a model for events
which lead to activation of the genetic program of cellular
aging and identify several key molecules involved in the
p53 pathway for growth arrest. Knowledge of the molecu-
lar mechanisms involved in cell aging will be important
for future drug design to extend the lifespan of normal

All plasmids were purified using Qiagen columns and quantified with a
fluorometer (Turner Model 450) used within the linear range. A 2.4 kb
DNA fragment derived from the endogenous hunp@1"VAF! promoter
present in the plasmid wwp-luc (El-Deimgt al, 1993) was digested
with Hindlll and subcloned in thelindlll site of the pGL3-Basic vector
(Promega) in the correct orientation, to generate p21P-lucAp2dc

was constructed by digestion of p21P-luc wiBlad, which cuts once
within the p21%AF1 promoter at the extreme #nd and once within the
polylinker of the vector, followed by re-ligation of the plasmid. The
plasmids were sequenced and deletion of a 72 bp fragment iARp21
luc containing the p53 consensus binding site was confirmed. The pGL3-
control vector expresses luciferase under control of the SV40 promoter.
CMV-wtp53, p53Alal43 and p53Tyr275 are plasmids containing full-
length p53 cDNA under control of the CMV promoter. pSV2-E6, pSV2-
E7 and pSV2-E6/E7 contain genes derived from HPV-16 under control
of the SV40 promoter (Watanabet al, 1989). pLE2/520 expresses

cells and for the therapeutic intervention in and treatment wild-type EI1A; di1101 and di1143 express E1A deletion mutants
of aging-associated diseases. Furthermore, these studiegompetent for binding to pRB but unable to bind p300; dI1108 expresses

have relevance for the therapeutic eradication of immortal

tumor cells through re-initiation of the senescence pathway.

Materials and methods

Cell culture and transfection

Cells were grown at 37°C in a humidified atmosphere of 5%, @O
air. All cells were cultured irn-minimal essential medium supplemented
with 10% fetal bovine serum (FBS), except for AT strains, which were

a mutant E1A protein which binds to p300 but is unable to bind pRB
(Barbeauet al., 1994).

Plasmid construction and purification of human p53

proteins

The nucleotide sequences encoding residues 1-72, 82-292 and 311-393

of wild-type human p53 were subcloned into the pET19b vector

using standard techniques and their correct incorporation confirmed by

sequencing. The resulting plasmids express 10 histidine residues followed

by a linker containing an enterokinase cleavage site and a His-Met
dipeptide immediately N-terminal to the p53 selfsemeschia coli

grown in 20% FBS. Subconfluent cultures were split 1:8 in early passage BL21(DE3)-(pLys-S) harboring the desired plasmid were grown in 2 |

and 1:4 or 1:2 in mid to late passage, using 0.25% trypsin/EDTA.

Phosphate buffered saline (PBS) contained no calcium or magnesium.

The normal HDFs used in this study included MRC-5 (ATCC), WI-38

batches of Luria broth at 37°C (p53:1-72 and p53:311-393) or 25°C
(p53:82-292) and protein production was induced with 1 mM isopropyl-
thiogalactose at an optical density (600 nm) of 0.6-0.7. Three hours

(ATCC), S1C (age 45 years), F1 (age 26 years), P4 (age 12 years), F28post-induction cells were harvested by centrifugation at 6§0fbr

(age 8 years) and BJ (fetal foreskin). The 3400 (age 11 years) and 3492

(age 7 years) cells were obtained from the Coriell Institute. The following
AT strains were obtained from the Coriell Institute: 1937B (age 24

30 min. His-tagged proteins were purified from cell extracts by Nickel
affinity chromatography and dialyzed for 24 h at 4°C against 4 | buffer
(25 mM sodium phosphate, 100 mM NaCl, pH 7.0 or 7.4) using

years), 3395B (age 13 years), 3487C (age 8 years), 2530 (age 8 yearsSpectra/por 3000 molecular weight cut-off dialysis membrane. Protein

and 2052B (age 15 years). The 2675T and 2800T fibroblasts strains

were derived from members of a Li-Fraumeni syndrome family and
were kindly provided by Dr M.C.Paterson (University of Alberta). OCI/
AML-3 is a wild-type p53-expressing cell line established from the
primary blasts of a patient with acute myelogenous leukemiae(ral,,
1996). SF1 is an SV40-immortalized HDF cell line.

Cells were defined as being young if they had complet@®)-40%
of their lifespan and as being old if they had complete85-90% of

concentrations were determined spectrophotometrically using the appro-
priate theoretical extinction coefficient.

Electrophoretic mobility shift assays (EMSAs)

Nuclear extracts were prepared from cells washed with PBS and
immediately lysed on ice in buffer A [20 mM Tris, pH 7.4, 20% glycerol,

10 mM NacCl, 1.5 mM MgCJ, 5 mM EDTA, 0.1% NP-40, 2 mM Pefabloc

(Boehringer Mannheim), {@/ml aprotinin, 50ug/ml leupeptin]. The

their lifespan. Senescence was defined as the inability to divide over a nuclear pellet was resuspended in buffer B (as buffer A except for

3 week period. FACS analysis by propidium iodide staining and BrdU
pulse labeling was used to confirm that old cells were arrested at
the G/S and G/M boundaries as described previously (Sherwood
et al, 1988).

Transfection experiments were carried out by electroporation (to

generate stable clones) or by the DEAE—-dextran method (Kriegler, 1991) 1992),

using triplicate dishes per plasmid DNA for transient expression studies.

100 mM NaCl, 1% NP-40). The mixture was kept on ice for 15 min,
spun and the supernatant used immediately. The binding reaction
containedp@.1PAb421, 1ug poly(dl-dC), 5l nuclear extract
(4 pg protein), 32P-labeled double-stranded p53CON oligonucleotide
5 ¢I@m.) containing the p53 consensus binding site (Fenlal,
shown underlined (GGATCCAAGCTTGGACATGCCCGG-
GCATGTCCCTCGAGGGATCC), in a final concentration of 100 mM

For electroporation HDFs, when 70% confluent, were trypsinized, washed NaCl, 5 mM EDTA, 20 mM Tris, pH 7.4. A fill-in reaction was used to
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label the oligonucleotide using Klenow DNA polymerase;3gP]dCTP
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Turner model 450 fluorometer. One microgram of digested DNA was

and the antisense oligonucleotide (GGATCCCTCGAG). In some experi- resolved by electrophoresis on a 0.5% agarose gel poured on a Gel

ments a competitor oligonucleotide of the same base composition and

bound membrane (FMC Bioproducts) and run for 700 V h. Gels were

length as p5S3CON was used. The reactions were incubated at roomdried, denatured, neutralized and probed witly-32P-5-end-labeled

temperature for 20 min and samples were analyzed on a 4% non-

(CCgohAggnucleotide as described (Vazit al., 1993). Gels were

denaturing polyacrylamide gel run at 200 V for 3 h. Gels were dried exposed to a Phosphorimager screen and the hybridization signals were

and exposed to a Phosphorimager screen for 3-5 days. Supershifted

digitized and subdivided into 1 kbp to 21 kbp for calculation of the

bands generated within the linear range of the DNA binding assay mean TRF lengthl() using the formulaL = Z(OD;*L;)/~OD;, where

were quantified on a Phosphorimager (Molecular Dynamics) using
ImageQuant software.

Immunoprecipitation, Western blot analysis and
immunohistochemistry

Cells washed on ice with PBS were lysed either in lysis buffer C [1%
NP-40, 150 mM NaCl, 20 mM Tris, pH 8.0, 2 mM Pefabloc (Boehringer
Mannheim), 7Qug/ml aprotinin, 50ug/ml leupeptin, 2Qug/ml pepstatin

A, 500 mM EDTA] or SUG buffer (3% SDS, 125 mM Tris, pH 6.8, 6%
urea, 10% glycerol and all of the above protease inhibitors). For
immunoprecipitations lysates (1 mg) prepared using lysis buffer C were
mixed with one of the following antibodies: PAb1801 (human p53-
specific); PAb421 (panspecific p53); SC-187 (p21-specific); 318 (PARP-
specific polyclonal). The immune complexes were collected with{ 00
protein G—Sepharose beads (Pharmacia). For analysis of PARP the
samples were subjected to sonication for 20 s prior to immunoprecipit-
ation. Protein quantification was performed using a modified Lowry
assay (Sigma). An equal volume okZprotein sample buffer was added

to cell extracts adjusted to contain equivalent amounts of protein, boiled
and loaded on 10% polyacrylamide gels containing SDS. Proteins were
transferred to nitrocellulose membranes. The p53 protein was detected
using DO-1, PAb1801 or PAb7 antibodies (Oncogene Science). CM1 is
a polyclonal rabbit antibody raised against human p53 (Dimension Labs).
PARP was detected using C2-10 monoclonal antibody. The protein—

antibody complexes were detected using an HRP-conjugated secondary

antibody using the super-signal enhanced chemiluminescence system
(Pierce).

p21 protein was detected by immunohistochemistry using the
Vectastain ABC kit (Dimension Labs) as suggested by the manufacturer.
In brief, cells were fixed with 70% ethanol, blocked with 5% horse serum
and washed with PBS containing 0.05% Tween-20. After incubation in
a 1:200 dilution of SC-187 primary antibody (Santa Cruz) for 30 min,
cells were incubated with a biotinylated secondary antibody for 10 min
and treated with 3% O, for 1 min.

Luciferase assay

Cells were lysed 72 h after transfection with p21P-luc or4&R-luc and

the protein content of each extract was determined. Luciferase activity
was measured using the luciferase assay reagent (Promega). Light
emission over a 30 s interval was measured in a Berthold LB 9507
luminometer. A modified Hirt procedure (Matsuoka al., 1990) was
used to extract plasmid DNA from cells. Linearized plasmid DNA was
run on a 0.8% agarose gel; the gel was dried and subsequently probed with
ay-32P-end-labeled oligonucleotide’ (M TACCAGGGATTTCAGTCG)
specific for the luciferase coding sequence. Band intensities were
quantified on a Phosphorimager (Molecular Dynamics) to provide an
estimate of relative plasmid copy number in the transfected cells and,
hence, a measure of transfection efficiency. This is preferred over co-
transfection with af-galactosidase vector, for example, for several
reasons: endogenoysgalactosidase activity in HDFs increases with
age (Dimri et al, 1995); measurement of-galactosidase activity
provides only an indirect measure of transfection efficiency; p53 is
known to modulate the activity of a large number of different promoters
in co-transfection experiments. The RLUs (relative light units) obtained
from the luciferase assay were normalized for differences in transfection
efficiency in this way.

Isolation of DNA, SSCP analysis and measurement of
telomeric DNA length
Cells were washed three times in PBS. Cell pellets was resuspended in
proteinase K digestion buffer (100 mM NaCl, 10 mM Tris, pH 8, 5 mM
EDTA, 0.5% SDS) containing proteinase K at a final concentration of
0.5 mg/ml. After incubation at 48°C overnight, the DNA was extracted
once with phenol/chloroform/isoamyl alcohol (25:24:1) and once with
chloroform. DNA was precipitated with 95% ethanol and dissolved in
TE (10 mM Tris, pH 8, 1 mM EDTA, pH 8).

DNA (10 pg) was digested witiHinfl and Rsd (20 U each; BRL),
extracted as described above, precipitated with 95% ethanol, washed in
70% ethanol, resuspended in TE and quantified by fluorometry using a

i i<tDe integrated photon signal in intervandL,; is the TRF length

at the midpoint of intervai.

SSCP analysis of p53 genomic DNA from Li—Fraumeni cells was

performed as previously described (Mitsudoetial., 1992) in young
cells and during senescence and crisis.
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