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To uIconocIasts" of the past and h t w e  



GiIgamesh, I wilI meal unto thee a hidden thing, 
Namely, a secret of gods will 1 tell thee: 
There is a plant that grows under water, it has prickle 
like a thorn, Iike a rose its thorns wiII wound your hands- 
If thy hands will obtain that plant. then your hands will 
hold that which restores his lost youth to a man, 
....... Gilgamesh tied heavy stones to his feet; they pulled 
him down into the deep, and he saw the plant He took 
the plant, though it pricked his hands, .......I will take it 
to Unrk of the strong wails; W e  I will give it to the old 
men to eat. Its name shslI beme Old Men Are Young Again". 
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Abstract 

Te10meres~ DNA damage signrling molecdes and ceIIuIar aging 

Homayoun Vaziri 

Doctor of Philosophy, 1998 

Department of Medical Biophysics, University of Toronto 

Normal human cells have a finite Iifc span and undergo senescence after a fixed number of divisions. 

This process appears to involve some form of genetic memory by which nomd  cells count the 

number of divisions they undergo before senescence is reached. The telomere hypothesis proposed 

that Ioss oftelomeric DNA at the end ofhurnan chromosomes acts as a mitotic clock, counting each 

ceU division. Once a critical length of telomeric DNA is reached, senescence is initiated. Questions 

addressed in this thesis are: 1) How does telomere shortening cause cell cycle exit? 2) Is telomere 

shortening one of the factors which causes senescence? 

To address the first question, a model is proposed in chapter two in which telomae shortening is 

perceived by the cell as DNA damage and that this signal activates a DNA damage signaling 

pathway leading to senescence. In chapter three, we show that post-trzmslationd activation of p53 

protein is one fador respoasritIe for upregulation of p2 1 Wm in aging cells and PARP (poly (ADP- 

ribose) polymerase ) is involved in the regulation of p53 protein. We found that, either inhiiition 

of PARP or toss of p53 led to extemsion of life span m n o d  human firoblasts. Los of three genes 

in our model (PARP, p53 and p21) led to extension of cellular life span. In contrast, Ioss of ATM 

gene Id to accelerated telomere shortening and premattm senescence. We conclude that these DNA 

damage signaling molecules are involved in regdation of cellular senescence. 

Answering the sccoad pestion required reconstitution ofteIomerase activity in normal human cells. 

W show in chapter four of this thesis that telomerase activity can be recodtuted in normal cells by 

forced expression of hTERT, the caMytic subunit of human telomerase. This activity is suflicient 

to elongate teIomeric DNA and extend the replicative life span of ceIls, These findings provide 

evidence consistent with the telomere hypothesis and indicate that telomere shortening is one factor 

which initiates ceIIuiar senescence by activation ofa DNA damage signaling cascade. Furthermore 

they indicate that tdornere elongation may be sufficient to prevent senescence and render nomd 

human cells immortaI. 
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Chapter 1 

Introdnction and historical overview 



1.1 Do normal somatic cells have a finite or i . t e  division potential? 

In I88 I August Weismam hypothesized that nomd somatic cells of higher animaIs have a finite 

W e  span and aging occurs as a consequence of the faiIure of tissue to self renew indefinitely 

(Weismam, 189 1). In 19 12 Alexis Carrel, a Nobel Laureate and surgeon, established a chicken 

heart fibroblast culture and showed that these cells can undergo indefinite division (CarreI, 19 13). 

He was able to keep these cells in culture for 34 years, after which the cultures were terminated on 

purpose. These findings generated public attention and steered the scientific community into 

believing that normal cells are intrinsicaily immortal and that aging does wt arise as result of events 

occurring inside individual cells as Weismam suggested, and is due to unknown complex interaction 

between cells when organized as tissues. 

As a result of Carrel's experiments, and for many years thereafter, many investigators 

believed in the dogma that somatic cells are inherentIy h o r t a I  and the reason they can not be 

propagated indefinitely in cuiture is because of imperfect culture conditions. This was despite the 

fact that many other research groups had confirmed that they were unabfe to maintain their primary 

cell cultures indefinitely (Parker, 196 1). 

In 1961, Leonard Hayflick published a paper which cast doubt on the validity of  Carre1's 

experiments (Hayffick and Moorhead, 1961). He showed that normal human f k ~ b l a s t s  are capable 

of undergoing a finite number of divisions after which they become large and unable to divide 

W e r -  He showed that this phenomenon (they termed phase III) was independent of dture  

conditions and that it represented aging at the ceIInlrn IeveI. Haflick also proposed that normal ceIIs 

both in vitro and in vivo are mortal and immortal cIones can arise h m  n o d  ceIIs by M e r  
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genetic and adaptive changes. Therefore immortal cells in culture like cancer cells in vivo are 

capable ofindefinite divisions. This proposd was Mamend to our understanding of aging and 

cancer. Hayflick's experiments also indicated that the number of doubtings human diploid 

fibroblasts (IIDFs) undergo is inversely proportional to the age of the donor fkom whom they are 

driven (HayfIick, 1 965). 

It is possible that Carrel's chicken cells may have been immortalized by contaminating 

oncogenic viruses present in chicken embryo extracts. Others have found avian Ieukosis virus in 

spontaneously transformed chicken cells. However it is intriguing that Carrel never reported any 

sign of cccrisis" and did not attempt to re-establish mother line of immortal chicken cells. 

Today we know that immortalization of chicken or human fibroblasts is an extremely rare 

event even in the presence of oncogenic viruses or carcinogens. If Hayflick's theory was correct, 

then "senescence" acts as a growth suppressor mechanism to limit the life span of normal cells and 

to prevent g d c  instability. But what initiates the senescence program and why do human cells 

always undergo a fixed number of doubhgs before senescence? 

1 3  The end-replication problem 

In the cold winter of 1966, AIeksay OIoMikov, a Russian biologist at the Gamdeya Institute of 

EpidemioIogy and MiaobioIogy, suggested that the ends of h e a r  chromosomes can not be 

replicated M y  during each round of DNA repIication and that this may be the cause of ceD 

senescence. Here is the story in his own words: 



Now the enigma of the phenomenon really struck me like thundrstonn. All the way backporn the 

univet.srCty on foot, 1 thought hard atfeaible causes of the @ectt. As irernmbet-I theJirst signs of 

forthcoming winter ~Iowlypiancake on earth that day ar the big but rear snodakes. ofcourse, the 

point was in DNA. But how? Surldenly, now I was in metro station. I realired that I caught the 

solution:polymeruse cunnot move along the very end of the template like the locomomte that cannot 

rolls all i& wheek along the very end of the rail, not being lost the contact with it. So, the end helix 

was the clue point. Long ago afer that, I cannot see at metrotrains without remembering of the 

same thought. (SIC) 

In a theoretical paper he proposed that in somatic cells the ends of the chromosomes are not 

M y  replicated during DNA synthesis, feSuIting in the loss of the ends of hear DNA molecules 

with each cell division (OIoMikov, 197 1). Based on this observation, he made severd conclusions: 

1) this loss may be the cause of the Haytlick limit; 2) the solutiou to the problem may be the 

evolution of  very specialized buffering DNA structures at the chromosome ends.-, 3) tumor cells and 

some other immoaal cell types have a specialized polymerase that is responsible for syntEmk of the 

DNA ends. Olovnikov's theory went unnoticed until two decades later. 

A year later, James Watson, mdependendy arrived at a similar conclusion. He realized that 

the reason TI bacteriophage DNA forms concatamers in bacteria may be to prevent mcompIete 

replication of the ends of the linear T7 DNA. Watson recognized that since DNA polymerase can 

only synthesize DNA in the 5' to 3' dixection, and because it reIies on an RNA primer, this would 

cause a problem on the lagging strand of the DNA molecules. Once the last Okazaki hgment is 

removed, there wouId be no 3' end to prime synthesis (Watson, 1972). Therefore during each round 

ofreplication the terminaI region of the DNA could not be m y  repIicatd This was named '?he 
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end-repIication problem". The end.-end joining of T7 bacteriophage genomes dies them to reduce 

the loss ofDNA caused by the end replication probIem. However, unlike OIovnikov, Watson did 

not envision the LinL between end-replication and cell aging, nor did he propose the existence of a 

speciaIized poIymaase which codd replicate the chromosome ends. 

Early work in the 1930s on Drosophilrr meianogaster by MueIla (Muek,  1938) and McCIintock 

(McCIintock, 1941) on Maize indicated that chromosomes with no heterochromatic ends are 

recombinogenic, unstable and fkeqyently lost MueIIer coined the term b'telomere''derived fkom the 

Greek words, telos (the end) and m e w  (the region or part) meaning end-region for the ends of 

chromosomes. In 1978, Ehabeth BIackburn at Yale was interested in finding out how rDNA 

m o l d e s  in Tetrahymena are replicated as hear DNA rnoldes. She was able to demonstrate that 

the ends ofthese rDNA m o l d e s  codst of simple repetitive sequences VGGGG), and that these 

are indeed the same seqpence that cap the end of telomeres at the chromosome ends (BIackbm, 

1978). 

In 1988, Robert Moyzis7 group at Los AIamos was able to clone the telomeres fiom human 

chromosomes and showed that they contain tandem repeats of (TTAGGG), (Moyzis et d., 1988) 

which are highly consaved in vertebrates during evoIution (Meyne et d., 1989). 



In 1985, Carol Greida in Blackbum's Laboratory identified an enzymatic activity in Tetrahymena 

that was able to synthesize telomgic repeats. The enzyme had its own RNA template and was able 

to synthesize telomeric repeats de novo. They called this enzyme " teiomere terminal transfefasey* 

or 'Yelomerase" for short. Telomme activity was also later found in the human ceni*caI carcinoma 

HeLa cell h e  (Morin, 1989). 

Telomerase is a holoenzyme containing multiple components in both humans and ciliates 

(Nugent and Lundblad, 1998). Human telomentse conskt of an RNA component called hTR (Feng 

et al., 1995) and a catalytic reverse transcriptase subunit designated hTERT (Harrington et d., 1997; 

Kilian et d., 1997; Meyemon et d., 1997; Nakamura et al., 1997). The complex contains a potein 

of unIcnow11 function (TEP I) which interacts with the hTR (Harrington et aI, 1997). The hTR and 

hTERT by themse1ves are sufficient to restore telomaslse activity in vitro and in vivo (Weinrich et 

d., 1997). 

Not aII eukaryotic cells use telomerase to extend their telomaes. Telomere maintenance in 

Drosophila is accomplished by retrotramposition by LINE like retroposons HeT-A and TART 

(Mason & Biessma~,  1992). Other insects Eke the mosquito AnopheLes gmnbiae seem to maintain 

their tdomeres by homoIogous recombination (Roth et al, 1997). AIthough telomere maintenance 

in S. C-siae is performed by telomerase, intderence with telomere eIongation by inactivation 

of EST1 leads to teIomere shortening and senescence. Ceb surviving senescence have tandem 

ampWcatio~~~ of subtelomedc repeat seqyences called Y elements through a process involving 

homoIogous recombbation (LtmdbIad and Blackbum, 1993). Recently telomerase negative 
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immortal human cell lines have also been identified (Bryan, 1993). 

1.5 The rlse of the Yelomere hypothesis of cell aging and immortalizationH 

In 1989, Calvin Harley and colIeagues showed that telomeric DNA is gradually lost during 

replicative senescence of HDFs in cufture (Harley et al., 1990). This loss o c c d  in cells as a 

fimction of age in vivo as well (AUsopp et d., 1992; Vaziri et al., 1993). There was dso a striking 

correlation between replicative life span of HDFs and the initial length of their telomeric DNA 

(AIlsopp et al., 1992). Remarkably loss of telomeric DNA did not occur in germ line DNA as a 

firaction of age (Allsopp et al., 1992). In addition tumor DNA had shorter telorneres compared to 

their adjacent normal tissue (Hastie et al., L990). If the loss of telomeric DNA in normal cells 

initiates senescence then immortal cells should presumably maintain their telomeres by some 

mechanism, 

When normal human cells are transfected with SV40 Large T antigen, the cells bypass 

senescence, and acquire an extended Life span and finally enter an irrevmile phase of cell cycle 

arrest called "crisis''. Senescent cells differ from cells at crisis by severat different criteria: 1) 

Senescent cells are GI and GUM arrested whaeas cells at crisis due to aneuploidy do not show a 

distinct phase of cell cycle anest 2) CeIIs at senescence are viabIe for long periods of time without 

significant ceII death whereas cells at a is is  undergo SIOW cell growth and death. 3) Senescent ceIIs 

have signiI5cantiy longer telomeres than cells at crisis. 4) Senescent cells are nearly diploid whereas 

at crisis cells are highly menpIoid and have an unstable genome, At a rare fieqnency of c 3xLO-' 

human cells can undergo fbrther genetic changeS izmorne and become immortal (Shay and 

W~ght, 1989). Telomeres continue to shorten after expression of SV40 LT in norma1 hmnan cells 
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dudng the extended life span phase unt2 crisis occurs. After crisis the telomeres remain shoa but 

are stably maintained. This telomere maintenance is correlated with expression of telomerase in 

post-crisis cells and not in the pre-crisis phase (Counter et aI., 1992). 

Recently, it has been shown that maintenance of  teIomedc DNA can also occur via an 

alternative pathway independent oftelomerase (Bryan et al, 1995). Therefore, immortal celIs in 

dhue are able to maintain their telomeres via telomerase dependent and independent pathways. 

Hariey and co-workers formed the telomere hypothesis (Harley, 199 I ; Harley et al., L 992) 

which proposed the folIowing: 

I. Telomaes are maintained during gametogenesis by telomerase and this prevents shortening of 

telomaes between the generations of the organism. 

2. hrring somatic diffaentation of most tissues telomerase acitivity is repressed 

3. With each division n o d  human cells lose teiomeric DNA due to the end-replication problem 

and lack of telornere maintenance by telomerase. Critical loss of telomeric repeats wodd lead to 

generation of a check point signaI which initiates senescence and cells stop dividing. 

4. Tdonning  events like mutations and viral oncogene arpression can overcome senescence and 

cells continue to Iose telorneric DNA until a critical loss of repeats triggers crisis and subsequent 

death. 



5. In postdsis immortal cells and cancer cells, this loss of telomeric DNA is counteracted by 

expression of telomerase activity. Hence, expression of telomerase may be required for cell 

immortaIity. . 
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Figure I. Schematic diagram ofthe telomere hypothesis ofcell aging and immortalization. The v a t i d  axis shows the mean taminal 

festnktion fkgment length which is a measure of the Ieagth of teIomeric DNA, The horizontal axis rrpresents time in cell 

divisions, TeIomercs of germline cdfs are maintained by telomerase (dotted line). Somatic cells however lack telamerase and 

undergo ttlorneze shortening with each d l  division, When one or more teiomats lose a amount of (TT'AGGG)% repeats ceUs 

undergo a GI amst ( s e n ~ c e ) .  This block can be bypassed by SV4OLT antigcn or mutations that allow telomere loss to conanue 

untii crisis, at which point mast of(TTAGGG), repcats arc lost. This loss b m e s  icthal at crisis untess telomerase is activated to 

prevent telomere loss. Thcrcfom only the cells which have maintained telomerc length are able to sunrive crisis and become 

immortal, 



1.6 Testing the Telomere hypothesis 

What is the mechanism by which teIomere shortening activates the senescence Gi block? The fact 

that SV40 LT antigen can extend the Life span ofHDFs by overcoming senescence suggested that 

the p53 gene may be involved in the signding pathway. SV40 LT antigen is known to bind to p53 

and neutralize its fimction. Futthermore, HDFs which express SV40 LT continue to Iose telomaic 

DNA until cn*sis (Counter et d., 1993). This suggests that the telomere shortening signal may pass 

through p53 to the cell. cycle machinery. In 1985 it was shown that p53 gene is fkequently 

inactivated by retroviraI insertion of Friend erythroIeukemia virus (Mowat et al., 1 985) leading to 

the notion that p53 acts as a tumor suppressor and not an oncogene (Munme et al., 1990). 

Subsequently in 1993 p53 was found to act as a "guardian of the genome" by sensing DNA strand 

breaks through an yet unknown mechanism and activating the appropriate cellular response to cope 

w i ~  the damage. DNA damage activates p53 and leads to cell cycle arrest ( Kuerbitz, 1992). Wild 

type (wt) p53 protein transactivates the expression of a gene called p2 1 WEfliM1lc~~l (El-kky et al., 

1993), which encodes an inhtiiitot of cych dependent bases (Harper et al., 1993). SurprisingIy 

Noda et aI identified p21 as a gene which is upregulated during senescence (Noda et d., 1994). 

Thus one important *&on to answer was: "Does the induction of p21 observed at senescence 

depend on ~531' .  1 synthesized these separate observations into a model called the 'T'elomere 

IosdDNA damage model of cell aging". Lo this model teIomere loss is perceived as DNA damage 

by the cell and this loss activates a DNA damage signaling cascade which Initiates senescence. It 

is worthy to mention that generation of of only one unrepaired doubIe strand break in a single HDF 

is stdEcient to lmest the celIs permanently in GI phase ofthe cell cycIe @i Leonardo, 1994). 
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Overview of Chapter 2 

The telomere hypothesis states that a short telomere at the end of at least one chromosome can signat 

the cell cycle anest of senescence. The mechanism behind this signd however was &own. We 

proposed that a short telomere is perceived by the cell as DNA damage, leading to activation of a 

DNA damage pathway. In this model, one ofthe consequences of teIomere loss is activation of the 

p53 protein and subsequent transactivation of its downstream target p2lW""lS1lCip1. We dso 

proposed that other molecules which are involved in recognition of DNA strand breaks play a role 

in the initiation of a senescence cascade in response to telomere shortening. Based on this model, 

it was also suggested that ectopic expression of telomerase in normal cells overcomes senescence 

by preventing the senescence associated DNA damage signal. This work constitutes chapter 2 of 

this thesis and was published as (Vaziri H&BenchimoI, S. (1996)&From telomere loss to p53 

induction and activation of a DNA-damage pathway at senescence: The telomere loss/DNA 

damage model of cell aging. EkpmCinen?ul Gwontokqy, Vol31, pp 295-301). Experimental 

evidence in support of various aspects of this mode1 is presented in chapters 3-5 of this thesis. 



Chapter 2 

The teiomere IosdDNA damage model of cell aging 



2.l Abstract 

The Telomere hypothesis proposes that critically short telomaes may act as a mitotic clock to signal 

the cell cycle arrest at senescence (Harley. 1991). Here we extend the telomere hypothesis and 

propose a model which unifies several areas of cell aging . We propose that telomere shortening is 

perceived by the cells as DNA damage and this in hnn activates a p53 dependent or independent 

DNA-damage pathway that leads to the induction of a family of inhi'bitors of cych dependent 

kinases (including p2 1 and p 16) and the eventual GI block of senescence. 

23 Telomere loss and cell cycle arrest 

The mechanism by which telomere shortening Ieads to cell cycle arrest in GI is unknown. Two 

models have been proposed to link telomere loss with the GI arrest at senescence. In one theoretical 

model, loss of telomeric DNA and continued shortening of at least one single chromosome leads to 

deletion of an unknown gene which signds the GI cell cycle arrest (AIIsopp & Harley 1995). In a 

second model (Wright & Shay 1992) heterochromatin shifting due to teIomere loss dters the 

expression of certain subtelomeric genes which may cause cellular senescence. AIthough some 

evidence suggests that this may be the case in yeast (Gottschling et aI., L990). it is not clear if this 

is true for mammaIian ceIIs. 

Based on the observations that &centric and ring chromosomes are seen at a reIatively high 

kquency (30-70%) at senescence and that this coincides with a critical telomere length (AIIsopp, 

1995), we wish to propose a third mode1 "The TeIomere loss/DNA-damage Hypothesistr, m which 
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the loss of a critical amount of telomaic DNA h r n  any subset of chromosomes generates dicentric 

and rings through an yet unknown mechanism and eventual DNA breakage during the next mitosis. 

These DNA breaks generate a signal which activates a "DNA damagew response pathway 

culminating in G1 arrest and senescence. We recognize that the DNA breaks induced by breakage 

and fusion of dicentric chromosomes may be different and repaired differently compared with DNA 

breaks induced by genotoxic agents. 

The product of the p53 tumor suppressor gene has been shown to mediate a G 1 arrest in response 

to DNA damaging agents including gamma inadiatioa m HDFs (Dulic et d., 1994; Di Leonardo et 

al., 1994). However, both p53-dependent and p53-independent pathways may contniute to the 

control of the G I 4  transition -tan et aI., 1992) 

23 p53, p21 and the GI checkpoint 

p53 has been impficated in the regulation of the GI-S transition. Multiple targets have been 

identified down stream of p53, including p21 "UWP"l'Pi, MDM2 and cyck G. p21 was 

independently cloned by several groups using different systems (El-DeLy et aL, 1994; Noda et 

d.,1994; Harper et d., 1994). 

p2L is a potent inhilbitor of CDIU94-Cych A,E kinase activity Wong et aI. ,1994). 

Interestingly p21 was also cloned as a gene upregulated at senescence (Noda et al., 1994). Recently 

it was also shown that gamma irradiation of MlFs leads to induction of p53 and p21, which may 

cause a GI block InterestingIy these Cpng also show morphoiogicd changes reminiscent of cellular 

senescence (Leonardo et d.,1994). Whether induction of p21 has a causaI roIe in initiation of 

senescence or maintenance of the senescent phenotype remains to be ducidated. 
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2.4 P53 and Senescence 

It has been suggested that p53 is a senescence associated gene. These concIusions were based on 

experiments in which cells, transfected with SV40 large T antigen or HPV-E6E7 escaped 

senescence and had an extension of life span (Shay et al., 1991). SV40 large T antigen binds p53 

protein and interferes with its DNA binding and transcription function. The HPV E6 protein also 

binds to p53 protein and promotes the ubiquitin-dependent proteolytic degradation of p53. Hence, 

both proteins target p53 and disrupt its function. In addition, HDFs obtained fiom cancer prone 

individuals with Li-Fraumeni syndrome who have a germline p53 gene mutation and are 

heterozygous at the p53 locus, have an extended life span in CuIture (Rogan et al., 1993). In tight 

of the role of p53 in regulating the GI -S transition (Lane, 1 994) and the fact that in all the above 

experiments p53 was inactivated (either through mutations or through its interaction with SV40-LT 

or HPV-E6) in young, early passage cells, it is poss-iile that escape fbm senescence could have 

occurred due to genomic instability which is known to be one consequence of p53 gene inactivation 

(Yin d d., 1992; Livingstone et d., I992).Therefore the role of p53 as a senescence associated gene 

needs to be investigated more rigorously. 

HDFs enter a G1 arrest in response to gamma irradiation and other DNA damaging agents 

@i Leonardo et al., 1994; Dnlic et aI., 1994). GI arrest in response to irradiation has been shown 

to be dependent on p53. M a t i o n  resalts in an induction ofp53 protein and is associated with an 

increase in the expression ofthe p53-induclbe gene p21. Ifcritical tdomere shortening is somehow 

perceived as a DNA damage signal by the cell, then it is possible that p53 protein is induced in 
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response to the signd (or is post-translationaly modified) and is involved in the GI arrest observed 

at senescence* Interestingly the p2LWaRISdiU~' gene, a transcriptional target of p53 protein has been 

observed to be upregulated at the mRNA level (Noda et al., 1994). Therefore it is possible that the 

induction ofp2 1 at senescence is mediated directly by p53 protein binding to the p2 1 promoter. 

The level of p53 protein does not seem to change at senescence (Afshari et al.,1993; see 

chapter 3). There is even a slight down regulation of p53 mRNA observed during senescence (Inring 

et al., I 992). p2 I WmUCipL can also be induced through a p53 independent pathway (Michieli et aI., 

1994), Hence, the upregulation of p21 during senescence may also occur through a p53 independent 

pathway. Loss of p53 function by E6 or SV40 large T antigen which have been shown to extend 

cellular Wespan may promote genetic instability and lead to activation of a p53-independent pathway 

controlling p2I. SV40 immortaIized cells which have bypassed senescence have been shown to 

upregdate p21 when they enter crisis (Rubelj & Pereira-Srnith 1994). The presence ofT antigen 

which complexes with p53 and inactivates it makes it likely that the induction of p2 I during crisis 

is occurring via a p53-independent process. One must bear in mind that cells at crisis have also 

undergone firrther changes which may be responslile for activation of a p53 independent process. 

UpreguIation of p21 both at senescence and suggests that senescence and crisis may not be two 

cornpIetely distinct checkpoints as thought prwioudy. The involvement of p21 at senescence and 

crisis wdd mdicate the presence of common signaIing pathways. 



2.5 pRb, pl6 and celldar senercence 

Rb becomes hyperphosphorylated in the latter part of the G1 phase of the cell cycle in HDFs. 

Hypophosphorylated forms of pRb are the active forms of pRb which inhiiit E2F dependent 

transcription leading to GI arrest (Shen, 1994). C y c h  E-CDK2 and Cych D-CDK4 are believed 

to be involved in phosphorylation of pRb. 

One of the more firmly established haIImarks of senescence is the failure of senescent cells 

to phosphorylate pRb (Stein et d., 1990). The recent identification of p21 as an hhiiitor of C D D  

and CDK4 and the knowledge that these proteins are Iikely responsibIe for the phosphorylation of 

pRb explains why pRb is found m a hypophosphorylated and active state in senescent cells. As 

stated earlier, p21 WdMtlCiPp' protein is induced in senescent celIs and could Iead to inhibition of CDK 

activity (see chapter 3). It is also pertinent to note that T antigen not only binds to p53 but also binds 

and inacfivates pRb. HPV E7, which cooperates with HPV E6 to bypass senescence, also binds and 

neutrdizes Rb. 

Expression of another CDK inhibitor ~ 1 6 ~ ~  (an iaToliitor of CDK416 which are known to 

phosphorylate pRb) is also upregulated in senescent cells (Ham et d, L996; Alcorta et aI, 1996). 

This suggests that muItipIe independent pathways may be involved in promoting the 

hypophosphorylation and activation of pRb protein. Loss of p 16 has been associated with extended 

H e  span (NobIe, 1996) and is thought to be mediated through hypeanethyiation of the 5' CpG island 

in the p16 promoter (Foster et d, 1998). 



2.6 The teiomere IosdDNA damage model of ceUuIar senescence 

We propose the following hypothesis: 

1. Critically short telomaes in HDFs on a subset of any given set of chromosomes lead to the 

formation of true telomere-telomere dicentric and ring chromosomes (Benn, 1976; Sherwood et aI., 

1989). 

2. These unstable structures are broken during the next mitosis leading to the generation of DS and 

SS breaks in the DNA which can be telomaic or non-telomeric in origin. Cycles of breakage and 

ksion Iead to accumulation of more DNA breaks, 

3. Generation of these ss or ds breaks in the DNA Ieads to activation of a DNA damage pathway 

either through a p53 dependent or p53 independent process. 

4. Activation of a DNA damage pathway Ieads to upregulation of p2 1, and other inhibitors of q c h  

dependent kinases and subsequent hypopbosphoryIation of pRb and the dtimate GI arrest at 

senescence. 

This model suggests that ectopic expression of teIomaase m young HDFs could prevent 

teIomere shortening and formation ofdicentric chromosomes and subsequent DNA strand breaks. 

These d s  wilI not activate the senescent program and therefore never reach seaesceace (Figare 2). 
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Figure 2. A schematic model of molecuies which m y  be involved at senescence. The tdomere lens signal can go tbmugh either 

p53 or some other protch independent of p53 (pX) and induce 9 1 .  P21 may inhibit either the CDKs and/or ditectIy bind to PCNA 

and inhibit DNA synthesis. Px may also be involved in the induction of other negative regdators IiTce p 15, p 16, p 18 and p27. These 

negative regulators may ex- their effkzts through inhibition of multipIe cyclinkdks. P 18 and p 16 may be specifidly involved in 

the inhibition of the CDKs involved in the phosphorytation of pRb. Hence their expression leads to hypophosphoryladon of pRb 

and binding of E2F. AIL the above wentllitlly leads to the GL amst. This modei predicts that forced expression of telometnse in 

normal human cells prevents the initiation of the senescence cascade. 



2.7 The negative regulators of CDKs and senescence. 

The recent discovery of new negative regulators of CDKs such as p27, p L 6, p 15 (Hunter, 1994) raises 

the mteresting possiiility of their involvement in cellular senescence. Based on our model (Fig I .) 

initiation ofceMar senescence by a critical telomere length Ieads to activation of a DNA-damage 

pathway which leads to CDK inhibition and failure to phosphoryIate pRb or Rb-like proteins. CDK 

inhriitors like p21 may play a criticat role in the initiation and maintenance of senescence. It is likely 

that multiple pathways exist for senescence and that inactivation of one pathway (eg Rb) will not be 

sufEcient for escape from senescence. These findings suggest that senescence may have been 

evolved to act as an anti-tumor mechanism in vivo. 

We propose a model which connects s e v d  areas of cell aging with tumor suppressor genes Rb and 

p53. A criticaI telomere length in senescent HDFs Ieads to generation ofDNA breaks and subseqyent 

activation of a DNA-damage pathway(@ which in turn cause the induction of muItipIe negative 

regulators of CDKs, hypophosphoqdation ofpRb and therefore the eventual GI arrest at senescence. 
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Overview of Chapter 3 

This chapter demonstrates that three proteins @53, ATM and PARP) involved in recognizing and 

mediating the cellular response to DNA damage are also involved in regulation of cellular life span. 

I dso show that p21W8nm1Jcip1, a gene whose expression is increased with cell age , can be 

upregdated in a p53dependent and p53-independent manner. These findings provide evidence for 

the model proposed in Chapter 2. This chapter has been published as: 

Vaziri, H, West, M. D, Ahopp, RC, Davisou, TS, Wu, Y, howsmith, C.H., Pokier, G.G, 

BenchimoIs,S. (1997), GATM dependent tehmere loss in aging human diploid fibroblasts and 

DNA damage lead to post-tmnslational activation of p53 protein involving Poly(ADP4bose) 

po tymerase", 

EMBo J, Vol 16, pp 6018-6033. 
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Regulation of p53 protein and telomere dynamics in aging cells: Telomere Ioss is perceived 

by the cell as DNA damage 



3.1 Abstract 

The loss ofteloaeres that occurs during cell aging has been proposed as a mechanism for 

counting cell divisions in n o d  somatic cells. How such a mitotic clock initiates the 

intracellular signaling events that culminate in GI cell cycle arrest and senescence to restrict the 

life span of normal human cells is not known. We investigated the possibility that a critically 

short telomere length activates a DNA damage response pathway involving p53 and p2 1 WM1 in 

aging cells. We show that the DNA binding and transcriptional activity of p53 protein increases 

with cell age in the absence of any marked increase in the steady state level of p53 protein, and 

that p21 WM1 promoter activity in senescent cells is dependent on p53 and the transcriptional co- 

activator p300. Moreover, we detected increased specific activity of p53 protein in AT 

fibroblasts, which exhriit accelerated telomere loss and undergo premature senescence, 

compared with normal fibroblasts obtained &om age-matched siblings. We investigated the 

possibility that PARP ( Poiy(ADP-ribose) polymerase), an enzyme that is activated in response 

to DNA damage, may be involved in senescence and in the post-translational activation of p53 

protein in aging cells, We show that p53 protein can associate with PARP in vitro and in viva, 

and that inhibition of PAW activify leads to abrogation of p2I and mdm2 expression in response 

to DNA damage. Moreover, treatment ofHDFs with PARP inhiiitors leads to a signiiiicant 

extension of cenrrlar life span. in contrast, hyperoxia, a potent activator of PAW, is associated 

with accelerated teIomere loss, activation of p53 and premature senescence. We propose a model 

in which p53 is post transIationaIly activated not only in response to DNA damage but also in 

response to the critical shortening of telomeres that occms dming cell& aging. 
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3.2 Introduction 

Normal human diploid fibroblasts (HDFs) are mortal and undergo a Iimited number of 

population doublings in culture (Hayflick and Moorhead, I96 1) after which they enter a viable 

but aon-prolifive phase known as senescence. Senescent cells arrest primarily in the GI 

phase of the celI cycle (Sherwood et al., 1988). This proliferative block can be overcome upon 

expression of the SV40 large T antigen or combination ofboth the HPV-16 E6 and E7 proteins 

d t i n g  in the extension of cellular replicative potentid (Shay et ul., 1993). SV40 Iarge T 

antigen is known to bind the tumor suppressor p53 protein and to interfkre with its DNA binding 

and transcriptional activation hction. HPV-16 E6 protein also binds p53 protein and promotes 

its degradation by the ubiquitindependent proteolytic pathway. Hence, both proteins disrupt the 

firnetion of p53 suggesting that p53 protein likely s a v e s  as a key regulator of cellular 

senescence. Consistent with this idea are the findings that spontaneous loss of p53 alIe1es in 

HDFs is associated with extension of ceIIuIar Lifespan (Rogan et a[., 1995) and that expression of 

certain dominant negative p53 alleles can extend the cellular replicative Lifespan of human (Bond 

et a[., 1994; GoUahon and Shay, 1996) and rat BrobIasts (Rovinski and Benchimol, 1988). 

Aging in HDFs (HarIey et a&., 1990; Lindsey et a[., 199 1; AIlsopp et ui., 1992) and in 

human hematopoietic cells (Hastie et al., 1990; Vaziri et a[., 1993; Vaziri et al., 1994; Metcalfe 

et al., 1996) is accompanied by the progressive Ioss oftehmeric DNA. Expression of the 

enzyme teIomerase ia immortsll celIs provides one mechmCsm for the prevention of telomere 

shortening (Morin, 1989; Counter et al., 1992; Kim et al., L994). Persistent Ioss of telomeres9 in 

the absence ofteIomerase, a d d  Iead to a criticaIIy short teIomere length, cell cycIe arrest and 

senescence (A1Isopp and Harley, 1995). However, it is unclear how shortened teIomeres give 
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rise to the anti-proliferative signals that result in senescence. One clue was provided by Benn 

(1976) and (Sherwood eta[., 1988) who reported an increase in the incidence of dicentric 

chromosomes in aging cell populations. Dicentric chromosomes are IikeIy the result of 

recombination occurring at the shortened and exposed telomeric ends of chromosomes through 

yet unknown mechanisms. 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 BenchimoI, 1996). Several lines of evidence are comostent with this model. First, 

the p2 1 gene, which encodes an inhibitor of cych-dependent kinases (CDK) (Harper et al., 

1993; DuIic et al., L994), is transcriptionalIy regulated by p53 (El-Deiry et ul., 1 993) and is over- 

expressed in senescent celIs (Noda et al., 1994). Ovaexpression of a transfected p2 1 WAF' gene in 

recipient cells r d t s  in G 1 celI cycle arrest (Yang et al., 1995). Second, exposure of HDFs to y - 

irradiation leads to a p53=dependent, proIonged G1 arrest and induction of p21 WAF1 expression 

that is reminiscent of senescence @i Leonardo et al., 1994). Third, DNA binding experiments 

indicate that binding of p53 protein to the p53 responsive element present on the niosornd gene 

cluster (RGC) DNA hgment increases in senescent cells (Atadja et aL, 1995). The significance 

of the presence of a p53 consensus seqwnce in the the RGC remains uncIear. Together, these 

r d t s  suggest that p53 protein may be activated during cell aging to promote transcription of the 

p21 Wm gene. p2lWMt expression, however, is known to be regulated through p53dependent 

and p53-independent pathways (Michieli et al., 1994; Datto et af., L 995). In this study, we have 

investigated firrther the role of p53 and p2IWM' in cell aging and demonstrate that the DNA 

binding activity of p53 pmtein on the p53 responsive element present in the human p2IWm 

promoter increases during cell aping* In addition, we show that p2lWm expression at senescence 
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is dependent on p53 as well as on the transcriptional co-activator p300. 

A number of genes encode proteins that may be capable of seasing DNA damage. ATM 

and poly(ADP-niose) pIymerase (PARP) represent two such proteins and both have been 

implicated in the p53-dependent DNA damage response pathway (Kastan et aL, 1992; Lu and 

Lane, 1 993; Wesierska et al., 1996). HDFs fiom individuals with ataxia-telangiectasia (AT), an 

autosomd recessive disease characterized by sensitivity to ionizing radiation, sterility, immune 

dyshction, degeneration of cerebellum, telangiectasia and premature aging, undergo premature 

senescence in culture (Shfioh et al., 1982). The gene that is defective in AT patients called ATM 

is related to the TELl gene of S.cermsiae and encodes a protein with similarity to the 

phosphahidyIinositoI 3-kinase f d y  of proteins. Inactivation of KELl in S.cereviSiae leads to 

rapid telomere loss (Greenwell et a[., 1995). Furthermore fibroblasts fiom mice lacking ATM 

undergo premature senescence in culture (Xu and Baltimore, 1996). We demonstrate that 

telomeric DNA is Iost rapidly in human AT fibroblasts and that this telomere shortening is 

associated with premature senescence and increased DNA binding activity of p53 protein. 

PARP is strongly activated by binding to DNA strand breaks produced by various DNA 

damaging agents including hydrogen peroxide and undergoes rapid automodification by 

synthesizing long branches of poly(ADP-n'bose) (Lindahi et aL, L995). We report that PARP 

and p53 protein associate in vitro and in vivo. Hyperoxia, which is known to activate PARP 

(Zhang et al., L994), leads to acceIerated Ioss oftelomaes through an unknown mechanism, 

activation of p53 protein and premature senescence. Furthennore, inactivation ofeither p53 or 

PARp in HDFs leads to extension of replicative Wespan. Together, these data implicate ATM, 

PARP, p53 and p21wm as key components in a telomere IosslDNA damage signaling pathway 
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that is activated in human cells during cell aging. 

3.3 DNA binding activity ofp53 protein is aitered during eeilnlar aging 

Nuclear injection of linearized plasmid DNA or circular DNA with a large gap is suflicient to 

induce p53-mediated growth mest, a process that is known to depend on the DNA binding 

activity of p53 (Huang et al., 1996). Moreover, the generation of double-stranded DNA breaks 

in response to ionizing radiation has been shown to increase the DNA binding activity of p53 

through an unknown mechanism (Reed et al., 1995). Ifdouble-stranded breaks or large gaps in 

chromosomal DNA occur during the process of cellular aging in culture, one might expect to see 

increased DNA binding activity ofp53 as a conseqyence of  such DNA damage. Therefore, we 

examined the DNA binding activity of p53 protein using an electrophoretic mobility shift assay 

(EMSA) with a 32P-labeIIed double stranded oligonucleotide containing the p53 consensus 

binding sequence (p53CON) (Funk et al., 1992) and nuclear extracts prepared h m  the human 

fibroblast strain MRCJ at diffkent population doublings (PD). Inclusion of the p53-specific 

monoclonal antibody PAM21 in the binding reaction facilitated visuakation of the p53-DNA 

complex. An increase in the DNA binding activity of p53 protein was observed as MRC-5 cells 

approached senescence (Figure 3A,B,F). This observation was confirmed in two other human 

fibroblast strains, WI-38 and BJ (Figure 3C). Competition with an excess of dabelled p53CON 

~Iigonucleotide but not with an equivalent amount of unrelated oligonucleotide with shniIar 

nucbtide composition as p53CON codkmed that binding was specific (Figure IA). As a 

Mer control for specificity, binding to p53 was observed when an extract from the p53- 
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overexpressing cell line SF1 was used (Figure 3A) but not when an extract prepared h m  p53- 

null cells was used (data not shown). 

When the DNA binding activity was normalized to the amount of p53 protein present in 

extracts fiom young and oId cells by Western bIotting (Figure 3D), we found a 1 .gofold increase 

in the DNA binding activity of p53 in old MRC-5 cells (n=2), a 5.5-fold increase in oId WI-38 

and a 1 S-fold increase in old BJ cells relative to their young counterparts (Figure 3E). Hence, 

the increase in DNA binding cannot be ascribed to elevated levels of p53 protein and codd 

reflect an age-related post-translational change in the p53 protein. 

The number of dicentric chromosomes was shown previously to increase in aging MRC-5 

cultures (Bern, 1976) possibly as the result of telomere shortening (Harley, 199 I). In Figure 3F, 

we superimpose our data showing the age-related changes in the DNA binding activity of p53 

protein with the frequency of dicentric chromosomes in aging MRCJ cells. The DNA binding 

data was obtained fiom five independent experiments. The activity peaked in near senescent 

cultures as cellular proliferation declined and then decreased in cells that had reached senescence. 

The incidence of &centric chromosomes near senescence increases at the same time as the DNA 

binding activity of p53 (Figure 3F). It is of interest to note that extracts prepared fiom 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 noanaIization for p53 protein 

content Figure 3E). Since dicentric chromosomes undergo breakage and fusion cycIes during 

mitosis, it is possible that the resulting DNA strand breaks activate the Iatent DNA binding 

activity of p53 protein. We suggest that senescence-associated DNA damage (SAD) (Figure 3F), 

acting through p53, could hitiate the events that lead to ceIIuIar senescence. 

5s 



Since the increased DNA binding activity of p53 was measured in the presence of 

PAM21 antibodies, we considered the possibility that the DNA binding assay reflected greater 

accessibility of p53 protein to PAM2 1 antibodies perhaps due to a conformational change and/or 

post-translation modification of p53 in old cells. While Westem blotting revealed similar levels 

of p53 protein in young and old cells, imrn~110precipitation analysis revealed increased levels of 

PAM2 1 -reactive p53 protein in old cells (Figure 3 D, middle panel). We turned, therefore, to 

studies ofp21 W'V1 expression and transcriptionaI reporter assays in which RNA expression, 

while dependent on the DNA binding activity of p53 in vivo, occurs independently of added 

PAb421 autiiodies. 





Figure 3. DNA binding activity of p53 protein increases with ccli age (A) NucIear extracts (5 ug) prepared fiom SF1 or MRC- 

5 cells were incubated with a %%beUed doubie stranded oligonucIeotide containing the p53 consensus binding sequence 

(p53CON) with (f) or without (-) the p53-@fic monoclonal a n t i i  PAM21 and d y z e d  by EMSA. SF1 ceIIs which 

overexpress p53 protein were used as controts in lanes 1-4. MRC-5 cells at PD32 were used in lanes 8 and 10, and at PD47 in 

lanes 5-7,9. The binding were supplemented with the human pS39pccifSc monoclonal antl'body PAb180 I (Iane 3) or 

control IgG a n t i i e s  (lane 4). Lanes 5 and 6 contained cold competitor p53CON at 50-foId and LO-fold molar excess over the 

labelled p53CON substrate; lanes 7 and 8 contained a 50-fold excess ofan unrelatct[, cord doubte-samded mutated 

01igonucIeotide with the same nucIeotide composition as p53CON. h w  I on the left indicates the position of  the supershifled 

PAM2 1-p53 protein-DNA complex, arrow 2 is the pS3 protein-DNA complex and mow 3 is a non-responsive band (B) 

Nuclear extracts prepand h m  MRC-5 cells at diff't popdation doublings (PD) were tested for p53 DNA binding activity; 

armw I indicates the position of the PAM2 1 -pS3 protein-DNA complcm (C) DNA binding activity of p53 in nuclear extracts 

p q d  fiom young and old WI-38 and BJ cells; arrow 1 indicates the position of the PAb421-p53 protein-DNA complex. (D) 

Westan imrnuno-blot analysis of p53 protein in young and old MRC-5 uIls (top panel) and in young and old WI-38 celb 

(bottom panel). The pa-negative cell lint, Saos2, was included as a control. Total cell lysates (300 pg protein) were resolved 

by SDS-polyacrylamide gel electrophoresis; p53 protein was detected by immuno-blotting with PAb f 80 1 and visualized by 

enhanced chanilumincscencc, In the middle panel, p53 was immun~p~pitated with PAM21 fiom young and OM MRC-5 cells 

prior to Western €dotting. (E) The p53 DNA binding in young and old cells was determined by EMSA and normdizcd 

to the amount of p53 protein present in the nuclear extracts by Wcsttrn blotting. (F) NucIear extracts were prepared fiom MRC- 

5 cells at different population doubrings on five separate occasions. Each mean d u e  shown on the curve is based on 5 

independent samples (5 pg protein) each measured for DNA binding activity at [east once within the linear range of the DNA 

binding assay- Binding activity was determined by m d g  the amount of radioactivity present in the PAW2 I supershifted 

complex using a MolecuIar Dynamics PhosphorImaga and Image Quant software, DNA binding activity is expressed dative to 

that seen at the earliest time point (PD 24-27), Error bars rrprrscnt the standard aror of the mean. Also shown is the fkquency 

of &centric chrumosomes (bars) which increase during ceU aging in culture The data for the thqyency of dicentn'c 

chromosomes (50 mcrqhase spreads/PD) in aging MRC-5 ails was obtained fiom Benn ( 1976)- 





Figure 4 p21 protein -on during celI aging. (A) Young and (B) near senescent MRC-5 cells (which become larger) 

were fixed and p2 I protein was detected immmo-histochemicaiIy using SC-I87 monocIonaI a n t i i y  and biotinylated HRP- 

conjugated secondary anti'body. Same magnification was used in both cases. (C) p21 protein h m  SIC cell extracts ( 1 mg 

protein) was immunoprecipitated with SC-187 anh'bodies and detected by immuno-blotting using rabbit poLycIonal ann'bodies 

against p21 (Pharmingen) and HRP-conjugated anti-rabbit a n h i * e s .  Lanes 1 and 2, near senescence (FD58) cdtures of two 

S 1 C clones tradectcd with HPV-16 E6; lanes 3 and 4, two near sene~~~ lce  C U I ~  of S LC cells; lane 5, young S 1C cells 

(PD25). 



3.4 hvohrement ofp53 and p300 in the c-ation ofp21WM promoter activity in aging 

human fibroblast strains 

p2I W'Vt mRNA levels were shown previously to increase as HDFs approached senescence (Noda 

et d, 1994). Analysis of p2 1 protein levels in MRC3 cells by immunohistochemistry (Figure 

4 0 )  and in S I C cells by Western immuno-blotting (Figure 4C) reveaied an accumulation of 

p21 protein in near senescent cells. While p21 protein was localized primarily in the nucleus of 

young cells, both nuclear and cytoplasmic staining were seen in the older c e k  

To examine the invoIvement ofp53 in regdating p21 levels in aging fibroblasts, clones 

of the human fibroblast strain SIC expressing HPV-16 E6 were generated and p21 protein levels 

were measured. S ICE6 clones produced less p21 protein compared with non-transfected SIC 

cells at the same population doubling (Figure 4C). p2L protein expression, however, was not 

completely abolished in these cells, possibly due to residual p53 activity or the existence of a 

p53-independent pathway for p21 WM1 induction, it should be noted that S WE6 cells underwent 

senescence and did not exhiiit a significant extension of their He-span. 

In order to examine the mechanism tmderiying the transcriptional activation of the 

p21 Ws' gene in aging cells, transient expression studies were performed using a vector @2 1P- 

luc) in which the human p21WM1 promoter (2.4 kb hgment) containing a resident p53 

responsive eIement was W e d  upstream of a Iuciferase reportergme- A related reporter plasmid 

in which a 72-61, region encompassing the pS3 consensas sequence was deIeted fkom the p21 wM' 

promoter @2 I AP-Iuc) was used in paralleI. AU measurements of l u d f i e  activity were 

normalized with respect to plasmid copy number m the transfected ceIIs, using a modified Hirt 

assay, to control for v ~ a ~ 0 1 1 ~  in transfection efficiency. Measurement of bihase activity 72 h 

61 



after transfition in young and old ceIIs mveaIed approximateIy 3-fold higher levels of Iucifierase 

in cells transfeded with the WI Iength promoter compared with cells transfated with the deleted 

promoter (Figure SA). Hence, the 72-bp hgment of the p21W* promoter that contains a p53 

responsive element is required for maximal luciferase activity in both young and old cells. 

Luciferase activity was about 2-fold higher in old cells compared with young cells (Figure 

5 0 ) .  The elevated expression of lucifetase in old cells was observed with both the 11l length 

and the truncated promoters suggesting that induction of luciferase activity in old cells might 

involve sequences that Iie outside the 72-bp f'ragment ofthe Iuciferase promoter. El-Deiry et a[. 

(1993) identified a second p53 recognition element in the human p21 Wml promoter that may be 

involved in this age-related induction. However, it remains possidIe that the age-related increase 

in p21 promoter activity involves a p53-independent pathway. To address this firrther, we 

examined the Box-A promoter of the IGF-BP3 gene (a minimal promoter f'ragment with the p53 

cons en st?^ sequence for IGF-BP3) which is reported to be a target for p53 (Buckbmder et al., 

1995) and to be over-expressed in senescent HDFs (Goldstein et a', 199 I). Luciferase 

expression directed by the IGF-BP3 promoter was also higher in old MRC-5 cells compared with 

younger cells (Figure SA), The SV40 promoter, which does not contain a p53 c o m ~  binding 

site, provided a control for specificity in this series oftransfecfrion expwhents and showed no 

age-related activation. 

The ability of the 72-bp fiagment containing the p53 consensus binding site to conk 

maximal activity on the p21 wAFI promoter was confirmed through the use of MRC-5 clones 

stably trslnsfected with p S V k  and either p21P-hc or p2IAP-Iuc. Lucifefase activity in 

pookd, stabIe, G41gR cIones was %&Id hi* in d s  that contained tht intact p2IWm promoter 
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compared with cells that contained the deleted promoter p i p e  93). 

To test directly the involvement of p53 protein in regulating the activity of the p2 1 WAF' 

promoter present in p2IP-Iuc, we chose to disrupt endogenous p53 hction in near senescent 

MRC-5 cells through transient over-expression of various dominant negative mutant p53 

cDNAs. p2 1 WsL promoter activity was significantly repressed upon expression of p53AIa143, 

p53His175 and p53Tyr275 polypeptides but not by wild-type p53 expression (Figure 5C). 

An alternative means of dimpthg endogenous p53 fimction involves expression of 

HPV-16 E6 protein which is known to promote ubiqgitindependent degradation of p53 protein. 

Accordingly, young and old cells were co-transfected with pZ1P-luc and one of either E6, E7 or a 

combination of E6/E7. E6 reduced p2 1 WM' promoter activity more profoundly ir; old cells than 

in young cells (Figure 5D). E7 had no significant effect on p21 w* promoter activity in young 

cells but a reproducible repression ofp21 WMt promoter activity was observed in old cells. The 

combination of E6 and E7 in old cells was not better than E6 done in repressing lucifierase 

expression. E7 protein is known to bind to a number of cellular proteins including pRB, pRB- 

related proteins and the transcriptional adapter protein p300. To determine if any of these 

proteins is involved in regdating p21 WM' promoter activity, we made use of severd ademvirus 

EIA protein variants that have either Iost the ability to bind pRB and pRB-related proteins yet 

retain the ability to bind p300 (d1108) or Iost the abiIity to bind p300 while retaining the ability 

to bind pRB and pRB-reIated proteins (dl I0 I, dII 143) (Howe et al. 1990). Ofthe three E1A 

variants tested, only the one encoded by dIl I08 repressed the p2lWM1 promoter in old cells 

(Figme SE). Wild-type EIA (pLEU520) repressed the activity ofthe p2LWM1 promoter as 

e f f i d y  as p53AIaI43. Wild-type EIA and the dl I08 variant also share the abzty to induce 

63 



DNA synthesis in Quiescent fibroblasts powe et al., 1990). Together, these data implicate both 

p300 (or other p300 related moIecuIes) and p53 proteins in the regulation of the p2L w'V' 

promoter in human Broblssts. 





Figure 5 Activation of the p21 promoter requires both p53 and p3OO. Values obtained can only be compared within the given 

graph and can not be compared with other graphs due to different genetic backgrounds and expaimentaI conditions. 

(A) Yomg and old MRC-5 cells wcrc t r a n s f d  with 5 pg of reporter pIasmid in which the l u c i f w  coding sequence was 

pIaced dow~l~tfeam of the wild-type p21 promoter (p21P-tuc), a mutant p2 I pramater(p2IAP-Iuc). the IGF-Be3 promoter 

dement bearing Box A, no promoter (vector), or the SV401pGW control promoter- L ~ c i f - ~ v i t y  was measured in 

tripticate, 72 h after using a luminomctcr and n o r m d i d  for differences in plumid copy nurnberdetamined using 

a modified Hirt procedure as  descn'beci in Materials and methods. The highest revel of normalized luciferase activity was seen in 

old ceIk This vdue was set at 100% and all other values arc expnssed proportionately. Error bars represent the SEM. 

(B) Young MRC-5 cells were stabty trandkcted with wid-type or mutant p2 I promoter-luciferase pIasmids. After selection in 

G4 1 8 the resulting 25 m u m t  promoter clones and 20 Ad-type promoter crones were pooled and l u c i f a e  activity wos 

measured 

(C) MRC-5 cells nearing senescence were cct-tram&cctcd with the p2 I promotcr-luciferase reporter piasmid (p2 I P-luc) and one 

of various human p53 cDNA plasmids (2 pg) in which expression was c o n ~ I I c d  by the CMV promoter. Normalized vaIues of 

tucifarrse activity were detcrmincd as d c s c r i i  in (A) and are t x p d  in relative light units (RLU). 

(D) Young and old =Us were co-trpnsfected with 5 pg of p2 I P-luc plasmid together with LO pg of one of the foIlowing 

expression plasmids pSV2cE6, pSV2-E7, pSV2-Em7, or controt vector pinsmid 72 h after ansfcction, lucifaase activity 

was measured as d c s c r i i  in (A). 

(E) Gens nearing senescence were transfccted with the p2f P-Iuc piasmid together with plumids q m s s h g  wild-type or mutant 

Ad EIA protein. dI 1 108 can bind p300 but hik to bind pRB or p107; dI1IOI and dl t 143 both hi to bind to  p300 but do bind to 

pRB and p 107. pLEU520 expresses wid-type EC A protein. 

(F) The cell strain 2675T, was derived h m  a Li-Fmum6 patient and bears a heterozygous p53 gene mutation. Upon 

pmIonged passage in culture, these cells rose the wid-type p53 allele The p53 gene status of these cells at PD 4 I and at PD 65 

was examined and found to be haaozygous (+/-) at thccatIicr passage with loss of hetcmzygosity (-I-) occurring at the later 

passage CeIIs at PD 41 or at PD 65 were traasfcctcd with p2 t P-tac and t u c i f m  activity was measured as d c s c r i i  in 

Materi& md me!hodsods 



3.5 Loss of a dd-type p53 dele leads to reduced p21Wm promoter activity and extension 

of cellnlar Iifespan 

Expression of SV40 large T antigen or HPV-16 E6 and E7 combination of proteins in human 

fibroblasts leads to an extension of cellular Lifespan. These cells bypass the senescence 

checkpoint but eventually enter a second phase of arrest termed crisis that, unlrke senescence, is 

associated with celI death. Elevation in p2 1 W'V1 RNA levels has been observed in cells entering 

crisis as well as in cells entering senescence (Rubelj and Pereira-Smith, 1994). Having shown 

that p53 protein is involved in the regulation of p2 LWMt gene transcription in aging fibroblasts, 

we next wished to determine if p53 played any role in the induction of p2 1 WMt EWA at crisis. 

We made use of fibroblasts obtained tiom an individual with the Li-Frameni syndrome. 

Fibroblasts tiom Li-Fraumeni patients commody contain one wild-type p53 aIIeIe and one 

mutant, non-fimctiond p53 dele. When pIaced m dture, these cells have been shown to 

bypass senescence (Bischoff et ale, 1990) upon loss of the remaining wiId-type p53 allele (Rogan 

et aL, 1995). The 2675T strain carries a heterozygous mutation at codon 245 that converts 

glycine to aspartic acid (Srivastava et al., 1990; Minayam et a[., 1995). The p53Asp245 protein 

is stable, displays an altered codionnation, and fds to bind DNA (Friend, 1994). The 2800T 

strain was obtained fbm a normal individual. However, it too carries a heterozygous p53 

mutation, at codon 234, that replaces tyrosine with cysteine (Mkayans et al., 1995). The 

p53Cys234 protein appears to have retained a normal conformation (Friend, L994). W e  dtmed 

the 2800T and 2675T strains and noticed that 2800T entered senescence after 56 PDs while 

2675T continued to divide for a Ionger period of time prior to entering &sis after 68 PDs (as 
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judged by having no distinct GI or G2/M phases, short telomeres and presence of cell death). 

Analysis of the p53 gene reveded that the senescent 2800T cells remained heteroygous at the 

p53 Iocw, while 2675T lost the normal p53 allele at some point prior to entering crisis between 

PD41 and PD65. The 2675T cells remained in crisis for 230 days and no immortaI (ie post- 

crisis) clones arose fiom this strain. 2675T cells at PD41 and PD65 were transfected with p21P- 

luc and luciferase was measured 72 h later. Luciferase activity was lower at PD65 than at PD41 

(Figure SF). These data indicate that complete Ioss of wild-type p53 gene expression in human 

fibroblasts is associated with a reduction in p2 I WM1 promoter activity and with extension of 

cellular lifespan. 

3.6 Short telomeres, premature senescence and increased DNA binding activity of p53 

protein in AT strains 

The ATM gene product has been proposed to lie upstream ofp53 protein in the DNA damage 

response pathway that leads to cell cycle arrest at the GIlS boundary (Kastan et a/., L99 I; Lu and 

Lane, 1993). HDFs fiom individuals with ataxia-telan@ectasia display increased sensitivity to y- 

irradiation and certain strains undergo accelerated senescence in CuIture (Shiloh et a&., 1982). In 

addition, disruption of the yeast TELI gene, which shows homology with the human ATM gene, 

results in accelerated loss of telomedc DNA (Greenwe11 et a[., 1995). As a result of these 

findings, we wished to investigate fkther the comection between p53 fimction, aging and 

telomere loss in AT cells. 

Fibrobfasts were obtained fiom five AT patients and compared with fibroblasts Eom 

either their normaI siblings or tmrefated age-matched controIs. For each cell strain, we 
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determined the number of poptilation doublings that preceded senescence, mean terminal 

restriction hgment (TRF) length, the amount of p53 protein and the DNA binding activity of 

p53 protein. The results are presented in Figure 6. As expected d the AT fibroblast strains 

reached senescence earlier than the normal strains. The mean TRF length, which reflects the 

length of telomaes, was shorter at the same PD in the AT strains 3487C and 1 937B than in their 

sibling controls 3492 and 3400 ceIIs (Figure 6A,D). Of the remaining 3 AT strains, 33993 had a 

short TRF length and displayed premature senescence, while 2052B and 2530 had longer 

telomeres (longer than controls) at early passage and continued to divide until they reached PD 

35 and 38, respectively, at which time shortened telomeres were present (Figure 6D). This 

finding prompted us to compare the rate of telomere loss in the AT strain 2530 with its age- 

matched normal control 3400. Accelerated telomere loss was observed in 2530 (267 bp/pd) 

com?ared with 3400 cells (60 bplpd). While these data strengthen the association between AT 

and the senescent phenotype, they indicate that the involvement of the ATM gene in regulating 

telomere length and replicative senescent is Iikely to be complex. 

In Figure 3, we showed that the DNA binding activity of p53 protein increased during 

cell aging in the absence of a marked increase m the steady state level of p53 protein. Since 

certain AT strains have short telomeres and display accelerated aging in culture, we compared 

the DNA binding activity and steady state level ofp53 protein in the 3487C AT strain with its 

normal sibling strain 3492, at approximateIy the same popuIation doubhg. Enhanced DNA 

binding activity was evident in 3487C even though these AT ceb contain Iess p53 protein than 

the nomd sibling control 3492 (Figure 6B). These results indicate that the specific DNA 

binding activity ofp53 protein is higher in the 3487C AT strain than in the nonnal sibling 3492 
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strain. Increased DNA binding activity was similarly obsaved in 1937B AT cells compared 

with the age-matched, s~iling control 3400 cells (data not shown). These data support the view 

that ATM is involved in the regulation of telomere length and that the DNA binding activity of 

p53 protein is post-trandatiody activated in aging cells. 
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Egure 6 Analysis of replicative lifespan, telomeric DNA length, and DNA binding activity of p53 protein in AT HDFs. 

(A) Gctlomic DNA from 5 nonnd (lanes 1-5) and 5 AT strains (lanes 6-10 ) were digested with HinfVRral and telomeric DNA 

was detected using a y-%label~ed (C,TA& probe, The mean termind fiagment (TW) length was determined h m  

thcse data as desmi  in Matads  and methods, and arc indicated in @). 

(B) In the bottom panel, EMSAs were paformed with 5 pg of nuclear extract h m  an AT m * n  (34870 and its normal age- 

matched stiling (3492). NucIear extracts were prepared at PD 23 For both cell and were added to reactions containing 

end-labelled p53CON oligonucleotide and the ~ 5 3 - ~ f i c  antibody PAb421. Lane 1,3487C cell extract without anh%ody; 

lane 2,3492 cell extract; lane 3,3487C cell extwct The top pane1 represents a Western blot in which cell lysatcs (300 pg 

protein) were subjected to ~Icctrophoresis on an SDSpotyacrylamide ge1, transferred to a nitrocthlose membrane and 

subsequently blotted with DO4 antibody to detect p53 and o 0-tubulin control mtihody. 

(C) Mean TRF length of AT strain 2530 was m e a d  throughout its lifespan and compared with m age-matched normat 

control 3400. 

(D) Summary of data collected on normal and AT strains. 3 AT strains had shorter telomcres and were entering senescence while 

2 AT with longer telomcrrs continued to proliferate further before entering premature senescence (indicated by PD max). 



3.7 Hyperoria leads to accelerated telomere loss, hctional activation of p53 protein and 

premature senescence. 

The cellular lifespan of human diploid fibroblasts can be affected by the oxygen concentration at 

which the cells are cultured. Cells have an extended life-span under low nrygen conditions and a 

shortened life-span under high oxygen (Chen et al., 1995; Saito et al., 1995). In addition, 

telomeres of HDFs gown under hyperoxia have beea shown to undergo an acceIerated rate of 

shortening (von ZgIinicki et a[., 1995). We wished to determine if the association between 

shortened telomeres, p53 activation and senescence could also be demonstrated in cells grown 

under hyperoxic conditions. WI-38 and BJ cells were cultured under 20% oxygen or exposed to 

hyperoxyia (40% oxygen). W-38 and BJ cells were exposed to hypmxia at PD 27 and 57, 

respectively, and cuftmed under hyperoxic conditions for the duration of their Life-span. Both 

WI-38 and BJ cells lost teIomeric DNA at an accelerated rate under hyperoxia and entered 

senescence prematurely (Figure 7A). BJ cells lost telomeric DNA at a rate of66 bpfpd when 

grown at 20% O2 or at a rate of 486 bp/pd in hyperoxia (Figure 7A); W-38 cells lost teIomeric 

DNA at a rate of 70 bp/pd under nomd oxygen or at a rate of240 bp/pd in hyperoxia (data not 

shown). We then measured the relative level of p53 protein by Westem bIot analysis and the 

DNA binding activity of p53 by EMSA in cells gown under normal or hyperoxic conditions 

(Figure 7B,C). No~makation ofthe DNA binding valws to the Level ofp53 protein, reveded a 

13-foId and a 2-fold increase in the specific DNA binding activity ofp53 protein in WI-38 celIs 

and BJ celIs, respectively, upon exposure to hyperoxk Consistent with this finding, the amount 

ofp2I protein increased in hyperoxic cells to a level even higher than that seen in old cells 
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(Figure 7B). Together these d t s  indicate that hyperoxia leads to an accelerated loss of 

teIomeric DNA beyond the level which can be explained by the end-replication problem. The 

loss of telomeric DNA is associated with an increase in the specific activity of p53 protein, 

eIevation of p2 1 protein expression and premature senescence. 
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Figure 7 Hyperoxia leads to acceIcrated teiomcrt loss, activation of p53 protein and premature senescence. (A) I pg of 

HiflmRroIdigested gcaomic DNA h m  W-38 and BJ &Is under normorda and hyperoxia were resolved on a 05% agarose gel 

and subqently probed with a y+IafieIIed (C3TA& probe. Quantification of mean TRF length over the indicated PD range 

is shown for BJ cells under hyperoxio (dotted I i n t  nnd d i d  sq,) and under normal oxygen (solid line and open circles), The 

rate of TRF loss observed under normal oxygen was 66 bplpd, r = -0.82 and under hyperoxia, 486 bp/pd, r = -0 29. (B). 

Immuno-bIot analysis oQp53 (DO-I) and p21 (SC-187) protein in young WI-38 cells under normd conditions and hyperoxic 

conditions, and in old cells and nonnd conditions. (C) EMSA showing the increase in DNA binding activity of p53 for 

p53CON (p53 binding consensus sequence) in young and hyperoxic celk as desm'bed in Figure 3. Arrow I indicates the 

position of the supershithi band (D) Quantification of DNA binding activity of p!S under nonnal and hypaoxia. Values 

obtained by integration of supershifted band (band I) in Figurc 7C and normdizcd to the values obtained fmm quantification of 

p53 protein in Figure 78. 



3.8 PoIy(ADP-ribose) polymerase and p53 protein interact in vitro and vivo 

The senescence-associated activation ofp53 protein function seen in aging fibroblasts, AT 

fibroblasts and hyperoxic tibroblasts, may be analogous to the post-translational activation of 

p53 protein that is obswed in cells exposed to DNA darnaping agents. Modifying enzymes that 

are activated in response to DNA damage such as DNA-PK, SAPK and PARP have been shown 

to modify p53 protein in vitro (Anderson, 1993; Wesierska et aL, 1996) and hence, represent 

potential physiological activators of p53 protein during aging or after DNA damage. To 

investigate the interaction of p53 and PARP, p d k d  Ml length human p53 was mixed with 

purified full length PARP (Huletsky et al., 1989) The mixture was subjected to 

immunoprecipitation with CMl polyclond anticbody against p53, resolved by polyacrylamide gel 

electrophoresis and processed for Western blotting to detect p53 (with a mixture of PAb7 and 

PAb240 antriodies) and bound PARP (C2-10 antibody). The immunoblot presented in Figure 

8A shows that P A W  co-immunoprecipitated with p53. In order to map the region of p53 that 

interacts with PAW, several truncated forms of p53 protein were prepared and mixed with I1I 

length PARP for immunoprecipitationiWestern blot analysis. As shown in Figure 8B, both an N- 

temhd p53 hgment (amino acids 1-72) and a C terminal p53 fhgment (3 1 L-393), but not the 

DNA binding domain of p53 (82-292), were able to interact with PARP (although very weak 

binding was observed up on longer exposures). The binding with PARP was much stronger with 

the N-temdd fkagment ofp53. 

To investigate this interaction in vivo, cell extracts were prepared fiom the wiId-type p53- 

expressing human ceU h e  OCUAML-3 (Fu et al., 1996) and subjected to immunoprecipitation 
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with antriodies against p53 (PAb 180 I, PAb240 or PAb421) or PARP (3 18). The 

immunoprecipitates were resolved by polyacrylanide gel electrophoresis, proteins were 

transferred to nitrocelIdose membranes and probed with a mixture ofantibodies against PARP 

(C2-LO and 3 18) or p53 (PAb7). The feSuIts ofthis co-immunoprecipitation/TNestern blot 

anaIysis indicate that p53 protein and PARP form a complex in vim. Three antriodies directed 

towards diffamt epitopes of p53 co-immtmoprecipitated bound PARP (Figure 8C, top panel) in 

addition to p53 protein (Figure 8C, bottom panel), Moreover, in the reciprocal experiment, 

anticbodies against PARP co-immunoprecipitated bound p53. An extract prepared from the p53 

null ceII line SKOV3 served as a control. Although certain extracts used for this experiment 

were prepared fkom y-irradiated cells (2 Gy or 6 Gy) in order to increase the amount of p53 

protein and faditate detection of complexes with PARP, the interaction between p53 and PARP 

was also seen in non-inadated c e k  Ofthe 3 p53 anticbodies used, PAb 1801 was the least 

effective in co-immtmoprecipitating the bound PARP. One explanation for this observation is 

afforded by the peptide mapping experiments which revealed that PARP bound tightly to the N- 

terminal hgment ofp53. PAb l80 1 also binds to the N-terminus of p53 and could disrupt the 

interaction between P A M  and p53. AIternativeIy the interaction between p53 and PARP may 

prevent access of PAb I80 1 to its binding site, Two other antiiodies that recognize *topes at 

the N-tenninus of p53, DO4 and DO-? fded to co-immtmoprecipitate PARP (data not shown). 

Immunoprecipitation using Pab240 antibody against the DNA bmding domain of p53 revded 

that more PARP was co- immun~~pi ta ted  (Fig 8C). This indicates that the core DNA binding 

domain of p53 protein is most IikeIy not masked by PARF-p53 interactions- 

The PARPIp53 interaction was investigated fuctber using gef mobility shift experiments 
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to assay for p53-DNA binding activity to the previously described p53 binding sequence 

pS3CON. Nuclear extracts from young and old HDFs were incubated with p53CON. The 

binding reactions were supplemented with PAb421 or a m . e  of PAM21 aud 3 18 antiiodies. 

The r d t s  presented in Figure 8D show that p53-DNA complexes can be recognized and 

supershifted with antiihodies to p53 (band B) and that these supershifted complexes can be firrther 

shifted upon incubation with antibodies to PARP (band A). Inclusion ofthe PARP antiiody 

alone in the binding reaction resulted in a supershifted band with a mobility very similar to that 

seen with the PAM21 antibody (data not shown). These results confkm the existence in vivo of 

a p53-PARF complex with DNA binding activity* 
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Figure 8 Interaction of pS3 and PAW in vim and in vivo (A) [ n t d o n  of hIl length human p53 with PAW in vim, 0.5 pg 

of  p53 and PARP were mixed, incubated and subsapentiy immunoprecipitated with C'M 1 anhibody against p53 as descnied in 

Materials and methodsods Dnasel was added to ensure interaction did not depend oa DNA Intmune complexes weresubjected to 

immunoblotting with PAb7 and (2-10 to detect pS3 and PARP, nspectively. (B) Full length purified PAW was mixed with 

diffaeat purified fiagmcnts of p53 protein as  indicated md s u b j d  to ~unopmipi tat ion and immunoblotting with PA67 

and PAb240. DB (DNA binding domain, midues 82-292), N (residues f -72), C (residues 3 I t 393). (C) Interaction between 

PAW and p53 protein in viva. Cell extracts were prepared fibm untreated or y-Mated wild type p53 expressing cells 

(OCVAML-3) or p53-nuil cclk (SKOV3), I to 2.5 h after tresemu~t with a dose of 2 or 6 Gy. Froteins were immunoprecipitated 

with a n t i i i e s  against p53 (PAb 180 1, PAb240, PAM2 1), antiiodies against P A W  (3 18) or control IgG annidies  

fmrn~nop~pitated proteins were resolved by SDS-polyocry lamide gel electrophoresisr C r a n s f d  to nitraccllulose membranes 

and blotted with a mix of 0,-10 and 3 18 anawes specific for PARP (top) or with PAb7 mtl'bodies directed against p53 

(bottom). (D) Nuclear extracts wae prepared in low pH buff- h m  young and old cdk and mixed with 9-labelIed p53CON. 

The DNA binding reactions were suppIcrnartcd with PAM2 1 anti'bodics or a mix- of PAM21 and 3 18 antibodies, and 

analyzed on a native polyacrylamide gel (pH 6.8). (E) OCUAhdL-3 ceIk were incubated in the presence of 200 @A [Q or in 

DMSO (control) for 1 h prior to y-inadiation (2 Gy). 20 minutes after Wiation, a second equivalent dose of IQ was added to 

the cells that had rrceivcd IQ earlier. At different times aAa irradiation, ceil extracts were pnpand and sarnpies containing 400 

pg protein were subjected to sequential iinxnunoblotting with the following anhLbodies: PAb [ 80 I (p53), SC-187 (p2 l), 2A I 0 

(mW), and anti-9 tubulii 



3 3  Inactivation of PARP leads to utinction of pZ1 and mdm2 expression in response to 

DNA damage 

Ifthe interaction with PARP regdates the activity of p53 protein in response to DNA damage, 

then it is possible that inhibition of PARP leads to abrogation of p53-DNA binding activity and 

of the expression of down-stream targets ofp53. Cells irradiated with 2 Gy showed an increase 

in the amount of p53 protein and an elevation in the level of p21 and mdm2 proteins (Figure 8E). 

However, prior treatment of the ceUs with the specific PARP khicbitor 1,5-dihydroxyisoquinoIine 

(IQ), prevented the increase in expression of p2 1 and mdm2 after irradiation without affecting 

the acmdat ion  of p53 protein (a significant increase in the stability of p53 protein was 

observed in the presence of IQ after careful quantitation, data not shown). Treatment with IQ 

aIso diminished and delayed the increased DNA binding activity that is normally seen after 

irradiation (data not shown). This indicates that mechanisms involved in the accumdation of 

p53 protein in response to DNA damage are uncoupled from those affecting its activation. 

3.10 Inactivation of PARP and p53 leads to extension of Mespan in HDFs 

The demonstration that p53 is involved in celIuIar senescence coupled with the observation that 

PAW, an enzyme that is strongly activated by binding to DNA single or double-strand breaks, 

can associate with p53 protein in vivo, raises the question of PAW involvement in modulating 

ceIIuIar lifespan. PARP may sense DNA damage directly and relay the signal to p53 protein 

resalting in hctionaI activation of p53. One prediction ofthis model is that in the presence of a 

PARP Enhtcbitq p53 may not become activated, and celIs wodd have an extended lifespan, To 
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test this model, HDFs were treated with bhiibitors of PARP, namely 3-amino benzamide (3AB) 

having an ICSO of23 pM9 and the more specific f i i i t o r  1,s- dihydroxyisoquinoline (IQ) 

having an IC50 of 0.39 pM (Banasik et al., 1992). We recognize the possibility that these two 

inhibitors may target NAD-dependent eflzymes other than PARP. However, it has been shown 

previously that IQ has specificity for PARP in vivo and that it does not significantly change the 

NAD+ pool in vim (Shah et al., 1996). 3AB-treated cells showed a signiscant extension of 

cellular Lifespan as did the IQ-treated cells (Figure 9). It is evident in Figure 9D that there is 

significant variation in the cumulative number of doubhgs reached before senescence. We 

believe that this may be due to initid variation in the calculated PDs of the starting cell 

popdation. Pooling of the maximum PD achieved between different sources of WI38 could be 

responsible for the downward growth of the curves (Fig 9D). Removal of the PARP inhibitors 

led to restoration of normal Lifespan and subsequent senescence (data not shown). Hence, 

functional inactivation of PARP or fimctional inactivation of p53 (section 3.5) Ieads to a 

common phenotype, namely, extension of cellular Wespan. This supports the idea that PAW 

and p53 are both components o f a  senescence determining pathway. 





FTgure 9 Extension of celldar lifespan by PAW inhibitors. W-38 cells were grom in the presence of 100 prn IQ (A) or in the 

absence of IQ (8). 

Growth curves of W-38 cells incubated in presence ofdiffmt concrntrations of 3AB (C) or IQ (D). 



3.11 Discussion 

There is substantial evidence that cellular senescence is associated with elevated expression of 

the p2 1 Wm gene and with a decrease in the size of telomeres. The p53 nuclear phosphoprotein 

has also been implicated in senescence since it can activate expression of the p2 1 Wm gene by 

binding to the p53-responsive elanent within the p2 1 wm promoter. Moreova, the DNA 

binding activity of p53 has been shown to increase in aging fibroblasts, and disruption of p53 

protein hction has been reported to extend the proliferative lifespan of human fibroblasts. The 

data we present here extend these observations and demonstrate that binding of p53 to a 

physioIogically relevant binding site in the p2 1 WMi promoter increases in old celIs. We show 

that expression of the p2 I Wm gene in aging fibroblasts is regulated by p53 and by the 

transcriptional co-activator p3OO which was previously shown to regulate the p21 promoter 

independently of p53 (Missem et al., 1995). The increased p53dependent transcriptional 

activity of the IGF-BP3 promoter in oId cells (Figure SA) also provides an explanation for the 

upregulation of IGF-BP3 with cell age (GoIdstein et a[., 199 1). In agreement with previous 

studies we find that the steady state level of p53 protein does not change markedly as cells age in 

culture. These observations suggest that p53 protein is post-translationally activated in aging 

cells and that one of its functions is to control expression of p2 I WA". 

We and others have detected higher levels of p53 protein in old cells compared with 

young ceIIs when extracts were immtmoprecipitated with PAb I80 1 or PAb421 antiio&es prior 

to Wkstem blotting (Kulju and Lehman, 1995; Vaziri and Benchimof, 1996). Immrmo-bIotthg 

without prior immtmoprecipitation revealed similar levels of p53 protein in young and old cells. 
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These observations suggest that p53 protein undergoes a change in conformation during cellular 

aging that exposes epitopes at the tenni. of the molecule. The aItered conforation may have 

relevance with respect to the increased DNA binding (Figure 3) and transcriptional activity of 

p53 (Figure 5). 

In AT cells that have short telorneres and comeqpently reach senescence after fewer 

population doublings, we found that p53 protein had increased DNA binding activity compared 

with age-matched nomd controIs at the same population doubIing. These data are consistent 

with the results obtained with aging normal fibroblasts and demonstrate an association between 

the DNA binding activity of p53 and cellular lifespan that is independent of p53 protein level. 

Amongst the 5 AT fibroblast strains examined, we found heterogeneity with respect to 

telomere length. 3 strains had short telomeres and senesced premahaely while two strains with 

longer telorneres at the time of analysis displayed a higher proliferative capacity in cuIture. 

Nevertheless, these strains had an accelerated rate of telomere shortening and underwent 

premature senescence. These data are consistent with the idea that the ATM gene pIays a role in 

determining ceMar Iifqan. However, the involvement of ATM in regulating tetomere length 

is IikeIy to be complex. 

A number of studies have concluded that the p53-dependent DNA damage response is 

defective or attenuated in y-irradiated AT cells (Kastaa et al., I99 I; Lu and Lane, 1993). It may 

not be appropriate, however, to compare the acwtyof p53 protein in response to y-irradiation in 

AT and normal cells, or even the radiosensitivity of AT ceIIs with normal cells. AT cells have a 

shorter lifespan than normal cells and, hence, at the time ofandysis, these cek wilI have 

completed a fm greater proportion of their total lifespan than normal celIsS AT ceh may be 
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approaching the end of their proIiferative Iifespan while normal cells at the same population 

doubling wi l l  still retain considerable proliferative potential. It has been shown, for example, 

that the radiation sensitivity of normal fibroblasts codd change with age in culture (HoIIiday, 

1991). 

Treatment of cells with hyperoxia r d t s  in premature senescence and an accelerated rate 

of telomere shortening that cannot be accounted for by the end replication probIem associated 

with the inability to fulIy replicate DNA at the ends of chromosomes during each round of DNA 

replication. Premature senescence resulting fiom hyperoxia, like the premature senescence seen 

in AT fibroblasts, is associated with shortened telomeres and with the post translational 

activation of p53 protein. 

We provide several lines of evidence to show that p53 and PARP interact: (i) binding 

occurs in vibo using purified components, (ii) binding in vivo can be demonstrated by co- 

immunoprecipitation of PARP using 3 antibodies against distinct epitopes ofp53, and by co- 

immtmoprecipitation of p53 with an antibody against PAW, and (iii) PARP can be detected on 

p53-DNA complexes by antibody supershift experiments. An association between p53 and 

PARP in vitro was recently reported (Wesierska et al., 1996). Chemical inhiiition of PARP 

activity with L,S-dihydroxyisoquinoline r d t e d  in the abrogation ofthe p53-mediated induction 

of p2 I and mdm2 expression that is normally seen in y-irradiated cells. Our findings are 

consistent with the observation that the p53 response to DNA damage is defective in cells with 

PARP deficiency (Whitacre et al., 1995). These data indicate that the interaction between PARP 

and p53 is for p53 function in response to DNA damage ~~. While p53 activity was 

disrupted by the ~ i i t i o n  of PARP activity, the accumdation ofp53 protein in response to 
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irradiation was not greatly affected. This provides compelling evidence that the accumulation 

and activation of p53 protein in response to irradiation represent separate events that can be 

completely uncoupled in one direction. PARP activity is required for p53 protein activation but 

is dispsable  for p53 p t e e  aamnulation. 

Since PARP is known to become activated in response to DNA damage, it is possible that 

PARP acts as a DNA damage sensor that relays the telomere loss signal to p53. To investigate 

the presumed involvement of PARP in senescence, we rendered cells deficient m PARP activity 

through the use of two chemicaI inhiiitors, 3-aminobenzamide aad 1,s-dihydroxyisoquinoiisle. 

Both inhriitors were effective in exteading cellular lifespan. We conclude that PARP is involved 

in ceDuIar aging. Hence, inactivation of at least two proteins, p53 and P A W  Leads to a similar 

phenotype, namely extension of celIular lifespan. These findings suggest a model in which 

PAW, in response to the DNA ends which accumuIate in aging cells, possibly as a consequence 

of &centric chromosome breakage, activates p53 protein (Figure LO). 

The p53-PAW interaction may affect p53 protein hction in at Ieast two ways. First, it 

is possible that p53 is ADP-niosylated by PARP in response to DNA damage or cellular aging. 

ADP-nibosylation may be the mechanism through which p53 protein is post-translationally 

activated in aging celis or in cells that have seed DNA damage. Inhibition of poly (ADP- 

ribose) synthesis would prevent the activation of p53 and hence, no mdm2 or p21 expression 

would be triggered. In a second, alternative model, PARP may regulate p53 hct ion in the 

absence of e~lzymatic modification. PAW is known to bind tightly to DNA ends and strand 

breaks, and requires automo~cation (ie ADP-riiosylation) for release from DNA. Binding of 

p53 to PARP at such sites will simiIarIy semester p53 and prevent it h m  acting as a 
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transcriptional factor. The addition of art inhibitor of p l y  (ADP-ri'bose) synthesis wilt prevent 

the release of PARP and associated proteins such as pS3 fiom the DNA ends. Under these 

conditions, p53 would be incapable of promoting transcriptio~~ Further expximents are needed 

to determine which of these two models is correct It will be important, for exampIe, to 

determine ifp53 protein is ADP-riiosylated in vfvo. 

Mice deficient in PARP activity have been generated (Wmg et a[., 1995). These mice 

are born healthy and fertile. However, the proliferation of primary embryonic fibroblasts in 

c u b e  was impaired and the proliferation ofthymocytes in vbo following y-irradiation was 

delayed. While the n o d  lifespan of these mice may seem to be at odds with the model 

presented in Figure LO, we believe that it is inappropriate to compare the Iifespan of inbred mice 

having long teiomeres in excess of 100-kb with that of human cells which have much shorter 

telomeres. It shopld be noted in this context that PAW activity is positively correlated with the 

Iife-span of various species ( h b e  and Bmkle, 1992). PARP activity may be dispensable in 

animals with short Life-span. 

In summary our results provide a mode1 for events which lead to activation of the genetic 

program of cellular aging and identifil several key moIecuIes involved in the pS3 pathway for 

gruwth arrest Knowledge of the moIecuIar mechanisms involved m cell aging will be important 

for W e  drug design to extend the Iifqan of norma1 cells for therapeutic intervention and 

treatment ofagiag-associated diseases. Furthermore these studies have reIevance for the 

therapeutic eradication of immortd tmnor ceils through the reinitiation of the senescence 

pathway. 
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3.12 MaterMs and methods 

Cell c u b e  and transfeetion 

Cells were grown at 37OC m a humidified atmosphere of 5% C 4  in air. All cells were cultured 

in a-minimal essential medium supplanented with 10% FBS, except for AT strains which were 

grown in 20% FBS. Subcoduent cuitures were split 123 in early passage and I :4 or I :2 in mid 

to late passage, using 0.25% trypsin/EDTA. Phosphate buffered saline (PBS), contained no 

calcium or rnagnmCum. The normal HDFs used in this study included: MRC-5 (ATCC), WI-38 

(ATCC); S LC (age 45 y), FI (age 26 y), P4 (age 12 y), F28 (age 8 y), and BJ (fetal foreskin). The 

3400 (age t I y) and 3492 (age 7 y) cells were obtained fiom the Coriell Institute. The following 

AT strains wae obtained h r n  the Coriell lnsttttute: 1937B (age 24 y), 3395B (age I3 y), 3487C 

(age 8 y), 2530 (age 8 y), and 2052B (age 15 y). The 2675T and 2800T fibroblasts strains were 

derived frmn members of a Li-Fraumeni syndrome family and were kindly provided by Dr. M. 

C. Patason (University of  Alberta). OCWAML-3 is a wild-type p53 expressing cell h e  

estabhhed fkom the primary blasts ofa patient with acute myefogenous Ieukemia (Fu et a&., 

1996)- SFI is an SV40 immortalized HDF ceII he. 

Cells were defined as being young if they had compteted GO-40% of their fifespan and 

as being old if they had completed >85-900/a oftheir Wespan. Senescence was defined as the 

inabaty to divide over a three weak period. FACS adysis by PI staining and BrdU pdse 

Iabebg was used to confirm that old c e k  were arrested at the 011s and G2/M boundaries as 

descriied previousIy (Sherwood et al., 1988). 
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Tnmsfdon experiments were carried out by eiectroporation (to generate stable clones) 

or by the DEAE dextran method (KriegIer, 199 1) using triplicate 10cmz dishes per plasmid DNA 

for -ent expression studies. For eIecfrOporation, HDFs, when 70% conflueat, were 

trypsynized, washed in PBS, collected and mixed with the appropriate plasmids: p2 1 P-luc, 

p2iAP-luc, or pSV2-E6 (20 pg) in combination with pSV,neo (2 pg). CeIls were electroporated 

using a Bio-Rad gene pulse at 150-300 V, 960 p. CeIls were selected in media containing 400 

pg/ml of 0 4  1 8 and clones were isolated using cloning rings. 

For inhibition of PAM, varying amounts of 3-aminobenz~de (Sigma) (0,10 j M ,  100 

pM and 1 mM) or 1,5dihydroltyisoquinoLine (Aldrich) (0,O.O 1 pM9 1 pM, 100 pM) were added to 

the cells which were plated at a density of 1@ cells per cm2 in 6-well plates. 

Hypeoxr'c conditions 

A tri-gas water-jacketed incubator from Forma Scientific (Model 3327) was used for the 

culturing of cells under hyperoxia BJ and W-38 cells were exposed to hyperoxia (40% oxygen) 

at 50% confluency at PD 57 and 27, respectiveIy. After several weeks in culture, the BJ and 

WI-38 cells stopped dividing at PD 60 and 32, respectively. Control cells were maintained under 

normal oxygen conditions. CeIIs were grown in DMEM-MI99 medium supplemented with 10% 

FBS and Gentamycin (50 m@). Cells were re-fd weekty and split 1 2  upon achieving 

confIuency. 

Pllzmnid coll~n~ctlr 

AU plasmids were purified w h g  Qiagen columns aud quantified by a fluommeter (Turner Mode1 
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450) used within the linear range. A 2.4 kb DNA firagment derived fkom the endogenous human 

p2lWm promoter present in the plasmid wwpluc (EI-Deiry et al., 1993) was digested with 

Hindm and subcloned in the H i n m  site of the pGL3Basic vector (Promega) in the correct 

orientation to generate p2 1P-Iuc. p2 l AP-Iuc was constitrcted by digestion of p2 I P-luc with Sad 

which cuts once within the p2I w* promoter at the extreme 5'-end and once within the 

polylinker of the vector followed by religation of the plasmid. The plasmids were sequenced 

and the deletion of a 72 bp f'ragment in p2IA.P-luc containing the p53 consensus binding site was 

confirmed. The pGL3-control vector expresses Iuciferase under control of the SV40 promoter. 

CMV--53, p53Ala143, p53T-75 are plasmids containing fidl Iength p53 cDNA under 

control of the CMV promoter. pSV2-E6, pSV2-E?, pSV2-E6R7 contain genes derived from 

HPV-I6 under control of the SV40 promoter (Watanabe et al., 1989). pLEU520 expresses wiId 

type ElA; dl1 101 and dl1 143 express EIA deletion mutants competent for binding to pRJ3 but 

unable to bind p300; d l  108 expresses a mutant EIA protein which binds to p300 but is unabIe 

to bind pRB (Barbeau et al., 1994). 

Plamrid construction andpurr~cattbn of h u m p 5 3  proteinsThe nucleotide sequences encoding 

residues 1-72,82-W2,3 11-393 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 Tinker containing an enterokinase 

cleavage site and a His-Met dipeptide immediately N-t& to the p53 sequence. Eschmkhia 

cofi BLX(DE3)-@Lys-S) harbouring the desired plasmid were grown in 2-litre batches of Lrrria 

broth at 37OC @53: 1-72 and p53: 3 11-393) or ZS0C @53: 82-292) and protein productrctron was 
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induced with ImM isopropyl-thiogalactose at an optical density (600 nm) of 0.6-0.7. Three 

hours post induction, cells were hatvested by centrifugation at 6000g for 30 r n h  His-tagged 

proteins were purified h m  ceiI extracts by Nickel affinity chromatography and didyzed for 24 h 

at 4OC against 4 Litres of buffer (25 mM sodium phosphate, I00 mM NaCl, pH 7.0 or 7.4) using 

Spectra/por 3000 molecular weight cut off dialysis membrane- Protein concentrations were 

determined spectrophotometrically using the appropriate theoretical extinction coefficient. 

Electrophoretic mobility shift assays (EM&) 

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 NaCl, 1.5 mM MgCI, 5 m M  EDTA, 0.1 % 

NP-40,2 rnM Pefabloc ( B o f i g e r  Mannheim), 70 pg/ml a p t b i n ,  50 pgfml leupeptin). The 

nuclear pellet was resuspended in buffs B (same as  buff= A except for 100 mM NaCl, L% NP- 

40). The mixture was kept on ice for 15 min, spun and the supernatant was used immediately. 

The binding reaction contained 0.1 pg of PAM2 1.1 pg of poly(cU-dC), 5 pl of nuclear extract (4 

pg of protein), 3%abeI.led double-stranded p53CON ~Iigonucleotide (1V c.p.m.) containing the 

p53 consensus binding site (Funk et al., 1992), shown underlined 

(GGATCCAAGC'ITGGACATGCCCGGCCATGTCCCTCGAGGC) in a final 

concentration of 100 mM NaCI, 5 m M  EDTA, 20 m M  Tris pH 7.4. A fill-in reaction was used to 

Iabel the oIigomcIeotide using Klenow DNA PoIymerase, a-32PdCTP and the antisense 

oligonucIeotide (GGATCCCTCGAG). In some expaiments a competitor oligonucleotide of the 

same base composition and length as p53CON was wed. The reactions were incubated at mom 

temperature for 20 min and sampfes were anaIyzed on a 4% n~~deoattning polyacrylamide geI 
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run at 200 V for 3 h. Gels were dried and exposed to a Phosphorhager screen for 3-5 days. 

Supershifted bands generated within the linear range of the DNA binding assay were quantified 

on a Phosphorhager (Molecular Dynamics) using Image Quant software. 

Immunoprecipiitation. Western blot analjsk and immunohirtochm3try 

Cells washed on ice with PBS were lysed either in Iysis buffer C (1% NP-40,150 m M  NaCl, 20 

m M  Tris pH 8.0,2 m M  Pefabloc (Boehringer Mannheim), 70 pglml aprotinin, 50 pgid 

leupeptin, pepstatin A 20 pg!ml, 500 mM EDTA) or SUG b s k r  (3% SDS, 125 mM Tris pH 6.8, 

6% urea, LO% glycerol and all of the above protease inhibitors). For immunoprecipitations, 

Iysates (I mg) prepared using lysis buffer C were mixed with one of the following antiiodies: 

PAb 180 1 (human p53-specific); PAM2 1 (panspecific p53); SC-I87 @21-specific antibody); 3 18 

(PARP-specific poIyclonal antibody). The immune complexes were collected with LOO p1 of 

protein G-sepharose beads (Phannacia). For analysis of PARP, the samples were subjected to 

sonication for 20 sec prior to immunoprecipitation. Protein quantification was performed using a 

modified Lowry assay (Sigma). An equal volume of 2X protein sample buffer was added to ceII 

extracts adjusted to contain eqaivalent amount 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, PAb I801 or PAb7 antriodies (Oncogene Science), 

CM1 is a poIyclonaI rabbit antibody raised against human p53 (Dimension Labs). PARP was 

detected using C2-10 monocIonal antibody. The protein-anhibody complexes were detected 

using an ElRP-conjugated secondary antibody using the sapet-signaI enhanced 

chemilrnninescence system merce). 
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p2 I protein was detected by immunohistochernistry using the Vectastain ABC kit 

(Dimension Labs) as suggested by the manufacturer. In brief, celIs were fixed with 70% ethanol, 

blocked with 5% horse sennn, washed with PBS containing 0.05% tween 20. Af€er incubation in 

a 1200 dilution of SC-187 primary antiiody (Santa Cmz) for 30 min, cells were incubated with 

a biotinyIated secondary antibody for 10 min and treated with 3% H202 for L min. 

Luciferase assay 

CelIs were lysed 72 h after transfection with p2 IP-luc or p21AP-luc and the protein content of 

each extract was detemined- Luciferase activity was measwed using the ~~~~~e assay reagent 

(Promega). Light emission over a 30 sec interval was measured in a Berthold LB 9507 

luminometer. A modified Hirt procedure (Matsuoka et al., 1990) was used to extract plasmid 

DNA fiom cells. Linearized plasmid DNA was nm on a 0.8% agarose gel; the gel was dried and 

subseqyendy probed with a y-9-end labelled oligonucleotide 

(S'AnACCAGGGATITCAGTCG) specific for the Iucifaase coding sequence. Band 

intensities were quantified on a Phosphorhager (Molecular Dynamics) to provide an estimate of 

relative pIasmid copy number in the transfied ceDs and hence, a measure of transfagon 

efficiency. This is p r e f d  over co-transfedion with a p-gal vector, for example, for several 

reasons: endogenous p-gaI activity m HDFs increases with age @imri et al., 1995); 

measurement of P-gal activity provides only an indirect measure oftraasfection efficiency; and 

p53 is known to moddate the activity ofa Iarge number of  different promotas in co-transfedon 

experiments. The RLUs (reIative Iight units) obtained fiom the Iuciferase assay were normalized 

for differences in traasf~*on eficiency in this way. 
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Isolation ofDNA. SSCP maiysi;s, and measurement of telorneric DNA length 

CelIs were washed three thnes in PBS. Cell pellets was resuspended in proteinase K digestion 

buffer (100 mM NaCI, 10 mM Tris pH 8,s mM EDTA, and 0.5% SDS) containing proteinase K 

at a £id concentration of 0.5 mgM. After incubation at 48OC overnight, the DNA was 

extracted once with phenolichloroform/isoamyl aIcohol(25:24:1) and once with chloroform. 

DNA was precipitated with 95% ethanol and dissolved in TE (10 mM Tris pH 8, L m M  EDTA 

PH 8)- 

DNA (10 pg) was digested with Hi' and RraI (20 U each; BRL), extracted as described 

above, precipitated with 95% ethanol, washed in 70% ethanol, resuspended in TE and quantified 

by tluorometry using a Turner model 450 fluommeter. One pg of digested DNA was resolved 

by electrophoresis on a 0.5% agarose gel poured on a Gel bound membrane (FMC Bioproducts) 

and nm for 700 V-h. Gels were dried, denatured, neutralized and probed with a y-nP-5'-end 

labelled (CCCTA& oligonucleotide as described (Vaziri et al., 1993). Gels were exposed to a 

PhosphorImager screen and the hybridtiation signaIs were digitized and subdivided into 1-kbp to 

21-kbp, for calculation of the mean TRF length Q by using the formula L = 1 (ODi*L.,)/EODi, 

where ODi = integrated photon signal in interval i and L,=TRF length at the midpoint of interval 

1, 

SSCP aaalysis of p53 genomic DNA on Li-Fraumeni cells was performed as previousIy 

desmcbed (Mitsudomi et ai., 1992) in young cells and during senescence and crisis. 
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Overview of Chapter 4 

The second part ofthe hypothesis proposed in chapter 2 predicted that ectopic expression of 

telomaase in normal human ceils should lead to extension of celIular We span. We tested this 

hypothesis by forced expression of the cataLytic domain of telomerase hTERT gene in normal 

human fibroblasts. Consistent with the telomere hypothesis and our own mode& we were able to 

extend telomere length and increase the ceIIdar life span significantly. The results of these 

experiments are presented in rhe next chapter. This chapter has appeared elsewhere as: Vaziri, H 

& Benchimol, S. YReconstitution of telomerase activity in normd human cells leads to 

elongation of telomeres and extended replicative life span (1998). 

Current Biology, VoL 8,2 79-282. 



Chapter 4 

Reconstitution of telomerase activity in n o d  human cells and life span extension: 

'%videnee for the telomere hypothesisn 



N o d  somatic celIs have a finite life-span (HayfIick and Moorhead, 196 1) and Iose telomeric 

DNA present at the ends of chromosomes each time they divide as a hction of  donor age in 

or in culture (HatIey et aI., L990; Hastie et d., 1990; Vanii et al., 1993). In con- many 

cancer cells and cell hes established fiom tumors maintain their telomere length by activation of 

an RNA-protein complex called telomerase, an enzyme originally discovered in Tetrahymena 

(Greider and Blacbum, 1985), that synthesizes telommc repeats (Counter et d., 1992; Kim et al., 

1994; Morh, 1989). These findings led to the formation of the '?elomere hypothesis9' which 

proposes that critical shortening of tetomeric DNA due to the end-replication problem 

(OIovnikov, 1971) is the signal for the initiation of cellular senescence (Harley, 199 1; Harley et 

d., 1992). In yeast the Est2 gene, the catdytk subunit of telomerase, is essential for telomere 

maintenance in vivo (Counter et al., 1997; Lendvay et d., 1996; Lingner et d, 1997). The recent 

cloning of the cDNA encoding the catalytic subunit of human teiomerase hTRT/hEST2 

(Meyerson et al., 1997; Nakarnura et al., 1997) makes it possible to test the telomere hypothesis. 

In this study we expressed the catdytic subunit of human tefomerase hTRTmEST2 m normal 

human diploid fibroblasts, which Iack telomerase activity, to determine if telomaslse activity 

could be reconstituted leading to extension of repIicative lifespan. Our results show that 

retroviral.-mediated expression ofhTRTIbEST2 resulted in functionid teIomerase activity in 

n o d  aging human ceUs- Moreover, reconstitmion oftelomerase activity in vivo led to an 

increase m the Iength ofte10meric DNA and to extension of cellular We-spm These findings 

provide direct evidence m suplport of the telomere hypothesis, indicating that telomere length is 
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one factor that can determine the replicative Hespan of human cells. 



4.2 Reconstitution of telomerase activity, ielomere elongation and extended life span 

hWhEST2 cDNA was subcloned m both sense and anti-sense orientation in the retroviral 

vector pBabe under the control of the promoter present in the Moloney murine leukemia virus 

LTR (Morgenstm and Land, 1990). The plasmids, pBabe (viral backbone alone), pBabest2 

(sense hTERT virus) and pBabest2-AS (antisense hTERT virus), were transfated into the 

packaging cell line Phoenix-E and viraI supernatauts were harvested. The normal human diploid 

fibroblast strain BI, previously transfected with the ecotropic virus receptor gene (Albritton et al., 

1992), was infected with viral supernatants (moi = 4) at approximately PD (population doubling) 

75-79 . These cells have approximately 10-15 PDs remaining before reaching senescence. 

Colonies resistant to both G418 and hygromycin were selected, isolated with cloning cyhders 

and expanded. BJ cells like other fibroblasts do not normally have telomerase activity O(im et 

d., I994), but they do express the RNA subunit (hTR) of the telomenlse compIex (Nakamm et 

aI., 1997). We reasoned, therefore, that BI cells, which normally reach senescence after 87-90 

PDs represented a suitable recipient cell strain m which to express hTRTmEST2, reconstitute 

telomerase activity* and to test for elongated telomeres and extended We-span. 

pBabe and pBabest2-AS viras-infected BJ cells formed sparse and smaller colonies (Figure 1 I 

a,b). In contrast, pBabest2-infected cells gave rise to many larger colonies (Figure 1 LC). 
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Figure I1 Colony forming ability of BJ d s  infccted wirh retroviruses encoding the human tdomaasc cataIytic subunit, 8J 

cetls inficd with pBabcst2-AS (A), pBabe (B) or p B W  (C) were ccpIafcd and selected in G418 and hygromycin- Cefk 

were fixed md stained with mcthykne blue to detect colonies, The toad number of colonies (containing r 400 cefIs) in 

duplicate dishes was pBabest%AS, 11-145; pBabe, ~3 I; pBabest2, ~ 2 4 4 .  



Ten drug-resistant colonies, each consisting of approximately 250-350 cells, were isolated fiom 

each of the infected d t m s  and expanded. In this secondary plating assay, none ofthe 20 

colonies derived from the pBabe or pBabeStrt-AS infected cultures were capable of dividing 

sufficiently to reach confluence even after 14-20 days. These cells appeared to have reached 

senescence after an estimated 87-90 PDs on the basis of increased cell size, failure to divide and 

increased endogenous p-galactosidase activity (Figure 12b,c) @imri et d., 1995). 

In contrast, 9 of 10 colonies obtained fhm the pBabest2 infected cultures reached confluence in 

the secondary plating assay. To test for extended proWerative potentid, single cells were 

isolated by limiting dilution Eom the 9 Surviving cIones and grown in a tertiary plating assay. 

These cells have now been in continuous culture and have reached a minimum of 1 I6 PDs (Table 

1). The mean PD number for the I0 pBabest2 infected clones was 28 PDs higher than the 20 

control clones (pcIO-5 by student's T test). No evidence of P-galactosidase activity has been 

detected in these dividing cuItures (Figure 12a). To date these cultures show no sign of  

senescence and continue to divide. These cells so far show no sign of aneupIoidy, and like 

normal fibroblasts they growth amst m response to Iow serum and undergo contact inhibition at 

high density (data discussed in next chapter). 





Figure l2 Endogenous 8-gaiactosidiw activity in BJ cells infected with retroviruses encodiag the human telomerase catalytic 

subunit and controls, (A) Celts were infected with thesense pBabest2 and assessed at PD 1 17, (B) infected with pBabest2-AS 

and assessed at= PD 87, (C) infected with pBabe and assessed at =PD 87, 



BJ cIones idiected with pBabest2 virus had reconstituted telomaase activity detected by the 

TRM assay (Telomere Repeat Amplification Protocol; telomeric repeats synthesized by 

telomerase are PCR amplified and resolved) (Figure 13), or by the conventional primer extension 

assiy (data not shown), whereas BJ cells infected with pBabe or pBabest2-AS had no detectabIe 

activity (Figure 13). Reconstitution of telomerase activity has also been observed in other 

telomerase-negative ceUs (Weinrich et aI,1997). We refer to the pBabest2-idiected cIones as 

TIELF cells for felomerase induced gxtended life-span human firoblasts. TIELF cells 

continuousIy expressed telomerase activity over time at PD 1 1 1. PD 1 17 and PD 123 (Figure 13). 

Extracts prepared &om varying numbers of cells indicated that the level of telomerase activity in 

the TIELF cells was comparable to that of the established, adenovirus5-transformed human cell 

line 293 (Figure 1 3). TeIomerase activity was sensitive to RNase and heat treatment (Figure 1 3). 





Vigare 13 Reconstitution of teiomemse activity in BJ human dipIoid fibroblasts- TRAP assays were perfarmed as d e s c r i i  

mowIy (Kim and Wu, 1997). Lane I, RNasetreated 293 cell extract d n g  as a negative antral; lanes 24,293 cel1 

extmfs corresponding to I OS, 164,1@, and 10f cells, rrspccnirely; lane 6, RNasetreatcd TlELF cell extract; lanes 7-9, cell 

extracts derived tkom i@ TIELF ceik at PD I 1 I, PD t I7 and PD 123, respcctivcIy; Iane LO, TIELF cell exma heated at 80°C 

for 3 minutes; lanes 1 1 - [ 2, cell extract conesponding to t 00 or 50 TIELF ceib at PD 123; fanes i 3- t 4, cell extracts 

corresponciing to t @ BJ cells infected with pBabest2-AS and pBabc vim, mspectively. 



TeIomere length was measured using the tennind restriction iiagment length assay as 

desm'bed previousIy (Vaziri et d., 1993). Genomic DNA was extracted from BJ cells and fiom 

two independent TIELF clones at several PDs and the mean TRF length was determined. As 

expected, control BJ cells lose teIomaic DNA with each population doubling at a rate of -76 

bpfpd (Figure 14 a,b), similar to what we reported previously in these cells (Vaziri, 1997). 

However, TIELF I and TIELF2, two clones derived from pBabest2-infected BJ cells, acquired 

very long telomaes rapidly in the initial expansion phase and continued to elongate with 

increasing PD numba; the appmxhnate rates were +40 bp/pd and +94 bp/pd in clones TIELFl 

and TIELF2, respectively (Figure 14 a,b). An increase in the size and intensity of the TRF signal 

from these two clones is evident on the Southern blot shown in Figure 14a 



Mean TRF Length (kbp) 



Figure 14 Andyais of telomeric DNA (TRFs) in BJ and BJ datatved TIEtF cells, Genomic DNA, purified by DNAzol (BRL), 

was digested with HinfI and Rsai, qyaatitated in triplicate by fluommetry and I pg of DNMane was resolved on a 05% agarose 

gel, A y-9-end labelled (CSTA2)5 pmbe was used to detect and measure the Iength of telomecic DNA as previously d e s c r i i  

(Vazin' et ai., 1993). (a) Lana 1-2, DNA size mark- lmes 34, blank; lane 5, young BJ cells at PO 29; lane 6, BJ cells at P D  

51; Iane 7, old RJ cells at PD 87; lanes 8-1 1, TIELF cells with increasing PDs as indicated; Iane IZ, BJ ceIk infected with 

p B a W - A S  and pBabe at =PD 50-55, (b) Quantitative analysis of telomeric DNA in normal BJ cells and the 'CLEM ceIls. 

Normal BJ cells lost telomeric DNA at a rate o f  -76 bp/pd (solid circles), F -0.98. Two TIELF cell cIones increased their 

telomerc length at a rate o f  +94 bplpd (cross), F 0.98, and +4O b@pd (black diamonds), r= 036. 



4 3  Discussion 

Our results provide direct evidence for the telomere hypothesis. They show that forced 

expression of hTRT/hEST2 cDNA in normal human cells results in telomerase activity, 

elongation of teIomere Iength and an extended lifespan. Thus, normal human cells can bypass 

the Hayflick limit and increase their repIicative Lifespan upon expression of telomerase activity. 

It is notable that the length of telomeric DNA was not merely maintained but increased in TIETIELF 

cells. After submission of this work, similar resuIts were rqorted (Bodnar et al., 1998). In 

contrast to this study in which younghid-Iife cells were used to extend life-span, our study used 

older cells that had completed 80% of their lifiespan and hence, demonstrates that senescence can 

be prevented even in old cells. Our results are reminiscent of studies with germ cells, which, 

unlike somatic cells, express telomerase activity, have Long TRFs (= I5kb) and show a net 

increase in the Iength of the telomeric DNA with age (AUsopp et d., 1992)- It is possibk that 

expression of telomerase in normal human cells might be associated with processes related to de- 

differentiation and could lead to generation of cells with the stem cell property of indefinite self 

renewaI. TCUF cells codd replace genetidy unstable, established cell Lines currently used in a 

wide variety of appIications. Ectopic expression of telomerase in normal cells may be 

s n c c e s s ~ y  used in gene therapy to increase the lifespan of cells carrying the desired transgene. 

Similar approaches can also be used for treatment of aging-related diseases and cancer. 



4.4 Mate- and Methods 

Cell culture 

The neonatal human fibroblast cell strain @J) attained a maximum Life-span of approximately 

87-90 PDs under our conditions. BJ cells with or without the ecotropic receptor (mCATI) gene 

were grown in a-minimal essential medium supplemented with 1 0% FBS. Older cells were 

grown with 15% FBS. Cells were split at a 1 :4 or 1 :8 ratio at early passage or at a 1 2 ratio in 

later passages. PBS contained no calcium or magnesium. Plating efficiency for BJ cells was > 

90%. PD# was calculated by the count/split method or as PD= Log ( N p O ) L o g ,  where N, is the 

find ceU number and No is the initial number of seeding cells 

Retroviral infetition 

The retrow constructs were packaged using the highly efficient and heIper-free cell Iines 

Phoenix-A and Phoenix-E (ATCC). Packaging cells were transfied when approximately 80% 

confIuent. Phoenix celIs were incubated in 25 pM chloroquine 5 minutes prior to transfection 

with LO pg of retroM plasmid DNA by the calcium phosphate technique. 72 hrs post- 

traasfection, the virus-containing medium was colIected and the virus titre determined using 

NIH3T3 cells. Titres of 2-4 x lo6 T U / d  (Tmducing were obtained- BJ cells were 

infected in the presence ofpolybrene (4 pg/ml) using viraI supernatants at a moi = 4. Throughout 

this work the transfection efficiencies were monitored by a CMV-EGFP construct, 

BI cells were incubated for 20 hrs at 32OC in virus-containhg medium. Fresh medium was 

added and the cells were incubated for a m a 2 4  homs in virus-k medium prior to 
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tcypsinization and plating in medium supplemented with G4I8 (400 pg!d) and Hygromycin 

(20-50 pg/d). Drug resistant colonies were isolated with cloning rings approximately 2-3 

weeks later. 
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Overview of Chapter 5 

In the previous chapter I showed that telomere elongation leads to extension of H e  span in 

normal cells. The model descriibed in chapter 2 predicts that ectopic expression oftelomerase m 

normal cells should overcome the recpire~ent for alteration of check point control genes 

involved in the senescence arrest A corollary of this mode1 is that extension of life span by 

telomerase should not cause aIteration of normal checkpoint controls. In this chapter, evidence is 

provided that TIELF cells are chromosomally stabIe and have an intact GL checkpoint in 

response to DNA damage. Moreover, TIUF cells have a normal ability to join double strand 

DNA breaJa in response to ionizing radiation and are not tumorigenic. These resuIts are 

consistent with the model proposed in chapter 2. 
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Chapter 5 

Characterization of telomerase induced 

extended Life span fibroblasts 



5.1 Abstract 

Life span determination in normal human ceUs may be regulated by nucleoprotein structures 

cded telomeres (Harley, 199 1), the physical ends of eukaryotic chromosomes (Blackbum and 

Gteider, 1995). Telomeres have been shown to be essential for chromosome stability and 

kction (BIackbum and Greider, 1995) and shorten with each cell division in normal human 

cells in culture (Harley et aI., 1990) and with age in viw (Msopp et al., 1992; Harley et al., 

L99O; Hastie et al., 1990; Vaziri et d., 1993). Reversing telomere shortening by forced 

expression of telomerase in normal cells has been shown to extend replicative life span (Bodnar 

et al., 1998; Vaziri and Benchimol, 1998). This is associated with generation of unusually long 

telomaes (Bodnar et aI., L 998; Vadri and Benchimol, 1 998). We present data which suggests 

that telomere elongation in normal human cells by forced expression of telomerase does not lead 

to chromosomal instabiIity. These cells are not tumorigenic, they have normal radiosensitivity 

and DNA break rejoining activity, and they display an intact GI checkpoint in response to 

ionizing radiation. Thus forced expression of telomerase in normaI human cells does not lead to 

genomic instability. 



5.2 introduction 

Telomeres, the nucIeoprotein structures which protect the ends of eukaryotic chromosomes are 

composed of tandem repeats which are maintained by telomcrase, an RNA-protein complex 

which synthesizes telomaic repeats de now. Vertebrate chromosomes terminate in tandem 

repeats of (TTAGGG)), (Moyzis et d., 1988) which are bound to a unique family of telomere 

binding proteins (Chong et al., 1995). Due to incomplete replication of the DNA termhi 

(OloMikov, L 97 1 ; Watson, l972), human somatic cells lose telomeric DNA each time they 

divide (HarIey et d., 1990). The teIomere hypothesis proposes that shortening of telomeres of 

one or more chromosomes will eventualIy lead to senescence (Harley, 199 1). This hypothesis 

also proposes that expression of telomerase activity in cancer cells may be r m e d  for cell 

immortality (Counter et al., 1992; Harley, 199 1). 

In yeast the catalytic domain subunit of telomerase is required for telomere maintenance 

in vivo (Lendvay et aI., 1996; Lingner et al., 1997). The human telomerase complex contains at 

least two components, the RNA tamplate component hTR (Feng et al., 1995) and a conserved 

catalytic subunit hTERT (Harrington et ai., 1997; Kilian et al., 1997; Meyason et aI., 1997; 

Nalcamura et ai., 1997). 

Recently it has been shown that hTR and hTERT are Sufficient br reconstitution of 

telomerase activity (Weinrich et d., 1997) and forced expression of hTERT in normal human 

cells Ieads to reconstitution of te1omerase activity, telomere elongation and extended repkative 

potential (Bodnar et al., 1998; Vazid and BenckoI, L998). By G-banding analysis of 

metaphase chromosomes, the cells with extended H e  span appear to have a normal banding 
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pattern (Bodnar et d., 1998). In this work we investigated the possibility that forced expression 

of teIomerase, leading to generation of long telomeres and extension of ceIIuIar We span may 

result in genomic instability and checkpoint related defects in TIELF (TeIomerase Induced 

Extended Life span Fibroblasts) cells. 

5.3 AnaIysis of telomeric DNA by TRF analysis and teiomere FISH 

TIELF celIs were generated by infection of BI cells with pBabest2 retrovirus expressing 

hTERT as descriied (Vaziri and Benchimol, 1998). In this experiment, BJ cells infected with the 

antisense hTERT virus (pBabest2-AS) senesced at approximately PD80. Hence hTERT 

expressing cells with PDs beyond this value are considered TIELF cells, Majority of TIUF 

cells expressed the hTERT protein assayed by immunohistochemistry with a rabbit polyclonal 

antibody (6432) (Figure L Sa). No staining was observed in the parental strain expressing the 

antisense construct (Figure L Sb). Andysis of teIomeric DNA indicated that after hTERT 

expression the mean TRF length (terminal restriction hgment length) increased at a rate of 

approximately +116 bpdpd (average of two independent experiments) between PDs 59-1 12 

(Figure 16dJ. TIELF ceils at PD 1 12 had a mean TRF Iength of L6.U I kb which was comparable 

to and slightly longer than germIine (Figure 164 Last 2 lanes). Analysis of telomeric DNA on 

individual teIomeres by fluorescent in situ hybridization (Figure 16, left pard) revealed that: 1) 

young cells (Figure 16%) have a substantidy more intense fluorescent signaI than oId cells 

Figure L6b) and 2) that the telomeric signal on most chromosomes in TIELF cells (Figure L6c) 

are more homogeneous and intense then either young or old cells. 
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Fig IS- hTERT staining of T[ELF cclIs (a) and control EU c c k  (b). Confluent E3.l and TlELF cells were fixed and stained with 

an anti hTERT polydonal rabbit antl'body (6432) at tA000 dilution using the vet-n ABC system. 





Figure 16 Analysis of telomeric DNA during life span at-on of TlELF cells. Left p a d ,  detection of interphase teIomeres 

by telornere FISH w*th mperhposd DAPC &thing+ Telomere signal intensity diminished with increasing passage and was 

significantly restored in TIELF c d k  Young BJ3 I(a), Old BJ 78(b) and TtELF(c) w a e  grown on the same chamber slide A 

telomere specific probe (Oncot) was used to detect (?TAGGG'& npeats as d e s u i i  (Henderson et d, 1996) and 

according to Oncor's protocols. 6 TRF analysis of BJ cells expressing hTERT with increasing PD. Genomic DNA, purified by 

spooling using DNAzol, was dig& with Hinj7 and Rsal. I pg of DNA quantitated by fluommetry was resIoved on a 05% 

agarose gel. Tdomeric DNA was detected using an end labeled y(ftp)-(CfT'A& probe and cpmtitated as dcscn'becl (Vaziri et 

at, 1993) using TELORUN 1.4 software ( written by Vaziri&Harley 1990-1993), soiid arrows indicate the times at which ceils 

were analyzed for chromosomal abemtions, open arrow is the approximate PD at which parcntal BJ cells normally senesce, 

Last two lanes: spam DNA TRFs. 



5.4 ChromosomaI stability in TIELF cells 

The guestion of chromosomal stability in TlUF cells was addressed by cytogenetic G- 

banding analysis ofmetaphase chromosomes in young control BJ3 I ceiIs (BJ cells at PD3 I, 

without telomaase activity), BJ66 cells (telomerase positive cells at PD 66; TRF=11.%0.8 kbp) 

and TIUF cells at PD 92 (TRF=14.1iOt0.6 kbp). Analysis of metaphase spreads by G-banding 

revealed no significant differences between BJ3 1, BJ66 (n=1/105) and TIELF cells (n.;4/94.50 

of these metaphases were obtained from TIELF ceIIs at PD 140) (Fisher Exact Test, p-02, two 

tailed). The nonclond chromosomal aberrations which were detected in TELF cells included 

5p+, 2q+ and balanced tramlocation t(12;14) (Figure 17). A more detailed analysis of possible 

chromosomal aberrations was performed by spectral karyotyping (SKY). This analysis uses 

colored fluorescent chromosome-specific paints that provide a complete analysis of the human 

chromosomal complement. Thus, chromosomaI rearrangements can be identified by the 

jmrtaposition of different cdors dong a single chromosome. The SKY analysis codinned the 

results of the G-banding analysis (Figure 17) and revealed one additional structud change 12p- 

in TIELF cells (SKY aaafysis is more sensitive than G-banding). Even with the addition of this 

new aberration to our previous data set no significant statistical dBikrence bet wee^^ BJ (n= 11 IO5) 

and TIELF cells (n=5/94) were present (Fisher Exact Test, p=O. I, two tailed). None of the 

aberrations detected was identical and hence do not represent c l o d  changes. The fieqaency of 

aberrations found in TIELF cells (5%) is comparabIe to that of other n o d  fibroblast strains (3- 

8%) polman et al., 1964). We aIso d y e d  nuxnerid changes as a measure of chromosomal 
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stability using a chr8 specific centromeric probe (D8Z2, Vysis) by interphase FISH analysis. 

Analysis of400 cells fiom each strain did not reveal any evidence ofaneupIoidy (BJ3 1; 93%, 

BJ66;92% and TIELF;95%, measured by the number of normal cells with double signds). 





Figure 17. G-banding and SKY analysis o f  metaphaws h r n  TIELF d s  containing a t(12;14) translocation (arrow) and otfier 

&nations- Structural chromosome aberrations were detected in metxiphases from TI= cdhucshucs Cells were grown as 

d e s c r i i  (Vazlri and Benchimol, f998}, split f :I6 in growth media without G418 for 24 hrs before any treatment, WeIEspread 

G-banded rnetaphases (550 band [eve9 were analyzed h m  BJ3 1, BJ66 and TIELF sbains. These were coded prior to analysis 

and scored double bIind a, G-banding of the t( t 2; 14). b,c, SKY analysis o f  the same translocation. d, SKY and G-banding of a 

e, 2@,  structural aberration shown by the solid bar, f; 5pt aberrab'ou. g, 1 2 p  &don. A SKYTM. hybrididon and Man 

kit (SD-200 bio-system; Applied Spectrsl Imaging Inc) was used to visualize dl human cbmosomes in 23-24 colors. 

Ehpaion of chmmosome slides, combination of fouria spectroscopy, CCD imaging and camputerization to excite and 

measure the mission spectra simultaneously for all dyes in the sptctral range and h r n  alt points in the metaphase spread was 

performed (Schrock et al, 1996). Images were analyzed using SKnnEW software, 



5.5 DNA strand break rejoining activity and radiation sensitivity is intact in TIELF cells 

To determine if TIELF cells have a deficiency in DNA repair, the foUowing experiments 

were performed. TIELF and BJ3 I control cells were exposed to increasing doses of ionizing 

radiation (0-30 Gy) and DNA strand breaks and rejoining were analyzed by the comet assay 

(Olive et al., 1990). There was a linear relationship between the tail moment (a measure of the 

DNA double strand breaks) and the radiation dose and this relationship was identicd between the 

BJ3 I and TIELF cells (Figure 18). Second, cells were tested for their ability to rejoin DNA 

double strand breaks following lOGy of ionizing radiation. The normalized tail moments, 

measured at different times after irradiation were identical in BJ3 1 and TIUF cells (Figure 18). 

Sfmilar results were aIso obtained for SS break rejoining (data not shown). 

Finally, we used continuous low dose ionizing radiation to measure long term clonogenic 

sunrival and relative radiosemitivities. There was no difference between the survival of BJ3 1 or 

TIELF cells at these biologically relevant doses of ionizing radiation (Figure 18)* 





Figure IS The response of BJ3 I and TIELF ceHs to ionizing radiationr a, geneon of DNA double strand breaks; b, rejoining 

kinetics of doubte strand brealrs; c, clonogenic SPrYival der low dose rate hdiation. In dl assays I and TIELF cells behave 

identically. 

a, Ionizing radiation dose vs tail moment of853 1 and TIELF cells as m e a d  immediatefy after irrdation by the neutral comet 

assay, b, Mmn tail moment as a function of time afta a dose of 10 Gy in BJ3 I, TIELF and positive contml CHOS I 1 cells (Ku-70 

deficient) which have impaired DNA repair and show higher tail moments. Exponenb'alIy growing cells were trypsinized, 

resuspcnded in PBS at 2x104 ceWm1 and imdhd on iaz After irradiation 0 5  mi of the cell mqmsion was mixed with 1.5 ml of 

1% low mdting point agarose and piperted onto a glass slide For the neutral comet twsay, cells were Iysed, washed by submersion 

in TBE buffer, followed by eIectrophoresis and detection (Olive ct al., 1990). The individuaI nuclei with broken DNA drawn out 

of the nucleus by the electrophoresis form a "comet-like" structure. The comets were digitized and the tail moment was dculated 

as d c s n i  (Olive ct d., 1990) by Notthem EcIipse sottwam (Empix), One hundrcd comas h m  each sample were anaIyztd for 

each dose or time point. The normaliicd mi1 moment was used as a parameter to indicate DNA damage (Olive a al., 1 WO), Three 

independent were done and the mean +/-SD was expressed in the final p l o ~  

c, clonogenic Sunrival as a fitnction of ionizing radiation dose. Cells were irradiated with CodQ gamma cays at a tow dose rate of 0.025 

Gy/min (LDR) at 3%. This dose-ratc was chosen to be low enough that cdl survival could be influenced by repair of radiation 

damage occuring during the ereatmcnt. & 106 cells were grown to conflucncy. Following irradiation the cells were held at. 3 7 T  

for 24 hrs b c f i  being trypsinixsf, countcd, diluted and plated for colony formation. Survival was calculated using the cell count 

obtained just prior to prating. Thealls were plated to assay for colony formation and then incubated for 10- 14 days before being 

stained Colonies containing greater than 50 ctlIs were counted Survival was expressed as the ratio of plating efficiency between 

irradiated and control cells. 



5.6 Preserved radiation induced G1 checkpoint 

To determine if the DNA damage GI checkpoint was retained in TIELF cells, cell cycle 

analysis was paformed 24 hrs after exposure to 6Gy of ionizing radiation (Figme 19). Both the 

853 I and TIELF cells undergo a 0 1  arrest as measured by the i u m e d  GUS ratio. There was no 

significant difference in the GUS ratio between the two cell strains (BJ, GI/S=9.1 TIELF, 

Gl/S=lO. I). Therefore the radiation-induced GI checkpoint appears to be intact in both strains. 

5.7 Lack of tumorgenicity inTIELF cells 

We investigated as well the tumorigenic potmtid of TIELF cells by injection of 2x 1 O6 BJ3 1 

and TIUF cells into the leg muscle of 10 CB 17 scid mice. No tumors were formed after L 50 days. 

We conclude that on the basis of five criteria: cytogenetic analysis, radiation sensitivity, 

DNA break rejoining activity, radiation induced G1 checkpoint and tumorgenicity, TIELF cells 

appear identiad with their normal young counterparts. It is probable that fhther division, 

constitutive telomere elongation and clonal succession in TIELF ceils would eventually lead to 

chromosome instability. 

These posscbiIities can not be ruled out until TIELF cells at higher popdation donblings andyzed 

for genomic instability- 





Figure 19 CeU cycle anaiysis of BJ3 t and TlELF cells in response to ionizing radiation, Cells were fixed with 70% ethanol, washed 

in PBS and resuspeadccl in PBS with 0, I% Triton X- 100,0,12mM E M A  containing SO pg of Rnase. After PI addition (50 pglml), 

the DNA content was m d  without gating. The cdl cycIewas qyntitated using the l l ly  autom8ted MODFIT program and the 

GUS ratio was cdcdated. a, BJ3 I cetb without treaftnent. b, BJS I cells exposed to 6 Gy of ionizing radiation, c, TIELF cells 

without treatment 4 TIELF ceIk + 6 Gy. 



5.8 Materids and Methods 

Comet Assay 

Briefly, 2x104exponentiaIIy growing cells were trypsinized, and suspended in PBS and irradiated 

on ice. Mer irradiation an aliquot of 1.5 d of 1% low melting point agarose held at 500C was 

added to the tube and the suspension was rapidly pipetted onto a glass microscope slide. For neutraI 

comet assay, ceIls were lysed at 5542 for 2 hours in buffaoontihhg 30 mM EDTA and 0.5% SDS, 

pH 8.5, washed by submersion in TBE buffs (90 mM Tris, 2 mM EDTA, 90 mM boric acid, pH 

8.5) for 3 h with three changes of buffer. This was followed by electrophoresis in fiesh TBE buffer 

at 0.6 V/cm for 25 min, Then the slides were rinsed with distiUed water and stained for 30 min in 

2.5 pg/ml PI. 

Comets were digitized and the tail moment was calculated using Northem Eclipse sobare. One 

hundred comets h m  each sample were andyzed for each dose or time point No attempt was made 

to select comets, other than to avoid obvious debris or comets spaced too closely or ovedapped. The 

normalized tail moment was used as parameter to indicate DNA damage. It is the same definition 

as that of OIive et. al. 1990. Thee independent experiments were done and the mean +LSD was 

expressed in the final plot 

Radiation S&aI Asmy 

Cells were irradiated with Co60 gamma rays at a Monated low dose rate of 0.025 G y m  (LDR) 

at 37OC. This dose was chosen to be Iow enough that repair ofradiation damage would be  possible. 

2x106 cells were grown in T7S fIasks untiI they reached confIuencyCy Following irradiation the cells 

were heId at 37OC for 24hrs before being trypsinized, counted, diIuted and pIated for coIony 

formation. Sasvival was caIcuIated using the celI count obtained just prior to plating- The cds were 
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plated for colony formation assay at three consecutive tea-fold dilutions and then incubated for 10- 

14 days before being stained with methylene blue in 50% ethanol. Colonies containing greater than 

50 cells were counted as d v o r s  and percent survival calculated as the ratio of plating efficiency 

for the treated group divided by that for an untreated control, 

Cell cycle analysis 

Cells were fixed with 70% ethanol, washed in PBS and resuspended in PBS with 0.12% Triton X- 

IOO,O.I2mM mTA containing 50pg of linase* Mer PI addition (SOpgM), the DNA content was 

measured without gating* The celI cycIe was quantified using the M y  automated MODFIT program 

and the G L/S ratio was calculated. 
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Chapter 6 

Conclusions and fhture direction 



6.1 Conclusions 

This thesis addresses a fimdamentd question: What signals and initiates ceIluIar aging in viro? 

Previous studies on the role of telomere loss in cell aging were essentidy correlative and lacked a 

direct approach, These studies were mostly performed by measurement of mean TRF length and 

correlating the vdues with either the donor age or the in vitro age of cells. Direct testing of the 

telomere hypothesis required reconstitution of telomerase activity in normal human cells and testing 

them for telomere eIongation and extended life span. To many this appeared to be a daunting task, 

since telomerase appeared to consist of many subunits including an RNA template. Recent cloning 

of the cataIytic submit of Eqdoter and S. CerMae telomerase (Lingner et al., 1997) led to cloning 

of human catalytic subunit hTERT (Harrington et al., 1997; Kilian et d., 1997; Meyerson et al., 

L 997; Nakamura et al., 1997). This allowed the reconstitution of telomaase activity in vih.0 (Beattie 

et d., 1998; Weimich et d., 1997) and in vivo (Vaziri and Bmchimol, 1998; Weinrich et al., 1997). 

In order to test the telomere hypothesis, I made a shnple and major assumption during the course of 

this work that the expression of the catalytic subunit of teiomerase (hTERT) is the Iimiting factor 

for teIomere elongation in normal cells. This assumption proved to be valid. Expression of hTERT 

in normal human fibroblasts led to restoration of telomerase activity and teIomere elongation. Even 

more strikingly BJ ceIls acquired a significant extend life span (Vaziri and BenchimoI, 1998). These 

findings provide &den= consistent with the telomere hypothesis ofcell aging and immortalization. 

One can therefore conclude that teiomeres are one factor which are invoIved in cellular life span 

regdation, 

Howwa, deSails of ceIIuIar~eflescence and its prevention are s t i l l  not very well understood 

I attempted to dissect p&dy the mechanism by which teiomere shortening can potentially lead to 
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senescence by proposing a model in which telomere loss is perceived by the cell as DNA damage.. 

Ifthis model is correct, the same molecules involved in DNA damage response pathways should be 

involved in telomere regulation and hence regdation of life span. I found evidence that at Ieast three 

molecuIes @53, ATM and PAW) are involved in this process. Inactivation of any one of these 

molecules leads to significant extension @53, PAW) or shortening of life span (ATM). I also found 

that upregulation of p2 1 WM1'Ci~L , the down stream target for p53 protein is dependent on p53 aad 

p300 during aging in vim. 

Taken aII together, these results provide a coherent model for initiation and execution of a 

ceIIuIar senescence cascade in normal cells. Telomere shortening as a consequence of the end 

rephation problem may trigger a signal which is relayed by DNA damage signaling rnoIecdes Like 

p53 to p21WaflM''Cip1 subsequentiy leading to inhiition of CDKs and DNA synthesis and 

subsequent cell cycle exit. 

63 TIELF cells as a new tool for research 

Immortalization of human cells in the past involved use of SV4O LT antigen or HPV-16 E6E7. 

Both methods are known to cause genomic instability in normal celIs and yield immortal clones at 

a very rare kqyency. The fesulting immortaI cell hes derived by these methods or tumor derived 

lines also d e r  h m  genomic instability, and this has always been a major probIem in the use of 

such lines as mode1 systems. 

In the process of testing the Nomere hypothesis, I generated TIELF ceIIs by forced expression of 

hTERT in n o d  hmnaa BrobIasts. As shown in chapter 5, TIELF cells are genetidy stable. 
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TIELF cells may therefore prove invaIuabIe substitutes for the many genetically unstable cell Lines 

currently used in research, and allow expedments to be carried out in a normal diploid background. 

Moreover, ovaexpression of hTERT in celI strains that are difficult to establish such as dendric 

cells, may fhcilitate the estabIishment of cell lines. It shotdd be noted that extension of life span and 

Survival in certain lineages may not always be possible by overexpression of hTERT alone. 

Telomere elongation Wars may have a cell type specific pattern of expression, and generation of 

TIELF like cells may require more than hTERT alone. Finally, generation of TIELF-Like cells 

should make it possible to perform homologous targeted recombination to inactivate multipte genes 

in a diploid back p m d  without repIicative exhaustion. These tools would be invaluable for many 

different areas of research. 

63 TIELF cells in gene or cell-based therapy 

Replicative senescence may be a potential prob1e-m in gene therapy. Forced expression of hTERT 

in combination with the apression of the desired transgene may alIow maintenance of the -gene 

, sustaining the desired phenotypic on the assumption that TIELF cells will maintain their genomic 

integrity in viva Similar approaches may also be used to increase the success of cell-based 

therapies. 

6.4 Future directions: Have we proven the tetomere hypothesis? 

In this thesis I h a .  merely provided &dace consistent with the teIomere hypothesis and have 
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identified several moleczles which are involved in life span regolation in normal human fibroblasts. 

The 'mf' of teIomere hypothesis would ceaainly require further experimentation. W e  have not 

yet clearly shown that telornae shortening is the cause of senescence, 

We need to focus on s e v d  issues in the future. First, it is possible that overexpression of hTERT 

in norma1 human cells may have consequences m addition to telomere elongation. These many 

include inactivation of ceaain pathways which are required for senescence (without causing 

immediate genomic instabikty). My preliminary experiments have shown this be unll7re1y (data not 

shown). Expression of hTERT with an HA tag epitope does not influence the teIomerase activity 

but mterferes with teiornere elongation in vivo and does not extend cellular life span. This additional 

control indicates that most likely telomere eIongation is r e e d  for life span extension. These 

possibiIities can not be my ruIed out d e s s  mutant versions ofhTERT or the RNA template (hTFt) 

are expressed in HDFs and the cells are tested for teiomere elongation and efiended life span. 

Generation of an inducible system for hTERT expression wiII also aid in answering several 

questions. For instance, a hrther test o f  the telomere hypothesis is that extinction of hTERT 

expression in an induaile manner should lead to telomere loss and initiation of senescence. 

FinaUy, the mechanism by which hTERT elongates teIomaes in vivo and how this prevents 

senescence must be dedphered. TeIomere eIongation may be controlled by several negative and 

positive regdators. Identification of these factors and the mechanism of their cross-talk with the 

DNA damage signaling molecuies may be the key to understanding how teIomere shortening 

initiates senescence and how teIomexe elongation I d  to is prevention. 
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