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Summary

Aging has often been viewed as a random process arising from

the accumulation of both genetic and epigenetic changes. Increas-
ingly, the notion that aging is a stochastic process is being

supplanted by the concept that maximum lifespan of an organism

is tightly regulated. This knowledge has led to a growing overlap

between classical signal transduction paradigms and the biology of
aging. We review certain specific examples where these seemingly

disparate disciplines intersect. In particular, we review the concept

that intracellular reactive oxygen species function as signalling
molecules and that oxidants play a central role as mediators of

cellular senescence.
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TELOMERES, SENESCENCE AND OXYGEN

In the early 1960s, Hayflick and colleagues demonstrated

that cultures of primary cells ceased proliferation in vitro

after a finite number of replications (1). This concept, known

as replicative senescence or the Hayflick limit, is widely

believed to inhibit older, and presumably damaged cells,

from continuous division. The postulated evolutionary

benefit is that the Hayflick limit provides a simple mechanism

to stop the transmission of accumulated mutations from

mother to daughter cells. Numerous biochemical and genetic

markers exist that can identify a senescent cell. These include

specific alterations in cellular morphology as well as the

development of an endogenous ß-galactosidase activity (2).

Controversy continues to exist regarding the relevance of

cellular senescence to overall aging and whether or not the

mechanisms underlying cellular senescence are reflective of

what occurs at the level of the organism (3). With that said,

our particular bias is that the understanding of cellular

senescence will in the end provide important insight into

aging and that senescent cells directly or indirectly account

for many of the phenotypes we routinely associate with

aging. One of the most important recognized triggers of

senescence is telomere attrition (4). Telomeres are specialized

structures present at the end of chromosomes and evidence

suggests that each round of normal replication results in their

progressive shortening. In certain specialized cells such as

germ cells and stem cells, the presence of the enzyme

telomerase can maintain telomere length even though these

cells continuously divide throughout the organism’s life span.

The importance of telomerase is underscored by the

observation that forced expression of the enzyme in primary

cells can forestall normal replicative senescence (5). In most

dividing cells, telomere length gradually declines and can

trigger the senescent program when the length of the

telomere reaches a certain minimum critical threshold.

Although for human cells, each division appears to erode

approximately 100 – 200 base pairs of telomere length,

evidence suggests that this number is not rigidly fixed. For

instance, when cells are exposed to high levels of oxidative

stress, the amount of telomere attrition per cell division

significantly increases (6). As such, telomere length is not

merely a reflection of the absolute number of cell divisions

but integrates both cumulative oxidative stress and replica-

tive history.

Telomere attrition is clearly not the only stimulus for

replicative senescence since mouse cells possess very long

telomeres but still undergo senescence in culture. Interestingly,

a recent study demonstrated that mouse embryonic fibroblasts

(MEFs) grown at near physiological oxygen concentrations

(3%) do not senescence, while senescence was routinely

observed when MEFs were grown under standard tissue

culture conditions of 20% oxygen (7). These authors also

demonstrated that mouse cells were particularly sensitive to

higher oxygen conditions and accumulated significantly more

DNA mutations than either human cells cultured under

standard conditions (i.e., 20% oxygen) or mouse cells that

were grown in a 3% oxygen environment. Such observations

complement earlier studies demonstrating that senescence
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could be delayed by culturing human cells in low oxygen

conditions (8).

INTRACELLULAR OXIDANTS AS MEDIATORS OF
SENESCENCE

The relationship between intracellular oxidants and the

senescent program has been strengthen by the observation that

treatment with exogenous hydrogen peroxide can trigger

certain primary cells to rapidly enter senescence (9, 10).

Interestingly, the concentration of hydrogen peroxide appears

important as very high concentrations of ROS appear to

trigger apoptosis while lower concentrations appear to favor

senescence (9). The addition of these sub-lethal concentrations

of hydrogen peroxide induces a number of biochemical

changes in cells, most notably, a rise in the level of the tumor

suppressor protein p53 and the induction of a p53-dependent

cell cycle regulator p21/waf-1 leading to G1 arrest (9).

The fact that exogenous hydrogen peroxide could initiate

senescence and the growing appreciation that hydrogen

peroxide and other reactive oxygen species (ROS) can act as

intracellular signaling molecules (11) raises the possibility that

high levels of ROS within cells, perhaps generated through

normal aerobic metabolism could regulate entry into senes-

cence. One example suggesting this might be the case comes

from observations made from the overexpression of the Ras

oncogene in normal diploid cells.

Ras proteins are extensively studied biological switches

that stand at the crossroads of multiple signaling pathways

(12). These molecules act as binary elements, being in the

‘off’ configuration when bound to GDP and in the ‘on’ state

when bound to GTP. Interest in Ras and the related family

of small GTPases was initially sparked by the observations

made over 20 years ago that these proteins are frequently

mutated in human cancers. Numerous examples have

demonstrated that expression of Ras genes encoding single

amino acid mutations that lock Ras proteins in the ‘on’

configuration are capable of transforming immortalized cells

such as the routinely used cell line, NIH 3T3 cells. As

mentioned above, the vast majority of cell culture work with

Ras proteins has been performed by transient or stable

expression of the gene product in the background of an

immortalized cell line. In contrast to these observations,

experiments where activated forms of Ras were expressed in

primary cells did not stimulate cell proliferation but rather

resulted in the rapid induction of senescence (13). As with the

previous results with exogenous hydrogen peroxide, these

observations underscore that senescence can be triggered

independently of cell division. Ras expression resulted in

increased levels of both p53 and p16 (Ink4a) and in rodent

cells, inactivation of either of these two proteins/pathways

prevented senescence (13). More recent experiments have

emphasized that Ras-induced p16 (Ink4a) accumulation may

be particularly critical for senescence in human cells (14).

The observation that non-replicative senescence could be

triggered by either exogenous hydrogen peroxide or by Ras

expression and that both strategies induced a G1 arrest and

increased expression of p53 and p16(Ink4a) suggested that

these two senescence-inducing strategies might share common

mechanisms. This notion was also consistent with previous

observations that small GTPases such as Ras and Rac could

increase the level of ROS in immortalized cells (15, 16). Similar

to these observations made in immortalized cells, expression of

Ras in normal human diploid fibroblasts resulted in an

increase in intracellular hydrogen peroxide levels (17). The

source of this increase appeared at least in part to derive from

the mitochondria. Scavenging with the hydrogen peroxide

antioxidant N-acetylcysteine (NAC) or lowering the level of

ambient oxygen (to 3% or 1% O2) was sufficient to block the

induction of p53 expression and rescued the cells from Ras-

induced senescence (17).

The above results suggest that ROS act downstream of Ras

proteins in the induction of senescence. These results are

particularly interesting given the role of ROS in aging (18). As

mentioned, Ras expression in diploid fibroblasts led to an

accumulation of p53, and this p53 induction appears to

require the generation of ROS. Little was known concerning

the molecular intermediaries that existed between Ras and

p53. A recent report however has placed the FAD-dependent

oxidoreductase seladin-1 as one such intermediary (19). The

authors uncovered this connection by performing a genetic

suppressor screen in mammalian cells asking for genes which

when suppressed, allowed for an escape from Ras-induced

senescence. They identified seladin-1 (also known as

DHCR24) as one such gene. This gene product had been

previously studied in two disparate contexts. The first is that

the enzyme is involved in cholesterol synthesis and in

particular, the conversion of desmosterol to cholesterol.

Indeed a rare inborn error of cholesterol metabolism called

desmosterolosis has been described in which patients inherit,

in a recessive manner, two mutated and presumed non-

functional seladin-1/DHCR24 alleles (20). Seladin-1 had also

been previously described in the context of another screen, in

this case, for gene products differentially expressed in normal

brains compared to brains obtained from individuals with

Alzheimer’s disease. Interestingly, these results demonstrated

that expression of seladin-1 was significantly down regulated

in Alzheimer brains (21). These authors also demonstrated

that increased seladin-1 expression appears to protect cells

from oxidative stress.

The notion that knockdown expression of seladin-1 allowed

for an escape of Ras-induced senescence greatly extended the

biological importance of this gene product (19). Interestingly,

Ras-expression or direct oxidative stress caused the redistribu-

tion of seladin-1 from the cytosol to the nucleus where it can

directly bind to both Mdm2 and p53. These molecular

interactions lead to an accumulation of p53 in the setting of

either Ras expression or direct oxidant challenge. These authors
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also demonstrated that the interaction of seladin-1 with p53 and

the protein’s ability to effect cholesterol metabolism were

separable, with only the former being important for senescence

induction. Nonetheless, it is curious that a single gene product

would regulate both cholesterol metabolism and p53 levels.

Indeed, the authors speculated that further analysismight reveal

important connections between these two aspects of seladin-1

function especially given the highly conserved nature of seladin-

1 from plants to humans. Taken together, these results suggest

that seladin-1 represents an important effector molecule in the

cellular senescence program and again demonstrates that a rise

in intracellular ROS may be an important signal that triggers

senescence (see Fig. 1)

THE SIGNAL TRANSDUCTION OF SENESCENCE

The activation of p53 through Ras is not the only signaling

pathway through which rapid cellular senescence is induced.

Recent evidence suggests that constitutive activation of Akt

results in accelerated senescence of endothelial cells (22). This

result is of particular interest because extensive analysis of

model organisms such as C. elegans has demonstrated that in

worms, a pathway involving insulin/insulin growth factor

(IGF) receptors is an important determinant of life span (23).

In the worm, transduction of the insulin/IGF pathway

involves the sequential activation of the nematode orthologs

of phosphotidylinosotol-3-kinase (PI3K) and Akt. The activ-

ity of Akt appears in turn to regulate the subcellular

distribution and hence activity of the transcription factor

Daf-16.

Daf-16 belongs to the family of Forkhead transcription

factors and its closest mammalian ortholog is Foxo3a.

Analysis of the targets of both Daf-16 and Foxo3a revealed

that both the worm and mammalian genes appear to

transcriptionally up-regulate antioxidant defenses including

both superoxide dismutase (24, 25) and catalase (26, 27). In

the worm, mutations that prolong life appear to inhibit Akt

activity leading to increased Daf-16 nuclear localization (and

hence activity) and subsequent increased oxidative stress

resistance. In this context, it is interesting to note that in cell

culture, constitutive expression of Akt led to an inhibition of

Foxo3a transcriptional activity leading to a rise in intracellular

ROS (22). The rise in ROS was further demonstrated to induce

a senescence-like arrest via a p53-dependent pathway. Once

again the addition of NAC blocked the induction of p53 by

Akt in a similar fashion as we have previously discussed that

this antioxidant blocked Ras-induced p53 expression and

subsequent senescence.

Although the previous results suggest that ROS act

upstream of p53, there is also evidence that oxidants can act

downstream of p53. It has been appreciated for some time that

high level expression of p53 in cells increases the level of

intracellular ROS (28, 29). Indeed, some of the transcriptional

targets of p53 appear to directly generate ROS (29), and the

apoptotic effects of p53 can be rescued by NAC treatment

(28). Subsequent to these studies it was observed that in some

cells, although high levels of wild type p53 induced apoptosis,

slightly lower levels of p53 expression could trigger a

senescent-like growth arrest (30). Again the degree of p53

Figure 1. ROS as mediators of senescence. A simplified

diagram of two signal transduction pathways that can trigger

senescence in a ROS-dependent fashion. One pathway begins

with the forced high-level expression of an activated form of

Ras. This leads to an increase in ROS and appears to proceed

through the FAD-oxidoreductase seladin-1 that physically

binds to p53 and regulates the level of the tumor suppressor in

a redox-dependent fashion. The other pathway described in

endothelial cells involves the forced expression of the protein

kinase Akt. Activation of this kinase inhibits the Forkhead

transcription factor Foxo3a. This leads to reduced antioxidant

defenses (e.g., MnSOD) and a rise in ROS. This Akt-

dependent increase in intracellular ROS levels results in higher

p53 activity. The role of seladin-1 in this pathway is unknown.

Evidence suggests that ROS can function both upstream and

downstream of p53. See text for details.
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expression appeared to correlate with the level of ROS

generation and the ultimate cellular decision to undergo

apoptosis or senescence. In many ways these observation are

reminiscent of the previously discussed experiments with

exogenous hydrogen peroxide where it was also observed that

the level of hydrogen peroxide stimulation determined whether

apoptosis or senescence ensued (9). The continuum between

apoptosis and senescence was also recently strengthen by the

observation that members of the Bcl-2 family of anti-apoptotic

gene products could under certain conditions rescue p53-

induced senescence (31). Expression of these antiapoptotic

genes also suppressed the p53-induced rise in ROS. These

authors also provided interesting observations suggesting that

the redox activation of the p38 MAPK pathway was an

important effector of p53-induced senescence. Interestingly,

some groups have previously implicated activation of p38

MAPK in Ras-induced senescence (32), while others have

suggested activation of the JNK pathway is more important

(33).

Finally, the p53 transcriptional target, p21/waf-1 can also

induce cellular senescence when overexpressed (34). Similar to

what was observed with p53 expression, increased forced

expression of this cyclin dependent kinase inhibitor also

resulted in a rise in intracellular ROS. Again, treatment with

NAC reversed the p21-induced growth arrest arguing that

elevated ROS play a causative role in senescence induction.

Although the above examples are exclusively from in vitro

demonstrations, a recent fascinating report hints at a role for

ROS in a model of what may be viewed as in vivo cellular

senescence. The syndrome ataxia telangiectasia caused by

mutations in the ATM gene results in a constellation of

symptoms including immunodeficiency, premature aging,

cancer predisposition and neurological degeneration. A mouse

model of the disease resulting from a knockout of the Atm

locus reproduces some, but not all, of these symptoms (35, 36).

Recently, a more careful analysis of these mice revealed that

after approximately 6 months, Atm 7 /7 mice begin to

exhibit progressive bone marrow failure secondary to a failure

of self-renewal of the hematopoietic stem cell (HSC) popula-

tion (37). Further examination of the HSC cells from

Atm7/7 mice revealed that these stem cells demonstrated

significantly elevated levels of basal ROS levels, implying that

ATM is somehow involved in the regulation of intracellular

ROS. This notion has been previously suspected based on

prior work with the Atm7/7 mouse (38). Interestingly,

elevated levels of ROS in HSC resulted in an increase in

p16(Ink4a) expression. Similar to what was observed in Ras-

or p53-induced senescence, the defect in HSC biology could be

rescued by the administration of NAC to Atm7/7 animals.

Taken together these results suggest that in the absence of

ATM, HSC have elevated levels of ROS and fail to self-renew.

This lack of self-renewal represents a model of cellular

senescence since in its absence, HSC rapidly age and are

depleted.

The results with the Atm7/7 mouse, as well as those

discussed above, add to a growing literature that appears to

suggest two important themes. Thefirst is thatmanyof the genes

involved in cellular transformationand tumor formation appear

to also be involved in the regulation of intracellular ROS. This

extends not only to theRas oncogene and the tumor suppressors

ATM and p53 but also to other candidate transforming genes

such as c-myc (39). This link between cancer causing genes and

intracellular ROS has important implications in tumor forma-

tion and possibly to the relationship between the steep rise in

cancer incidence with increasing age. It also underscores the

hypothesized biological importance of senescence as a tumor

suppressor mechanism (40). Secondly, in normal cells, a rise in

ROS appears to regulate specific intracellular events including

an increase in the level of p53 and in some cases p16 (Ink4a) as

well as the activation of redox sensitive MAPK pathways. We

believe these observations argue against a model in which

oxidants function in a random and stochastic manner and

suggest instead a specific signaling role for ROS in the induction

of cellular senescence.While the relevance of cellular senescence

to overall aging remains controversial, we believe these

observations may also have important implications for how

free radicals contribute to organismal aging.

ACKNOWLEDGMENT

We are grateful to Ilsa Rovira for assistance with this

manuscript.

REFERENCES
1. Hayflick, L. (1965) The limited in vitro lifetime of human diploid cell

strains. Exp. Cell Res. 37, 614 – 636.

2. Dimri, G. P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C.,

Medrano, E. E., Linskens, M., Rubelj, I., Pereira-Smith, O., et al.

(1995) A biomarker that identifies senescent human cells in culture

and in aging skin in vivo. Proc. Natl. Acad. Sci. USA 92, 9363 – 9367.

3. Bird, J., Ostler, E. L., and Faragher, R. G. (2003) Can we say that

senescent cells cause ageing? Exp. Gerontol. 38, 1319 – 1326.

4. Harley, C. B., Futcher, A. B., and Greider, C. W. (1990) Telomeres

shorten during ageing of human fibroblasts. Nature 345, 458 – 460.

5. Bodnar, A. G., Ouellette, M., Frolkis, M., Holt, S. E., Chiu, C. P.,

Morin, G. B., Harley, C. B., Shay, J. W., Lichtsteiner, S., and Wright,

W. E. (1998) Extension of lifespan by introduction of telomerase into

normal human cells. Science 279, 349 – 352.

6. von Zglinicki, T., Saretzki, G., Docke, W., and Lotze, C. (1995) Mild

hyperoxia shortens telomeres and inhibits proliferation of fibroblasts:

a model for senescence? Exp. Cell Res. 220, 186 – 193.

7. Parrinello, S., Samper, E., Krtolica, A., Goldstein, J., Melov, S., and

Campisi, J. (2003) Oxygen sensitivity severely limits the replicative

lifespan of murine fibroblasts. Nat. Cell Biol. 5, 741 – 747.

8. Packer, L., and Fuehr, K. (1977) Low oxygen concentration extends

the lifespan of cultured human diploid cells. Nature 267, 423 – 425.

9. Chen, Q. M., Bartholomew, J. C., Campisi, J., Acosta, M., Reagan, J.

D., and Ames, B. N. (1998) Molecular analysis of H2O2-induced

senescent- like growth arrest in normal human fibroblasts: p53 and Rb

control G1 arrest but not cell replication. Biochem. J. 332 (Pt 1), 43 –

50.

280 COLAVITTI AND FINKEL



10. Frippiat, C., Chen, Q. M., Remacle, J., and Toussaint, O. (2000) Cell

cycle regulation in H(2)O(2)- induced premature senescence of human

diploid fibroblasts and regulatory control exerted by the papilloma

virus E6 and E7 proteins. Exp. Gerontol. 35, 733 – 745.

11. Finkel, T. (2003) Oxidant signals and oxidative stress. Curr. Opin. Cell

Biol. 15, 247 – 254.

12. Coleman, M. L., Marshall, C. J., and Olson, M. F. (2004) RAS and

RHO GTPases in G1-phase cell-cycle regulation. Nat. Rev. Mol. Cell

Biol. 5, 355 – 366.

13. Serrano, M., Lin, A. W., McCurrach, M. E., Beach, D., and Lowe, S.

W. (1997) Oncogenic ras provokes premature cell senescence

associated with accumulation of p53 and p16INK4a. Cell 88, 593 –

602.

14. Benanti, J. A., and Galloway, D. A. (2004) Normal human fibroblasts

are resistant to RAS-induced senescence. Mol. Cell Biol. 24, 2842 –

2852.

15. Sundaresan, M., Yu, Z. X., Ferrans, V. J., Sulciner, D. J., Gutkind, J.

S., Irani, K., Goldschmidt-Clermont, P. J., and Finkel, T. (1996)

Regulation of reactive-oxygenspecies generation in fibroblasts by

Rac1. Biochem. J. 318 (Pt 2), 379 – 382.

16. Irani, K., Xia, Y., Zweier, J. L., Sollott, S. J., Der, C. J., Fearon, E.

R., Sundaresan, M., Finkel, T., and Goldschmidt-Clermont, P. J.

(1997) Mitogenic signaling mediated by oxidants in Ras-transformed

fibroblasts. Science 275, 1649 – 1652.

17. Lee, A. C., Fenster, B. E., Ito, H., Takeda, K., Bae, N. S., Hirai, T.,

Yu, Z. X., Ferrans, V. J., Howard, B. H., and Finkel, T. (1999) Ras

proteins induce senescence by altering the intracellular levels of

reactive oxygen species. J. Biol. Chem. 274, 7936 – 7940.

18. Finkel, T., and Holbrook, N. J. (2000) Oxidants, oxidative stress and

the biology of ageing. Nature 408, 239 – 247.

19. Wu, C., Miloslavskaya, I., Demontis, S., Maestro, R., and Galaktio-

nov, K. (2004) Regulation of cellular response to oncogenic and

oxidative stress by Seladin-1. Nature 432, 640 – 645.

20. Waterham, H. R., Koster, J., Romeijn, G. J., Hennekam, R. C.,

Vreken, P., Andersson, H. C., FitzPatrick, D. R., Kelley, R. I., and

Wanders, R. J. (2001) Mutations in the 3beta-hydroxysterol Delta24-

reductase gene cause desmosterolosis, an autosomal recessive disorder

of cholesterol biosynthesis. Am. J. Hum. Genet. 69, 685 – 694.

21. Greeve, I., Hermans-Borgmeyer, I., Brellinger, C., Kasper, D.,

Gomez-Isla, T., Behl, C., Levkau, B., and Nitsch, R. M. (2000) The

human DIMINUTO/DWARF1 homolog seladin-1 confers resistance

to Alzheimer’s disease-associated neurodegeneration and oxidative

stress. J. Neurosci. 20, 7345 – 7352.

22. Miyauchi, H., Minamino, T., Tateno, K., Kunieda, T., Toko, H., and

Komuro, I. (2004) Akt negatively regulates the in vitro lifespan of

human endothelial cells via a p53/p21-dependent pathway. EMBO J.

23, 212 – 220.

23. Patterson, G. I. (2003) Aging: new targets, new functions. Curr. Biol.

13, R279 – 281.

24. Honda, Y., and Honda, S. (1999) The daf-2 gene network for

longevity regulates oxidative stress resistance and Mn-superoxide

dismutase gene expression in Caenorhabditis elegans. FASEB J. 13,

1385 – 1393.

25. Kops, G. J., Dansen, T. B., Polderman, P. E., Saarloos, I., Wirtz, K.

W., Coffer, P. J., Huang, T. T., Bos, J. L., Medema, R. H., and

Burgering, B. M. (2002) Forkhead transcription factor FOXO3a

protects quiescent cells from oxidative stress. Nature 419, 316 – 321.

26. Murphy, C. T., McCarroll, S. A., Bargmann, C. I., Fraser, A.,

Kamath, R. S., Ahringer, J., Li, H., and Kenyon, C. (2003) Genes that

act downstream of DAF-16 to influence the lifespan of Caenorhabditis

elegans. Nature 424, 277 – 283.

27. Nemoto, S., and Finkel, T. (2002) Redox regulation of forkhead

proteins through a p66shc-dependent signaling pathway. Science 295,

2450 – 2452.

28. Johnson, T. M., Yu, Z. X., Ferrans, V. J., Lowenstein, R. A., and

Finkel, T. (1996) Reactive oxygen species are downstream mediators

of p53-dependent apoptosis. Proc. Natl. Acad. Sci. USA 93, 11848 –

11852.

29. Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W., and Vogelstein, B.

(1997) A model for p53-induced apoptosis. Nature 389, 300 – 305.

30. Macip, S., Igarashi, M., Berggren, P., Yu, J., Lee, S. W., and

Aaronson, S. A. (2003) Influence of induced reactive oxygen species in

p53- mediated cell fate decisions. Mol. Cell Biol. 23, 8576 – 8585.

31. Jung, M. S., Jin, D. H., Chae, H. D., Kang, S., Kim, S. C., Bang, Y.

J., Choi, T. S., Choi, K. S., and Shin, D. Y. (2004) Bcl-xL and E1B-

19K proteins inhibit p53-induced irreversible growth arrest and

senescence by preventing reactive oxygen species dependent p38

activation. J. Biol. Chem. 279, 17765 – 17771.

32. Deng, Q., Liao, R., Wu, B. L., and Sun, P. (2004) High intensity ras

signalling induces premature senescence by activating p38 pathway in

primary human fibroblasts. J. Biol. Chem. 279, 1050 – 1059.

33. Hutter, E., Unterluggauer, H., Uberall, F., Schramek, H., and Jansen-

Durr, P. (2002) Replicative senescence of human fibroblasts: the role

of Ras-dependent signaling and oxidative stress. Exp. Gerontol. 37,

1165 – 1174.

34. Macip, S., Igarashi, M., Fang, L., Chen, A., Pan, Z. Q., Lee, S. W.,

and Aaronson, S. A. (2002) Inhibition of p21-mediated ROS

accumulation can rescue p21-induced senescence. EMBO J. 21,

2180 – 2188.

35. Elson, A., Wang, Y., Daugherty, C. J., Morton, C. C., Zhou, F.,

Campos-Torres, J., and Leder, P. (1996) Pleiotropic defects in ataxia-

telangiectasia protein-deficient mice. Proc. Natl. Acad. Sci. USA 93,

13084 – 13089.

36. Xu, Y., Ashley, T., Brainerd, E. E., Bronson, R. T., Meyn, M. S., and

Baltimore, D. (1996) Targeted disruption of ATM leads to growth

retardation, chromosomal fragmentation during meiosis, immune

defects, and thymic lymphoma. Genes Dev. 10, 2411 – 2422.

37. Ito, K., Hirao, A., Arai, F., Matsuoka, S., Takubo, K., Hamaguchi,

I., Nomiyama, K., Hosokawa, K., Sakurada, K., Nakagata, N., et al.

(2004) Regulation of oxidative stress by ATM is required for self-

renewal of haematopoietic stem cells. Nature 431, 997 – 1002.

38. Barlow, C., Dennery, P. A., Shigenaga, M. K., Smith, M. A., Morrow,

J. D., Roberts, L. J., 2nd, Wynshaw-Boris, A., and Levine, R. L.

(1999) Loss of the ataxia-telangiectasia gene product causes oxidative

damage in target organs. Proc. Natl. Acad. Sci. USA 96, 9915 – 9919.

39. Vafa, O., Wade, M., Kern, S., Beeche, M., Pandita, T. K., Hampton,

G. M., and Wahl, G. M. (2002) c-Myc can induce DNA damage,

increase reactive oxygen species, and mitigate p53 function: a

mechanism for oncogene-induced genetic instability. Mol. Cell 9,

1031 – 1044.

40. Campisi, J. (2003) Cancer and ageing: rival demons? Nat. Rev. Cancer

3, 339 – 349.

ROS AS MEDIATORS OF CELLULAR SENESCENCE 281




