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Cancer is a disease of impaired genome stability. The molecular forces that 
maintain genome integrity and sense altered chromosome structure are 
invariably subverted in cancer cells. Here, we explore the contrasting 
contributions of telomeres in the initiation and suppression of cancer and 
review the evidence supporting a role for telomere dysfunction as a 
mechanism driving the radical chromosomal aberrations that typify cancer 
genomes. Recent work suggests that passage of cells through crisis in the 
setting of deactivated DNA damage checkpoints provides a mutational 
mechanism that can generate the diverse genetic alterations required for 
cancer initiation. A greater understanding of telomere-induced crisis and 
the cell's crisis management mechanisms should guide the rational devel- 
opment of new therapeutics for cancer and other disorders. 
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The genetic paradigm that now forms the 
foundation of our view of cancer pathogene- 
sis has its deepest roots in the early cytoge- 
netic analyses of cancer cells [reviewed in 
(1)]. Aberrant mitoses first noted by von Han- 
semann in 1890 (2) inspired Boveri's seminal 
concept of cancer as a genetic disease of 
somatic cells driven by chromosomal imbal- 
ances (3). This genetic hypothesis received 
experimental support from Muller's discov- 
ery that ionizing radiation, an agent already 
recognized as a potent carcinogen, also had 
mutagenic activity (4). Subsequently, Muller 
and McClintock began to explore the special 
role of chromosomal termini in the mainte- 
nance of chromosome structure (5, 6)-ef- 
forts that, years later, led to an integrated 
view of telomere dynamics in chromosomal 
stability and cancer [reviewed in (7)]. 

That genetic instability helps drive the 
development of cancer has emerged as a core 
concept in modem biology-continually re- 
inforced by the increased incidence of neo- 
plasia observed in human genetic disorders 
(and their animal models) of compromised 
genome stability [reviewed in (8, 9)]. In such 
disorders, genetic instability endows incipi- 
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ent cancer cells with the molecular alterations 
that deactivate growth arrest and apoptotic 
checkpoints and permits the engagement of 
pathways essential for immortal growth. In- 
deed, the identification of the molecular 
mechanisms governing genome integrity has 
been a central focus in the field of cancer. 
Disruption of these mechanisms in cancer 
cells is manifested as defects in mitotic 
checkpoints, impaired nonhomologous end- 
joining, imprecise DNA replication, and so 
forth (8, 10). The relative contribution of 
each of these mechanisms to the genome 
instability encountered in the majority of hu- 
man cancers, particularly epithelial cancers, 
is not well understood. Here, we review the 
mounting experimental evidence that telo- 
mere dysfunction figures prominently in the 
evolution of cancer, providing a potential 
mechanism that enables cells to reach a crit- 
ical threshold of cancer-promoting genetic 
changes during the formative stages of neo- 
plastic transformation. 

Telomeres, the structure at the ends of 
linear chromosomes, have long been recog- 
nized as critical for the maintenance of chro- 
mosomal integrity (5, 6). The replication of 
linear chromosomes presents a special chal- 
lenge that stems from the inability of conven- 
tional DNA polymerases to complete synthe- 
sis of chromosomal ends (11, 12). Thus, as 
cells divide, this "end replication problem" 
results in the eventual reduction of telomeres 
to a short critical length that elicits the acti- 
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vation of cellular checkpoints not unlike 
those provoked by DNA damage [reviewed 
in (13-15)]. In human cell cultures, short 
telomeres result in activation of the Hayflick 
limit (Mortality Stage 1 or senescence), and 
the cells stop dividing [reviewed in (16)]. 
However, the Hayflick limit can be readily 
breached by inactivation of the p53 and Rb 
growth inhibitory pathways. Continued pro- 
liferation of cells beyond the Hayflick limit 
and further telomere erosion exacerbate telo- 
mere dysfunction and associated genomic in- 
stability, culminating in a period of massive 
cell death aptly termed "cellular crisis" (or 
Mortality Stage 2) (16). 

The Hayflick limit presents a block to 
normal cell growth in culture, but because 
cancer cells invariably acquire Rb and p53 
pathway defects, it has been difficult to doc- 
ument a direct role for shortened telomere- 
induced senescence in tumor suppression in 
vivo [reviewed in (17)]. We favor the hy- 
pothesis that crisis plays a more prominent 
role than senescence in tumorigenesis. Al- 
though crisis is a potent barrier to immortal 
growth in culture, the massive genetic insta- 
bility associated with this state may well be 
the mechanism by which the rare cells sur- 
viving crisis acquire the constellation of ge- 
netic alterations needed for malignant trans- 
formation (18-22). These rare cells emerge 
from crisis by activating telomere mainte- 
nance mechanisms-most commonly by ex- 
pression of the specialized ribonucleoprotein 
complex, telomerase (18). Telomerase con- 
sists of a catalytic telomerase reverse tran- 
scriptase (TERT) that synthesizes a sequence 
(TTAGGG in humans and mice) at the ends 
of chromosomes by using an RNA template 
encoded by the telomerase RNA component 
(TERC) gene (23). In human cells and tissues, 
the presence of telomerase activity correlates 
well with the level of TERT gene transcrip- 
tion, although additional levels of regulation 
such as RNA processing and posttranslation 
modification may also be important (23). In 
humans, TERT gene expression is limited 
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mostly to embryonic tissues and activated 
lymphocytes. It is also detectable in a subset 
of adult hematopoietic and epithelial stem 
cell compartments, but at modest levels that 
are insufficient for telomere maintenance. In 
contrast, expression of the telomerase RNA 
component is more ubiquitous [reviewed in 
(23)]. Although telomere attrition takes place 
in primary human cultured cells, the extent to 
which critical telomere shortening occurs in 
normal human tissues, (for example, as a 
function of advancing age and/or in the con- 
text of organ renewal) is less well document- 
ed (24). Nevertheless, it is clear that substan- 
tial telomere attrition can occur in diseased 
human tissues that sustain chronically high 
rates of cellular turnover [reviewed in (27)]. 
Both in vitro and in vivo experiments docu- 
ment the importance of telomerase activity in 
maintaining the growth capacity of immortal 
cancer cells and thus their ability to navigate 
through crisis (25-27). For this reason, te- 
lomerase is viewed as a promising target for 
the development of anticancer drugs. 

The Cellular and Organismal Response 
to Telomere Attrition. 
Genetic evidence derived from mTerc-defi- 
cient mice (28) has pointed to highly complex 
roles for telomere-based crisis in carcinogen- 
esis. In particular, the presence of deactivated 
DNA damage responses in mice engineered 
to experience telomere attrition and crisis 
appears to convert crisis from a suppressor to 
a promoter of tumorigenesis (29). The in- 
crease in cancer observed in these double 
mutant mice and in aged mTerc null mice is 
fueled, presumably, by the improved survival 
of cells during a period of genomic instability 
in which there are gains and losses of onco- 
genes and tumor suppressor genes. 

The mTerc knockout mouse has also re- 
vealed that many of the forces operating in 
cultured human cells are at work in telom- 
erase-deficient organs with high renewal 
activity. The organismal impact of telomere 
attrition, brought about by successive gen- 
erational breeding of mTerc null mice (28) 
and by advancing age and organ renewal, 
has underscored the importance of telomere 
function in maintaining the long-term ho- 
meostasis of rapidly proliferating organ 
systems (30-33). Organ failure may be 
caused by compromised proliferative reserve 
and/or apoptotic elimination of resident tis- 
sue stem cells, although this hypothesis has 
not yet been experimentally validated. 

Finally, these experimental observations 
in the mouse have provided a rational expla- 
nation for a group of chronic high-turnover 
diseases in humans that, paradoxically, are 
associated with both end-organ failure and 
cancer predisposition; examples include liver 
cirrhosis and hepatocellular carcinoma, Bar- 
rett's esophagus and esophageal cancer, and 

ulcerative colitis and colorectal cancer [re- 
viewed in (7)] (34, 35). Together, these ge- 
netic observations have reinforced the hy- 
pothesis that telomere dysfunction, while 
inhibiting the growth of normal cells, can in 
some instances promote the development of 
cancer. 

At the molecular level, the cellular re- 
sponse to eroded telomeres has been shown 
to involve signaling pathways important in 
governing cell cycle progression, DNA re- 
pair, and cell survival. ATM (ataxia-telangi- 
ectasia mutated) and p53 play central roles in 
sensing and executing appropriate cellular 
responses to DNA damage (36, 37). The 
ATM/p53 pathway was implicated in the re- 
sponse to telomere dysfunction in experi- 
ments with human cells that expressed a 
dominant-negative form of the TRF2 protein 
(38), an integral component of the telomere 
complex [reviewed in (15)]. Expression of 
mutant TRF2 disrupted telomere function, 
resulting in chromosomal end-to-end fusions 
and anaphase bridges and leading to induc- 
tion of an ATM- or p53-dependent apoptotic 
response (38, 39). Studies in the mouse have 
also documented p53 activation in the setting 
of critical telomere shortening (40-42) and 
have confirmed a central role for p53 in 
mediating the adverse cellular and tissue con- 
sequences of short dysfunctional telomeres 
(40). Whether and how ATM deficiency 
modulates the telomere dysfunction pheno- 
type in vivo has not yet been determined; 
however, based on the TRF2 studies, an at- 
tenuated checkpoint response would be antic- 
ipated. Thus, in the setting of intact ATM/ 
p53-dependent checkpoint responses, telo- 
mere-based crisis would be expected to trig- 
ger restraining mechanisms that impede the 
emergence of incipient cancer cells. 

Beyond ATM/p53, an intriguing, albeit 
poorly understood, interplay also exists be- 
tween telomeres and the DNA double-strand- 
ed break (DSB) repair machinery. Multiple 
DNA repair complexes, such as the Ku pro- 
teins and the MRE11 complex, function in 
normal telomere metabolism and capping [re- 
viewed in (15)]. Although not rigorously 
proven, an eroded telomere is likely to be 
recognized as a DNA DSB. DSBs can be 
repaired by either homologous recombina- 
tion, which repairs the damage by copying 
from a homologous sequence, or nonhomolo- 
gous end joining (NHEJ), which ligates un- 
related DNA ends (43). Of particular concern 
to cells undergoing telomere-induced crisis 
are the pathways that solve the problem of 
eroded telomeres and create the aberrant 
chromosomes typically found in cancer cells. 
For example, the homologous recombination 
pathway appears to be required for the alter- 
native lengthening of telomeres (ALT) mech- 
anism, which can regenerate telomeres in the 
absence of telomerase and potentially endow 

cancer cells with an escape from crisis (44- 
49). Which of the DSB repair pathways is 
responsible for the hallmark characteristics of 
cells experiencing telomere dysfunction, i.e., 
chromosome end-to-end fusions and nonre- 
ciprocal translocations, is not yet fully 
elucidated. 

Telomere Dysfunction and 
Carcinogenesis 
Most human tumors express telomerase (50), 
although a small minority are telomerase- 
negative and tend to exhibit ALT (51, 52). 
These observations underscore the essential 
need for some form of telomere maintenance 
in the long-term survival of cancer cells. Ex- 
pression of the TERT subunit in human fibro- 
blasts results in stabilized telomere length 
and immortalization; hence, these primary 
cells bypass telomere-based senescence and 
crisis (53, 54). More directly, enforced ex- 
pression of TERT, together with RAS and 
viral oncoproteins that neutralize the p53 and 
Rb pathways and modulate PP2A phospha- 
tase activity, has been shown to generate fully 
transformed human tumor cells in vitro, dem- 
onstrating that human cells require telomere 
maintenance to acquire an advanced malig- 
nant phenotype (55, 56). Conversely, inhibi- 
tion of telomerase in established human can- 
cer cells can halt their growth and induce 
apoptosis as a result of telomere-induced cri- 
sis, thus disrupting their ability to form tu- 
mors in vivo (25, 26). 

Against this backdrop, it is perhaps not 
surprising that early neoplastic lesions typi- 
cally possess undetectable or low telomerase 
activity, whereas the progression to advanced 
malignant lesions is associated with more 
robust levels of telomerase (57-61). Does 
this rather late onset of telomerase activation 
in advanced human tumors provide an oppor- 
tunity for telomere erosion and some degree 
of cellular crisis during the early stages of 
tumor development? Several lines of evi- 
dence suggest that this is indeed the case. 
First, human cancer cells often have shorter 
telomeres than do cells in surrounding normal 
tissue, an observation consistent with an ex- 
tended phase of proliferation in the context of 
insufficient telomerase activity during early- 
stage neoplasia (19, 20, 62). Second, and 
consistent with tumor-associated telomere at- 
trition, human tumors often harbor telomeric 
associations and anaphase bridges, which can 
result from terminal fusions of chromosomes 
that lack functional telomeres (22, 42, 63) 
(Fig. 1A). Indeed, studies of mTerc mutant 
mice have shown that the number of intratu- 
mor anaphase bridges correlates well with the 
level of telomere dysfunction (42). Although 
chromosomal defects other than telomere 
dysfunction can lead to dicentric formation 
and anaphase bridges, it is intriguing that 
human colorectal cancers show a peak in the 
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anaphase bridge index (a numerical measure 
of the metaphases that contain anaphase 
bridges) in early high-grade dysplastic le- 
sions and a decline in more advanced carci- 
noma stages (42). This pattern is consistent 
with the prolonged proliferative activity of 
benign adenomatous lesions and the subse- 
quent onset of robust telomerase activity that 
can break the cycle of breakage-fusion-bridge 
in cancerous genomes (57, 58, 60). Finally, 
cytogenetic and array-comparative genomic 
hybridization analyses of epithelial tumors 
arising in mice with telomere dysfunction 
have revealed highly aberrant genomes par- 
ticularly nonreciprocal translocations and re- 
gional amplifications and deletions of the 
type that are common in primary human can- 
cers and less frequent in primary mouse can- 
cers with intact telomere function (29, 64, 
65). These observations indicate that telo- 
mere dysfunction and crisis represent a mech- 
anism driving accumulation of cancer-associ- 
ated chromosomal structural aberrations and 
strengthen the connections between cellular 
crisis, chromosomal instability, and cancer. 

As noted above, one unanticipated out- 
come of the telomerase knockout mouse ex- 
periments was the finding that telomerase 
was not required for tumorigenesis. In fact, 
tumors appeared more frequently in aging 
mice with dysfunctional telomeres than in 
their counterparts with intact telomeres (31). 
How can this finding be reconciled with the 
evidence that telomere maintenance is critical 
for survival of human cancer cells transiting 
through crisis? The systematic analysis of 
how telomere dysfunction suppresses or en- 
hances the cancer phenotype of several tumor 
suppressor mutant mouse strains has provid- 
ed intriguing insights (Table 1). As summa- 
rized below, it appears that the status of DNA 
damage surveillance mechanisms, and per- 
haps cell type-specific factors, are major pa- 
rameters controlling the neoplastic outcome 
of telomere-based crisis. 

The successive interbreeding of mice dou- 
bly null for mTerc and Ink4a/Arf has allowed 
comparison of tumor type and frequency as 
well as tumor-free survival in relation to 
varying degrees of telomere reserve (66). 
Early-generation mTerc Ink4alArf null ani- 
mals, which have intact telomere function, 
developed the typical spectrum of lympho- 
mas and soft tissue sarcomas at the same 
frequency and showed similar survival trends 
as their telomerase-positive, Ink4alArf null 
counterparts. However, in the later genera- 
tions, the onset of telomere dysfunction was 
associated with a marked suppression of tu- 
morigenesis and increased survival, with the 
tumor spectrum largely unchanged. Consis- 
tent with these in vivo findings, late-genera- 
tion mTerc Ink4alArf null mouse embryonic 
fibroblasts were also more resistant to trans- 
formation by dominantly acting oncogenes, 

and this resistance was quelled by somatic 
restoration of mTerc expression. 

The finding that telomere dysfunction can 
suppress tumorigenesis has been replicated in 
other mouse tumor models. For example, 
mTerc null mice with short dysfunctional telo- 
meres were found to be resistant to a standard 7, 
12-dimethylbenz(a)anthracine-12-O-tetradeca- 
noylphorbol 13-acetate (DMBA-TPA) skin car- 
cinogenesis protocol, and p53 was implicated 
as a potential limiting factor in tumor growth in 
these animals (41). Additionally, the mTerc 
Min (multiple intestinal neoplasia) mouse mod- 
el has been particularly informative in this re- 
gard (42). Min mice harboring a germline apc 
(adenomatous polyposis coli) tumor suppressor 
gene mutation develop dozens of benign adeno- 
matous lesions in the intestinal tract upon loss 
of the wild-type Apc allele (67). In the face of 
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mild telomere dysfunction, as evidenced by a 
moderate intratumoral anaphase bridge index, 
early-stage adenomas appeared more frequent- 
ly-an increase thought to be stimulated by 
increased genomic instability and loss of the 
remaining wild-type Apc allele. However, high- 
er levels of telomere dysfunction impaired the 
progression of these early-stage lesions into 
lethal macroadenomas, which correlated with 
activation of checkpoints and upregulation of 
p53. Thus, in the evolution of cancer in this 
mouse model, both faces of telomere dysfunc- 
tion are manifest. In one, increasing genomic 
instability stimulates tumor initiation, and in 
another, intolerable levels of genomic instabil- 
ity halt tumor progression. 

In light of these results, how can telomere 
dysfunction ever cause tumor progression? 
The particular genetic mutations that a cell 
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Fig. 1. (A) Telomere attrition and perpetuation of the BFB cycle. As cells divide in the absence of 
telomerase, telomeres (in red) erode, exposing the ends; DNA repair functions can then create 
chromosome fusions. Here, a fusion between two sister chromatids (in dark and light blue) forms 
a dicentric chromosome, which results in anaphase bridging during segregation in mitosis. The 
dicentric chromosome is broken when pulled to opposite spindle poles, creating changes in gene 
dosage [amplifications (Amp) and deletions (Del)] for the resulting daughter cells. The broken 
chromosome must then be repaired again and can become fused to another chromosome (in 
green), generating a second dicentric chromosome and perpetuating the BFB cycle. This cycle likely 
facilitates the accumulation of genetic changes that enable cells to emerge from crisis and proceed 
to malignancy. (B) A model for crisis induced by telomere attrition. Shortened telomeres elicit 
replicative senescence in vitro, blocking further proliferation, unless checkpoint responses are 
disrupted. Continued cell division will eventually cause telomere dysfunction and crisis. The early 
stages of crisis can be averted by loss of p53. Eventual emergence from late crisis requires not only 
p53 inactivation but also the acquisition of telomere maintenance mechanisms. 
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harbors may dictate its ability to replicate in 
the face of telomere dysfunction and breach 
the telomere-based senescence checkpoint 
(the Hayflick limit); that is, cells already 
harboring checkpoint deficiencies (e.g., mu- 
tations in p53 and Rb) are less susceptible to 
this initial block to continued proliferation. 
Additionally, it seems likely that the conver- 
gence of aberrant DNA repair function and 
lack of checkpoint responses would enhance 
genomic instability. Indeed, the preponder- 
ance of chromosomal rearrangements and 
other structural anomalies encountered in 
cells that have experienced crisis (17, 68, 69) 
is indicative that DNA repair activities have 
been at work. Inappropriate repair between 
broken telomeres, or a broken telomere and 
an internal site, from two different chromo- 
somes can result in the formation of dicentric 
chromosomes and the creation of breakage- 
fusion-bridge (BFB) cycles (Fig. 1A) (6, 29, 
38). In addition to a predisposition for chro- 
mosome nondisjunction, dicentric chromo- 
somes are extremely unstable and can be 
pulled apart during cell division, causing a 
new break to form randomly between the two 
centromeres. Thus, chromosome breaks form 
anew, and a continuous BFB cycle can be 
perpetuated. Because DNA DSBs are sources 
of amplifications and deletions of DNA (70- 
73), these BFB events are likely associated 
with and responsible for genomewide region- 
al changes in gene dosage. This is the recipe 
for a premalignant cell to acquire the molec- 
ular changes needed to evolve into a malig- 
nant cell. 

The ability of telomere dysfunction to 
inhibit tumorigenesis in mice illustrated the 
power of checkpoints in restraining the 
growth of neoplastic cells. Given the im- 
portance of p53 in DNA damage and te- 
lomere-induced senescence checkpoints, 
and its high mutation frequency in human 
tumors (74), it was of interest to directly 
test whether p53 deficiency in mice could 
rescue the phenotypes associated with telo- 
mere dysfunction and cooperate in carcino- 

genesis. The generation of mice doubly null 
for p53 and telomerase revealed that p53 
loss attenuates many of the phenotypes as- 
sociated with telomere dysfunction, includ- 
ing growth arrest, germ cell apoptosis and 
testicular atrophy, and intestinal apoptosis 
(40). Telomere dysfunction cooperates with 
p53 nullizygosity to reduce tumor latency 
and, in the context of p53 heterozygosity 
and advancing age, shifts the spectrum of 
epithelial cancers to those typically en- 
countered in aged humans (e.g., breast, co- 
lon, and skin) [reviewed in (7)] (29). Epi- 
thelial carcinomas are rarely observed in 
mice unless they are engineered to express 
dominantly acting oncogenes in epithelia 
(7). Tumors derived from these mTerc p53 
double mutant mice show a high level of 
genomic instability, similar to their human 
counterparts (29, 65). This finding lends 
support to the hypothesis that, whereas 
telomere dysfunction may be an important 
checkpoint on growth when the surveil- 
lance mechanisms are intact, it can be a 
potent "carcinogen" in the absence of these 
critical checkpoints. Because most human 
tumors have disabled p53 function (74), it 
is tempting to speculate that telomere dys- 
function may play an important role in 
driving the genomic instability seen in hu- 
man epithelial tumors in the absence of this 
critical checkpoint. 

Lastly, it is important to emphasize that 
p53 loss alone cannot neutralize the ravag- 
es of massive genomic instability, as evi- 
denced by the failure of p53 loss to rescue 
organ failure in mice with severe telomere 
dysfunction (40). Thus, once tumors have 
survived initial crisis by p53 loss, tumors 
that emerge must still have some mecha- 
nism for telomere maintainence. The com- 
bination of telomere dysfunction and the 
consequent genetic instability, checkpoint 
inactivation, and eventual long-term telo- 
mere maintenance may be a critical se- 
quence of events for tumor initiation and 
full malignant progression (Fig. 1B). 

Telomerase-Based Therapy: Friend or 
Foe? 

The observation that telomerase can extend 
cellular life-span in vitro (53) has opened up 
the exciting possibility that telomerase 
therapy may delay age-associated tissue de- 
generation (75) or reverse organ failure in 
chronic high-turnover diseases (35). Indeed, 
several studies have already explored trans- 
plantation of"telomerized" cells, such as vas- 
cular endothelial cells (76) and adrenal cells 
(77), to restore cellular function in the con- 
text of a whole organism. 

Given the role of telomerase in cancer, 
however, will enforced expression of telom- 
erase as a tissue-regenerative strategy be car- 
cinogenic? Several recent experiments have 
sounded a note of caution regarding the use 
of somatic TERT therapy. In transgenic mice, 
TERT overexpression in basal keratinocytes 
renders those cells more susceptible to car- 
cinogen-induced skin tumors (78). In addi- 
tion, mice with TERT transgene expression in 
the mammary gland develop neoplastic le- 
sions, again indicating that too much telom- 
erase may be tumorigenic (79). Notably, in 
both of these experimental models, the mice 
presumably have intact, full-length telomeres 
and otherwise normal telomerase function; 
thus, telomeres are not limiting for growth. 
The molecular mechanisms driving tumori- 
genesis in these models need to be examined 
in greater detail. 

Are these findings in mouse model sys- 
tems relevant to human cells? A recent report 
indicates that hTERT overexpression can en- 
dow human mammary epithelial cells with 
resistance to growth inhibition by transform- 
ing growth factor-3 (TGF-P), once these 
cultures have inactivated p16Ink4a (80). The 
extent to which these hTERT-associated per- 
turbations are cell-culture related, dependent 
on p16Ink4a inactivation, or reversible will 
require further study. Additional experiments 
indicate that enforced TERT expression may 
inhibit apoptosis induced by multiple differ- 
ent stimuli, although again, whether this is 

Table 1. The effect of telomere dysfunction on tumorigenesis in cancer-prone mice. 

Mouse model 

Aged mTerc-/- 

mTerc-/-; Ink4a/Arf-/- 

mTerc-/-; Min (Apc+/-) 

MTerc-/-; DMBA-TPA 

MTerc-'-; P53-/- 

MTerc-/-; P53+/- 

Cancer type 

Lymphoma, teratocarcinoma, others 

Lymphoma, fibrosarcoma 

Intestinal adenoma 

Skin papillomas 

Lymphoma, sarcoma, 
adenocarcinoma 

Epithelial carcinoma (breast, skin, 
colon); lymphoma, sarcoma 

Effect of telomere dysfunction 
Increase in G4 to G6, as compared with wild type 

and G1 to G3* 
Suppression in G4 to G6, as compared with wild type, 

G1, G2 
Increase of microadenoma in G2, G3; strong 

suppression of macroadenoma in G4 
Strong suppression in G5 mice compared with 

wild-type, G1 
Reduced tumor latency in late generation; appearance 

of adenocarcinomas in 10% of mice 
Reduced latency in late generation; majority sustain 

epithelial carcinomas 

*G refers to successive mTERC/- generations (where G1 represents the first mTERC/- generation from an mTERC+/- intercross, G2 is the product of a G1 intercross, etc.) 
(28). 
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simply a reflection of the experimental con- 
ditions is not clear (81). 

In our view, the evidence to date indicates 
that the potential of telomerase therapy in 
controlled conditions may outweigh the risks 
associated with carcinogenesis. Whereas 
cells that overexpress telomerase in culture 
are immortal, they do not become cancerous 
unless the p53 and Rb checkpoints and other 
signaling pathways are also commandeered 
(55, 56). Indeed, several studies have dem- 
onstrated that enforced hTERT expression in 
primary human cultured cells enables extend- 
ed growth beyond the Hayflick limit without 
altering the functional status of principal reg- 
ulators of cellular mortality, growth control, 
and cell survival (82-84). Although a more 
comprehensive gene profiling study may be 
warranted, the normal cellular behavior of 
these hTERT-reconstituted cultures, coupled 
with its unremarkable molecular profile, sup- 
ports the view that on its own, enforced high- 
level hTERT expression and telomerase ac- 
tivity could be innocuous. 

In this context, it is worth emphasizing the 
staggering unmet needs of individuals who 
suffer from chronic organ failure and who 
succumb while waiting for a donor organ 
for example, patients with end-stage liver 
cirrhosis. The possibility of telomerase-in- 
duced carcinogenesis may be of less concern 
in this particular clinical setting because the 
telomerase therapy would be transient [for 
example, delivered as a protein (85)], and in 
many cases the telomerase-treated liver 
would ultimately be removed once a donor 
organ was found. The beneficial effects of 
somatic telomerase therapy have been estab- 
lished in a mouse model of liver fibrosis (35) 
[reviewed in (86)]. 

The use of telomerase inhibitors as a 
therapy to thwart the growth of cancer cells 
is also being actively investigated [re- 
viewed in (87)]. Among the inhibitors be- 
ing evaluated are dominant-negative TERT 
subunits (25, 26), peptide nucleic acids and 
oligonucleotides (88, 89), and chemical in- 
hibitors (27, 90, 91). In addition, TERT has 
been investigated as a potential homing 
target for immunotherapy of cancer cells 
(92). However, the majority of these meth- 
ods would take time to be effective, be- 
cause cancer cells will continue to divide 
until their telomeres shorten to the point of 
inducing crisis. This lag in cell killing may 
allow ALT or other adaptive responses to 
develop, rendering those cells resistant to 
telomerase inhibition. Additionally, wheth- 
er telomerase inhibitors harm the popula- 
tion of normal cells that rely on telomerase 
will merit careful attention. Nonetheless, 
encouraging experiments have highlighted 
the potential for telomerase inhibitors to 
synergize with conventional chemothera- 
peutics in killing cancer cells (91, 93). 

In summary, the experiments reviewed 
here illustrate how crisis can be used both as 
a weapon by normal cells to ward off the 
instability that drives cancer and as a mech- 
anism by premalignant cells to achieve the 
high threshold of changes required for malig- 
nant progression. Continued investigation 
into the ability of crisis to endow cancer cells 
with new growth properties, and the identifi- 
cation of the relevant accompanying genetic 
changes, will hopefully allow us to design 
smarter therapies to treat this disease. 

References and Notes 
1. A. G. Knudson, Nature Rev. Cancer 1, 157 (2001). 
2. D. von Hansemann, Virchow's Arch. Path. Anat. 119, 

299 (1890). 
3. T. Boveri, Zur Frage der Entstehung Maligner Tumoren 

(Gustav Fisher, Jena, Germany, 1914). 
4. H. J. Muller, Science 46, 84 (1927). 
5. , Collecting Net 13, 181 (1938). 
6. B. McClintock, Genetics 26, 234 (1941). 
7. R. A. DePinho, Nature 408, 248 (2000). 
8. J. H. Hoeijmakers, Nature 411, 366 (2001). 
9. N. C. Levitt, I. D. Hickson, Trends Mol. Med. 8, 179 

(2002). 
10. C. Lengauer, K. W. Kinzler, B. Vogelstein, Nature 396, 

643 (1998). 
11. J. D. Watson, Nature New Biol. 239, 197 (1972). 
12. A. M. Olovnikov, J. Theor. Biol. 41, 181 (1973). 
13. C. B. Harley, S. W. Sherwood, Cancer Surv. 29, 263 

(1997). 
14. G. M. Wahl, A. M. Carr, Nature Cell Biol. 3, E277 

(2001). 
15. T. de Lange, Oncogene 21, 532 (2002). 
16. W. E. Wright, J. W. Shay, Exp. Gerontol. 27, 383 

(1992). 
17. S. A. Stewart, R. A. Weinberg, Oncogene 21, 627 

(2002). 
18. C. M. Counter et al., EMBOJ. 11, 1921 (1992). 
19. T. de Lange et al., Mol. Cell. Biol. 10, 518 (1990). 
20. N. D. Hastie et al., Nature 346, 86 (1990). 
21. C. B. Harley, H. Vaziri, C. M. Counter, R. C. Allsopp, 

Exp. Gerontol. 27, 375 (1992). 
22. T. de Lange, in Telomeres, E. H. Blackburn, C. W. 

Greider, Eds. (Cold Spring Harbor Laboratory Press, 
Plainview, NY, 1995), pp. 265-293. 

23. K. Collins, J. R. Mitchell, Oncogene 21, 564 (2002). 
24. S.-h. Kim, P. Kaminker, J. Campisi, Oncogene 21, 503 

(2002). 
25. W. C. Hahn et al., Nature Med. 5, 1164 (1999). 
26. X. Zhang, V. Mar, W. Zhou, L. Harrington, M. O. 

Robinson, Genes Dev. 13, 2388 (1999). 
27. K. Damm et al., EMBO J. 20, 6958 (2001). 
28. M. A. Blasco et al., Cell 91, 25 (1997). 
29. S. E. Artandi et al., Nature 406, 641 (2000). 
30. H. W. Lee et al., Nature 392, 569 (1998). 
31. K. L. Rudolph et al., Cell 96, 701 (1999). 
32. M. T. Hemann et al., Mol. Biol. Cell 12, 2023 (2001). 
33. E. Herrera et al., EMBO J. 18, 2950 (1999). 
34. T. Kitada, S. Seki, N. Kawakita, T. Kuroki, T. Monna, 

Biochem. Biophys. Res. Commun. 211, 33 (1995). 
35. K. L Rudolph, S. Chang, M. Millard, N. Schreiber-Agus, 

R. A. DePinho, Science 287, 1253 (2000). 
36. M. B. Kastan et al., Cell 71, 587 (1992). 
37. Y. Shiloh, M. B. Kastan, Adv. Cancer Res. 83, 209 

(2001). 
38. B. van Steensel, A. Smogorzewska, T. de Lange, Cell 

92, 401 (1998). 
39. J. Karlseder, D. Broccoli, Y. Dai, S. Hardy, T. de Lange, 

Science 283, 1321 (1999). 
40. L. Chin et al., Cell 97, 527 (1999). 
41. E. Gonzalez-Suarez, E. Samper, J. M. Flores, M. A. 

Blasco, Nature Genet. 26, 114 (2000). 
42. K. L. Rudolph, M. Millard, M. W. Bosenberg, R. A. 

DePinho, Nature Genet. 28, 155 (2001). 
43. S. P. Jackson, Biochem. Soc. Trans. 29, 655 (2001). 
44. V. Lundblad, E. H. Blackburn, Cell 73, 347 (1993). 
45. J. P. Murnane, L. Sabatier, B. A. Marder, W. F. Morgan, 

EMBO J. 13, 4953 (1994). 

46. S. C. Teng, V. A. Zakian, Mol. Cell. Biol. 19, 8083 
(1999). 

47. S. Le, J. K. Moore, J. E. Haber, C. W. Greider, Genetics 
152, 143 (1999). 

48. Q. Chen, A. Ijpma, C. W. Greider, Mol. Cell. Biol. 21, 
1819 (2001). 

49. M. A. Dunham, A. A. Neumann, C. L Fasching, R. R. 
Reddel, Nature Genet. 26, 447 (2000). 

50. N. W. Kim et al., Science 266, 2011 (1994). 
51. T. M. Bryan, A. Englezou, J. Gupta, S. Bacchetti, R. R. 

Reddel, EMBO J. 14, 4240 (1995). 
52. T. M. Bryan, A. Englezou, L Dalla-Pozza, M. A. Dun- 

ham, R. R. Reddel, Nature Med. 3, 1271 (1997). 
53. A. G. Bodnar et al., Science 279, 349 (1998). 
54. H. Vaziri, S. Benchimol, Curr. Biol. 8, 279 (1998). 
55. W. C. Hahn et al., Nature 400, 464 (1999). 
56. W. C. Hahn et al., Mol. Cell. Biol. 22, 2111 (2002). 
57. C. Chadeneau, K. Hay, H. W. Hirte, S. Gallinger, S. 

Bacchetti, Cancer Res. 55, 2533 (1995). 
58. M. Engelhardt, P. Drullinsky, J. Guillem, M. A. S. 

Moore, Clin. Cancer Res. 3, 1931 (1997). 
59. P. Yan, E. P. Saraga, H. Bouzourene, F. T. Bosman, J. 

Benhattar, J. Patholol. 189, 207 (1999). 
60. R. Tang, A.-J. Cheng, J.-Y. Wang, T.-C. V. Wang, Can- 

cer Res. 58, 4052 (1998). 
61. K. A. Kolquist et al., Nature Genet. 19, 182 (1998). 
62. N. Miura et al., Cancer Genet. Cytogenet. 93, 56 

(1997). 
63. D. Gisselsson et al., Proc. Natl. Acad. Sci. U.SA. 98, 

12683 (2001). 
64. J. W. Gray, C. Collins, Carcinogenesis 21, 443 (2000). 
65. R. C. O'Hagan et al., Cancer Cell, in press. 
66. R. A. Greenberg et al., Cell 97, 515 (1999). 
67. W. F. Dove et al., Philos. Trans. R. Soc. London Ser. B 

353, 915 (1998). 
68. C. Ducray, J. P. Pommier, L. Martins, F. D. Boussin, L. 

Sabatier, Oncogene 18, 4211 (1999). 
69. S. R. Romanov et al., Nature 409, 633 (2001). 
70. B. Windle, B. W. Draper, Y. X. Yin, S. O'Gorman, G. M. 

Wahl, Genes Dev. 5, 160 (1991). 
71. E. Pipiras, A. Coquelle, A. Bieth, M. Debatisse, EMBOJ. 

17, 325 (1998). 
72. N. E. Sharpless et al., Mol. Cell. 8, 1187 (2001). 
73. C. Zhu et al., Cell 109, 811 (2002). 
74. M. Hollstein, D. Sidransky, B. Vogelstein, C. C. Harris, 

Science 253, 49 (1991). 
75. J. W. Shay, W. E. Wright, Nature Biotechnol. 18, 22 

(2000). 
76. J. Yang et al., Nature Biotechnol. 19, 219 (2001). 
77. M. Thomas, L. Yang, P. J. Hornsby, Nature Biotechnol. 

18, 39 (2000). 
78. E. Gonzalez-Suarez et al., EMBO J. 20, 2619 (2001). 
79. S. E. Artandi et al., Proc. Natl. Acad. Sci. U.SA. 99, 

8191 (2002). 
80. M. R. Stampfer et al., Proc. Natl. Acad. Sci. U.SA. 98, 

4498 (2001). 
81. M. Akiyama et al., Cancer Lett. 178, 187 (2002). 
82. C. P. Morales et al., Nature Genet. 21, 115 (1999). 
83. H. Vaziri et al., Mol. Cell. Biol. 19, 2373 (1999). 
84. X. R. Jiang et al., Nature Genet. 21, 111 (1999). 
85. S. R. Schwarze, A. Ho, A. Vocero-Akbani, S. F. Dowdy, 

Science 285, 1569 (1999). 
86. K. L. Rudolph, R. A. DePinho, in The Liver Biology and 

Pathobiology, I. M. Arias et al., Eds. (Lippincott Wil- 
liams and Wilkins, Philadelphia, 2001), pp. 999-1009. 

87. L K. White, W. E. Wright, J. W. Shay, Trends Biotech- 
nol. 19, 114 (2001). 

88. B. Herbert et al., Proc. Natl. Acad. Sci. U.SA. 96, 
14276 (1999). 

89. D. R. Corey, Oncogene 21, 631 (2002). 
90. I. Naasani, H. Seimiya, T. Yamori, T. Tsuruo, Cancer 

Res. 59, 4004 (1999). 
91. S. M. Gowan et al., Mol. Pharmacol. 61, 1154 (2002). 
92. R. H. Vonderheide, Oncogene 21, 674 (2002). 
93. K. H. Lee et al., Proc. Natl. Acad. Sci. U.SA. 98, 3381 

(2001). 
94. We thank J. Shay, K. Collins, N. Schreiber-Agus, L. 

Chin, and K. Wong for critical reading of the manu- 
script; and L. Chin for assistance with figures. R.A.D. is 
supported by grants from the NIH and is an American 
Cancer Society Professor and a Steven and Michele 
Kirsch Investigator. R.S.M. is supported by the Damon 
Runyon Cancer Research Foundation Fellowship 
DRG-1701-02. 

www.sciencemag.org SCIENCE VOL 297 26 JULY 2002 569 


