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Abstract

Long lived organisms such as humans have evolved several intrinsic tumor suppressor
mechanisms to combat the slew of oncogenic somatic mutations that constantly arise in
proliferating stem cell compartments. One of these anti-cancer barriers is the telomere, a
specialized nucleoprotein that caps the ends of eukaryotic chromosome. Impaired telomere
function activates the canonical DNA damage response pathway that engages p53 to initiate
apoptosis or replicative senescence. Here, we discuss how p53-dependent senescence induced by
dysfunctional telomeres may be as potent as apoptosis in suppressing tumorigenesis /in vivo.

More than 40 years ago, Hayflick and Moorhead discovered that normal human diploid
fibroblasts (HDFs) cannot grow indefinitely in culturel. Rather, their proliferative capacities
are intrinsically limited. After 60-80 population doublings in culture, HDFs stop dividing
and adopt a phenotype characterized by large, flat cell size, a vacuolated morphology,
inability to synthesize DNA, and the presence of the senescence-associated p-galactosidase
(SA-B-gal) marker2. We now know that the endpoint of this proliferative limit, termed
replicative senescence, is due largely to erosion of telomeres, protective structures that cap
the end of all eukaryotic chromosomes. Confirmation of this came from studies in which
telomerase, the enzyme that maintains telomeres, was ectopically expressed in normal
human somatic cells 4. Activation of telomerase results in telomere elongation, abrogation
of replicative senescence, a normal karyotype and cellular immortalization. These results
clearly demonstrate that telomere length determines the proliferative lifespan of HDFs, and
that upregulation of telomerase activity (hence telomere length) restores proliferative
capacity.

A large body of experimental evidence has demonstrated that telomere attrition contributes
to tumorigenesis by promoting genome instability®. However, in the setting of a competent
p53 pathway, mouse models have recently shown that telomere shortening is also tumor
suppressive by promoting replicative senescence to inhibit tumor formation. In this
Perspective, we will discuss how telomeres shorten with cell replication and how this might
initiate a DNA damage response to induce replicative senescence (and cell death) and
ultimately prevent tumorigenesis.

@Correspondence: schang@mdanderson.org.
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Telomeres and telomerase

Telomeres are composed of TTAGGG repeats, oriented 5’-to-3” towards the end of the
chromosome, ending in an essential 3" single-stranded G-rich overhang. They are
maintained by telomerase, a specialized ribonucleoprotein complex that includes an RNA
template ( 7erc) and a reverse transcriptase catalytic subunit ( 7er) (Figure 1a). The G-rich
overhang is generated by post-replicative processing of the C-rich strand, and is the
substrate for telomerase-mediated telomere elongation. Telomerase expression is low or
absent in most human somatic tissues®, while it is robust in early proliferative progenitor
germ and stem cells 7+ 8. In the absence of telomerase, each round of DNA replication is
accompanied by telomere shortening due to the failure of DNA polymerase to synthesize
fully the extreme terminus of the lagging DNA strand. A total lifetime loss of ~2-4 kb in
average telomere length has been observed in human cells®-10, Considering that human
telomeres are only 8-12 kb in length or less at birth, this degree of attrition is significant
over the natural lifespan of humans, and may be responsible to elicit certain aspects of
human aging phenotypes®?.

Analysis of telomeres from a diverse array of organisms revealed that the telomere 3’
single-stranded overhang can invade the double-stranded telomeric tracts, displacing the
homologous strand of the same telomere. Consequently, a telomere forms a lasso-like
structure, termed the ‘t-loop’, with a displacement (D) loop at the invasion site12 13 (Figure
1b). It has been proposed that the t loop plays a crucial role in sequestering the 3" end of
telomeric DNA from being recognized by the DNA damage machinery as DNA double
stranded breaks (DSBs) and therefore initiating inappropriate activation of DNA damage
checkpoints.

Cytogenetic analyses of breakage and fusion of maize chromosomes provided the first
evidence that telomeres maintain genome stabilityl4. Mammalian telomeres associate with
the shelterin complex of six core proteins — telomeric-repeat binding factor 1 (TRF1),
TRF2, TRF1 interacting protein 2 (TIN2), protection of telomeres 1 (POT1), the POT1 and
TIN2 interacting protein TPP1 and the transcriptional repressor/activator protein RAP115: 16
(Figure 1b, Box 1). Telomeres that can no longer exert end-protective functions are said to
be dysfunctional, and these telomeres could arise either from progressive telomere attrition,
or when components of the shelterin complex are perturbed, resulting in inappropriate
chromosomal end-to-end fusions through the non-homologous end joining (NHEJ) or
homologous recombination (HR) DNA repair pathways 17. One important cytogenetic
distinction between these two repair processes is that the fusion points of chromosomes with
naturally shortened telomeres do not normally posses FISH-detectable telomeric DNA,
while fused chromosomes resulting from loss of shelterin components frequently posses
intense telomeric signals at the sites of fusion. While NHEJ and HR pathways account for
the vast majority of chromosomal fusions, other pathways of repair such as microhomology
mediated telomere-telomere recombination may also be involved, especially when the
classic repair pathways are compromised18-20,

These fusions are the basis of genomic instability associated with telomere dysfunction as
they lead to anaphase bridging, subsequent breakage and that requires further repair.
Repetition of this fusion-bridge-breakage cycle leads to aneuploidy, further fusions and
depending on how such DNA damage is resolved, it has been hypothesized that loss of
heterozygosity or gene amplification could result in tumorigenesis®: 21,

Telomere dysfunction initiates a DNA damage response

Biochemical analyses revealed that HDFs that entered replicative senescence display
molecular markers characteristic of cells bearing DNA double-strand breaks (DSBs),
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suggesting that dysfunctional telomeres elicit a potent DNA damage response (DDR)?2.
These markers of the DDR include phosphorylated y-H2AX, 53BP1, NBS1, MDC1 and
CHK?2, among others. Many of these proteins localize directly to dysfunctional telomeres to
form dysfunctional telomere-induced foci (TIFs), and their inactivation in senescent cells
restores cell cycle progression into S-phase?2 23, These results suggest that dysfunctional
telomeres are recognized as DSBs that impinge upon p53 and/or pRB tumor suppressor
pathways, to induce expression of their regulators p21 and p16 '"k4a tg initiate replicative
senescence?4-26,

Dysfunctional telomeres activate upstream checkpoint P13 kinases, such as ATM (ataxia-
telangiectasia mutated) or ATR (ataxia-telangiectasia and Rad3 related)22: 27-30 (Figure 2).
Once activated, these kinases phosphorylate downstream factors including CHK1 and CHK2
that in turn phosphorylates p532°. Phosphorylation of p53 results in the displacement of the
murine double minute 2 (MDMZ2) protein, liberating p53 from degradation and stimulation
of the expression of the cyclin-dependent kinase inhibitor p21. p21 inhibits cell cycle
progression by inhibiting cyclin-dependent kinases that phosphorylate and inactivate RB. In
addition to promoting cell cycle arrest, dysfunctional telomeres can also activate p53-
dependent apoptosis, since mice bearing dysfunctional telomeres show increased apoptosis
in proliferative cells31-33, In the setting of a competent p53 pathway, dysfunctional
telomeres appear to function as a potent tumor suppressor by engaging cellular pathways
that activate replicative senescence and/or apoptosis to inhibit tumor formation. Therefore, it
is not surprising that p53 loss results in a permissive environment that favors proliferation
and survival of genomically damaged cells and the eventual progression to cancer. The role
of p16'"k4a_Rh pathway in mediating the telomere DDR is less clear (Box2).

Inactivation of p53 and pRB by antisense oligonucleotides3* or by viral oncoproteins3® can
extend replicative potential in HDFs, driving further telomere erosion and culminating in a
period of massive cell death and rampant genomic instability termed “crisis’. Crisis serves as
the second checkpoint in tumor suppression and is characterized by multiple chromosomal
fusions3®. Virally transformed human cells that eliminate p53and/or pRB function can
escape crisis at very low frequencies, and invariably adopt telomere-maintenance programs:
80-90% of human tumors possess some telomerase activity, while the remainder maintain
telomeres via a recombination-mediated process termed ALT (for Alternative Lengthening
of Telomeres)37-40, Together, these observations support the view that replicative
senescence and crisis provide potent barriers to tumor development and, by extension, that
proper telomere maintenance is an essential aspect of full malignant transformation.

Dysfunctional telomeres initiated-DDR-p53 pathway inhibits tumor initiation
and progression

Telomere dysfunction has been proposed to fuel tumorigenesis, since depending on how
dicentric chromosomes are resolved in the breakage-fusion-bridge cycle, loss of
heterozygosity of tumor suppressors and/or amplification of oncogenes could result in a pro-
cancer genotype®. The cloning of the gene encoding /mTerc enabled the construction of the
telomerase knockout mouse to formally test this hypothesis in vivo*l: 42, The telomerase
deficient mouse lacks the critical RNA subunit m7erc, is viable, fertile and has no
significant morphological abnormalities*2. To drive telomeres to shorter and potentially
dysfunctional lengths in later generations, successive /m7erc™~ intercrosses were instituted.
By the sixth generation (G6), increased apoptosis and compromised function were observed
in highly proliferative tissues including skin, hematopoietic and reproductive

systems31: 42-44 | oss of hematopoietic function likely stems from accumulation of damaged
DNA stemming from dysfunctional telomeres®®. Importantly, removal of p53 function
rescued many of the cellular defects despite the presence of critically short telomeres,
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including growth arrest in cell culture, testicular atrophy, intestinal and germ cell
apoptosis*®. Cell culture transformation assays showed that 77p53null cells with critically
shortened telomeres exhibited increased susceptibility to transformation by Mycand Ras.
Similar findings were observed /n vivo, where the progressive decline in telomere function
correlated with increased tumor incidence and decreased survival. Therefore, in the absence
of 7rp53, telomere dysfunction and the resultant genomic instability promote tumorigenesis.
As a further demonstration of the impact of p53 status on dysfunctional telomere-induced
tumor growth, late generation m7erc™'~ p53*'~ mice emerged with a tumor spectrum that
strikingly resembled those of aged humans: carcinomas of the skin, breast, and intestine with
cytogenetic hallmarks of telomere dysfunction emerged as the largest group of tumors®’.
Together, these findings demonstrate that telomere dysfunction promotes the development
of cancer in the setting of p53 deficiency, and further reinforce the importance of an intact
p53 pathway in tumor inhibition in the setting of telomere dysfunction.

To further examine how dysfunctional telomeres cooperate with p53 activation to limit
neoplastic growth /n7 vivo, mouse models bearing deletions of various tumor suppressor
genes were mated with telomerase knockout mice (Table 1). For example, the CDKN1A
locus encodes the p16/"k4a and p19ARF tumor suppressors. Both genes share a common
second exon that is deleted in the /nk4a~ mouse®®. These mice are highly prone to develop
lymphomas and sarcomas. Importantly, the DDR that signals p53 is intact in the /nk4a™'~
mouse2. Treatment of early generation mTerc™~, Ink4a™'~ mice with DMBA and UVB
revealed that these mice are highly cancer prone. However, similar treatment of G6-
mTerc™=; Ink4a™'~ mice with short dysfunctional telomeres yielded a dramatic reduction in
tumor incidence (from 64% to 31%) and much longer survival*®. Primary fibroblasts
isolated from these embryos also exhibited resistance to transformation by Mycand Ras. A
similar finding was observed in a skin carcinogenesis model, in which late generation
mTerc~ mice produced 20-fold fewer skin tumors upon chemical carcinogenesis treatment
of the skin compared to wild-type controls with long telomeres®C. In addition, up regulation
of p53 was detected in late generation /77 7erc”’~ papillomas. Taken together, these results
suggest that dysfunctional telomeres inhibit tumor initiation /n7 vivo in the setting of an intact
DNA damage induced p53 signaling pathway, either by activating p53-dependent apoptosis
or replicative senescence.

The link between telomere shortening and tumor suppression is further highlighted in the
mTerc™- ApcMin mouse®L. ApcMi™ mice develop benign intestinal microadenomas and late
stage macroadenomas upon loss of the wild type Apc allele®2. In early generation
mTerc™~ ApcMin mice with competent telomeres, early stage adenomas predominated, and
many of these progressed into the more aggressive macroadenomas. In contrast, only
microadenomas were present in G6 mTerc™~ Apc™ animals. These results suggest that
progression from micro to macroadenomas was inhibited in G6 mTerc'~ ApcMin mice,
presumably due to the activation of p53-dependent tumor suppressive pathways by
dysfunctional telomeres. Similar results were observed in p53-competent mouse models of
hepatocellular carcinoma, in which dysfunctional telomeres served to initiate tumor growth,
but also limited the size of these tumors (progression) by activating apoptosis®3.

Dysfunctional telomeres activate a p53-dependent senescence program to
suppress tumorigenesis in vivo

Given that the aforementioned mouse models all possess wild-type p53 capable of inducing
both apoptosis and senescence, it remained unclear how dysfunctional telomeres limit
neoplastic growth /n vivo. While apoptosis clearly has a tumor suppressive role /in vivo, until
recently it was not clear whether p53-dependent replicative senescence plays a role in tumor
suppression /n vivo. Several reasons account for why replicative senescence was not initially
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recognized as a tumor suppressor mechanism /7 vivo. First, since the laboratory mice
normally possess very long telomeres, it was not even clear whether a replicative senescence
mechanism exists in mice. Second, compared to apoptosis, it is relatively difficult to reliably
detect the presence of senescence cells /n7 vivo. Until recently, only the SA-B-galactosidase
assay was available to mark senescent cells. However, there now exist several promising
markers to detect both senescent mouse and human cells in vivo®#-6. Two recent studies
specifically examined the role of telomere-induced replicative senescence as a mechanism of
tumor suppression in the telomerase knockout mice (Figure 3). The first study looked at
lymphoma development in the context of telomere dysfunction using the established Eg.-
myctransgenic model for Burkett’s lymphoma®’. Tumorigenesis was markedly reduced in
late generation mTerc™'~, Ei.-myc cohort: while wild type mice and early generation
mTerc™=, Ei.-myc mice developed B-cell lymphoma by 200 days, only 25% of mTerc™~,
Ep-myc mice possessing dysfunctional telomeres succumbed to this cancer. Examination of
tumors from late generation mice revealed increased end-to-end chromosomal fusion and
non-reciprocal translocations, hallmarks of genomic instability due to telomere dysfunction.
To examine the role of p53-dependent apoptosis in mediating tumor suppression, the anti-
apoptotic gene Bc/l-2was overexpressed in hematopoietic stem cells harvested from
mTerc™~ mice with dysfunctional telomeres. If p53-dependent apoptosis is the main driver
of tumor suppression in the setting of telomere dysfunction, then its elimination by Bcl-2
overexpression should result in rapid development of lymphoma when transplanted into
lethally irradiated recipients. Indeed, reconstitution of Bc/-2expressing stem cells derived
from wild type and GZ mTerc™~, Ep.-mychbone marrows resulted in palpable tumors within
6 weeks post-transplantation. However, transplantation of G5/6 mTerc™'~, Eu-myc, Bcl-2
bone marrow failed to produce any tumors 100 days post-transplantation. Examination of
lymph nodes from these mice revealed the presence of small encapsulated tumors with a 3-
fold decrease in mitotic index and positive staining for senescent markers SA-p-Gal, p16
and p15. These results suggest that dysfunctional telomeres could activate a cellular
senescence pathway to suppress tumorigenesis in the absence of apoptosis to suppress
tumorigenesis, while this pathway was not elicited in the tumors with competent telomeres.

A second approach to examining the role of cellular senescence in tumorigenesis utilized a
knock-in mouse with a single amino acid mutation (R172P) within the p53 protein®8. Cells
harboring this mutation (p537/P) are incapable of activating p53-dependent apoptosis®®, but
the p53-dependent cellular senescence pathway is intact as induction of telomere
dysfunction through overexpression of TRF2-DN in these cells led to dramatic reduction of
cellular proliferation and the appearance of senescent cells that stain positive for SA-B-
Gal®8. To genetically dissect the contribution of p53-dependent apoptosis vs. cellular
senescence to tumor suppression in the setting of telomere dysfunction /n vivo, an
intergenerational (iG) mating scheme was used to generate 4 cohorts of mice: m7erct’~
p5F!* and mTerct~ p53”F mice with intact telomere function and /GI mTerc”~ p5F'* and
iG1 mTerc™!= p53P mice with dysfunctional telomeres. Metaphase spreads of primary bone
marrow and splenocyte cultures derived from telomerase competent, p53”* or p53”/F mice
showed minimal structural chromosome abnormalities. In contrast, /GI mTerc™~ p53”* and
iG1 mTerc™!= p537/P cells possessed a 6-8 fold increase in p-p arm fusions and a 3-fold
increase in the formation of anaphase bridges, both hallmarks of telomere dysfunction. To
determine whether p53-dependent apoptosis is required to suppress spontaneous
tumorigenesis, tumor development was monitored in all 4 mouse cohorts over a 28-month
period. While mTerct'-p53”*and mTerc*'~p53°/ cohorts readily developed lymphomas,
the presence of dysfunctional telomeres was associated with a near complete suppression of
tumor formation in both iG1 mTerc™~ p537/* (0/23 mice with tumors) and iG1 mT7erc’~
p537P mice (1/9 mice with tumors). Immunohistochemical staining with antibodies against
p21 and p53 revealed abundant immuno-positive cells in intestinal epithelium from /G1
mTerc= p537* and iG1 mTerc™!~ p53”F mice, while minimal staining was observed for
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mTerc™!= p53”* and mTerct!~ p53°/F intestines. Robust SA-B-galactosidase staining was
also detected in multiple organs from iG1 mTerc™'~ p53”/F mice. Taken together, both
studies suggest that p53-dependent apoptosis is dispensable in mediating telomere-
dependent spontaneous tumor suppression /n7 vivo. Instead, the p53-p21-dependent cellular
senescence pathway is potently activated in mice bearing dysfunctional telomeres, and may
be responsible for the tumor suppression observed in these animals.

One surprising result is the failure of the jG1 mTerc™'~ p53”P mouse to suppress
tumorigenesis in a DMBA skin carcinogenesis model®8. This is in sharp contrast to the
strong tumor suppression observed in late generation /m7erc”~ null mice with intact p53
function®0. One explanation is that while telomere induced cellular senescence is capable of
suppressing spontaneous tumorigenesis from mesenchymal tumors, it is insufficient to
suppress cancer formation of epithelial tissues such as the skin. This notion that p53 is able
to activate different checkpoint programs in different tissues is supported by the observation
that restoration of endogenous p53 function in p53 null mice activates primarily an apoptotic
response to inhibit T-cell lymphomas, while inhibition of sarcomas requires activation of a
cellular senescence program®0,

From the results presented above, one would hypothesize that telomere dysfunction in the
absence of p21 would abrogate the senescence response i77 vivo, resulting in accelerated
tumor formation. Surprisingly, this was not the case: late generation m7erc™’~, p217~ mice
do not show increased chromosomal instability nor do they succumb to increased
tumorigenesis®l. Instead, loss of p21 extended organismal lifespan and rescued cellular
proliferative defects due to dysfunctional telomeres, presumably due to reduced entry of
proliferative cells into cellular senescence. The fact that tumorigenesis is not increased in the
context of p21 deficiency indicates that in this mouse model, p53-mediated apoptosis
functions as a redundant anti-tumor barrier in response to short telomeres. Genetic
abrogation of p21 in Terc-null, p53R172P mice will test this possibility, since loss of p21
would inhibit p53-mediated cellular senescence, while the presence of the p53R172P allele
would abrogate p53-dependent apoptosis. This mouse should therefore resemble p53~/~
mice and become very tumor prone. However, the age-dependent increases in apoptosis in
these organs were not altered in m7Terc™”~, p21~~ mice, suggesting it is possible that p53-
dependent but senescence- and apoptosis-independent effects of dysfunctional telomeres
might account for some of the observed tumor suppression /n vivo. 1t would be interesting to
test the hypothesis that p53-mediated autophagy contributes to tumor suppression in the
setting of telomere dysfunction®2.

Taken together, the above studies suggest that activation of either apoptotic or senescence
pathway is sufficient to block tumorigenesis in most tissues. It also appears that when one
anti-cancer pathway is selectively eliminated, the other one can serve as a back-up. In
carcinomas, perhaps activation of both senescence and apoptotic pathways are required to
enforce tumor suppression. How cells are ushered to undergo either apoptosis or/and cellular
senescence in response to telomere dysfunction remains an important question to address in
the future.

Future anti-cancer therapy: therapeutic strategies that target telomeres

The demonstration that dysfunctional telomeres could engage a senescence program to
suppress tumorigenesis /7 vivo suggests possible future therapeutic applications®3. The
upregulation of telomerase in most human cancers and its requirement for proliferation
makes anti-telomerase compounds a potential means to induce telomere shortening and
initiation of a senescence program in tumor cells®4. For example, treatment of HT1080
fibrosarcoma cell lines with the telomerase inhibitor BIBR1532 results in progressive
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telomere shortening, induction of a senescence phenotype and inhibition of tumor growth
when transplanted into recipient mice8%. GRN163L is a modified oligonucleotide
complementary to hTERC and a potent and specific telomerase antagonist®®. GRN163L
effectively inhibits telomerase activity of various human cancer cell lines®”-70, resulting in
progressive telomere shortening and induction of cellular senescence to suppress tumor cell
growth Jin vitro. Furthermore, administration of GRN163L is effective in preventing lung
metastases in breast cancer xenograft animal models®8.

In addition to telomerase, targeting components of the shelterin complex like TPP1 or POT1
to induce a DDR might also induce the onset of cellular senescence. The G-rich strand of
telomeric DNA can fold into a 4-stranded G-quadruplex (G4), whose stabilization perturbs
telomere function. The G4 inducing ligand RHPS4 triggers a potent DDR at telomeres
specifically in transformed human fibroblasts and melanoma cells’?. Interestingly, TIF
formation correlated with delocalization of POT1 and was antagonized by overexpression of
POT1 or TRF2. In mice, RHPS4 exerted its anti-tumor effect on xenografts of diverse
human tumor cell lines. These data provide encouraging evidence that telomere dysfunction
initiates a DDR in malignant cells to suppress tumorigenesis.

Conclusions

Understanding the molecular mechanisms that limit neoplastic growth could provide
insights into novel anti-cancer therapies. Telomere-induced cellular senescence has been
long hypothesized to contribute to tumor suppression’2. However, this process is typically
studied in cultured cells, and how it contributes to tumor suppression /77 vivo has been
poorly defined. The mouse studies outlined above provide the first direct evidence that
dysfunctional telomeres initiate p53-dependent cellular senescence to suppress spontaneous
tumorigenesis /n vivo. Surprisingly, it appears that p53-dependent apoptosis appears largely
dispensable for spontaneous tumor suppression when the senescent pathway is activated,
thereby placing cellular senescence on an equal footing with apoptosis in mediating tumor
suppression.

Dysfunctional telomere-induced senescence was accompanied by increases in senescence
markers, including p53, p21, p15 and SA-B-gal activity, suggesting that a DDR is activated
by dysfunctional telomeres /n vivo. Recent observations indicate that both telomere
dysfunction’3: 74 and the DDR’® 76 are activated at the earliest stages in many human
carcinomas. The results presented would predict that activation of an intact DDR pathway
by dysfunctional telomeres in premalignant lesions would engage cellular senescence or
apoptotic pathways, suppressing further tumor progression. However, the increased genome
instability in nascent tumor cells that stochastically inactivate components of the DDR
pathways would promote tumor progression.

Although there is still much to learn about whether anti-telomerase therapy would be
efficacious against human cancers, it is encouraging to see promising new drugs enter
clinical trials. However, several limitations for this class of drugs remain. For anti-
telomerase drugs to engage p53-dependent apoptotic and/or senescence pathways to
suppress tumorigenesis, an intact p53 pathway is required to effectively inhibit cancer cell
growth, a daunting scenario considering that p53 is mutated in approximately 50% of all
human cancers. One must also be concerned about the possibility that tumor cells rendered
senescent would yield secretory products that might itself be tumor promoting’. Finally,
this therapy will not work in ALT tumors which lack functional telomerase. Further progress
in our understanding of the basic biology of telomeres should enable us to circumvent these
problems.
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Glossary terms
DICENTRIC A chromosome that has two centromeres, formed by breakage
CHROMOSOME and reunion of two chromosomes.
BREAKAGE- Chromosomal ends with critically shortened telomeres are
FUSION-BRIDGE highly recombinogenic, and undergo repeated cycles of end-to-
CYCLE end fusions, followed by randome breakage, and then
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Box 1
The shelterin complex

The shelterin complex!® is composed of telomeric-repeat binding factor 1 (TRF1), TRF2,
TRF1 interacting protein 2 (TIN2), protection of telomeres 1 (POT1), the POT1 and
TIN2 interacting protein TPP1 and the transcriptional repressor/activator protein RAP1.
Proteins that directly bind the double-stranded telomeric repeats include TRF1 and TRF2.
TRF1 is a negative regulator of telomere length while TRF2 plays important roles in
preventing a DNA damage response (DDR) at telomeres. POT1 belongs to a family of
evolutionarily conserved oligosaccharide/oligonucleotide-binding (OB)-fold containing
proteins and specifically recognizes the single-stranded G-overhang8-81. Shelterin
components that do not bind telomeric DNA directly include TIN2, which associates
with TRF1 and TRF2 and TPP1, which forms a heterodimer with POT182 83 RAP1 is
recruited to telomeres by TRF2 and negatively regulates telomere length. Depletion of
endogenous TRF2 levels either by overexpression of dominant negative TRF2 (TRF2-
DN) or through genetic knockout approaches in mouse cells with long telomeres results
in massive chromosomal fusions with telomeric sequence at the sites of fusions. Mouse
models in which shelterin components have been deleted experience telomere
dysfunction, a DDR and chromosomal fusions resembling those observed in telomerase
null mice?: 81.84-88 These results suggest that both critically short telomeres and direct
disruption of the shelterin structure can initiate telomere dysfunction, trigger a DDR and
chromosomal fusions.
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Box 2
p16INK4A and a telomere-induced DNA damage response

The role of p16'"k4a_RB pathway in mediating the telomere DDR is not clear. p16 is
another CDKI that is markedly increased in senescent cells and results in RB
hypophosphorylation8®. Expression of hTERT in HDFs prevents p16'™42 induction,
suggesting that hnTERT prevents formation of dysfunctional telomeres that would
otherwise activate p16/"k4a3, Support for this hypothesis comes from experiments in
which treatment of HDF with TRF2-DN induces p16!"k42 protein levels and entry into
senescence, suggesting that in addition to p53, p16/"k4a could be a second effector of the
telomere DDR%. However, compared to the DDR-mediated p53 checkpoint, the kinetics
of telomere DDR-mediated p16'"k42 js very slow. Since TIF formation occurs relatively
transiently, this slow induction of a p16'"k4a _damage response could potentially explain
why TIFs were not observed in senescent HDFs with elevated p16'"™42 Jevels®!.
Interestingly, p16 does not appear to be an important effector of the telomere DDR in
mouse embryo fibroblasts (MEFs), since MEFs lacking p53 are completely refractory to
the effects of TRF2-DN irrespective of p16 levels®2. However, it is not clear whether this
is a unique property of MEFs or a general property of DDR signal transduction wiring
differences between mouse and man. Mouse models of p21 and p53 deficiency rescues
some of the degenerative phenotypes of late generation telomerase null mice®®: 61, Ink4a
deficiency does not%3. However, the Ink4a knockout mouse compromises the function of
both p16'"k4a and p19ARF resulting in impingement of both the p53 and pRb pathways.
It would be important to generate a mouse model to examine how telomere initiated DDR
is perturbed in the setting of p16 deficiency in vivo.
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Table 1
Dysfunctional telomeres (mTerc™'~) reduce tumor incidence in mouse models of cancer
Effect of dysfunctional telomeres
Genotype/Treatment Tumor phenotypes (phenotype in mTerc—/~ background) Ref.
Compared to wild-type and early generation
No mutations Few tumors normally seen telomerase null mice, aging late generation mice 32,42
show an increase in the incidence of cancer.
Treatment with these .
carcinogens allow for the Loss of telomerase (G1) resulted in decreased growth
P P rate and size of papillomas, with a slight decrease in
D:\rﬂe‘:f‘m/;—nip‘ (papill Onézg;tg;g%:ggpgsrszgg'?é'gguam ous numbers. G5 mice with dysfunctional telomeres 50
p were almost completely resistant to papilloma
cell carcinomas of the formation.
skin.
I‘)Delgtf'%r;t?]f t?gnlﬁgu;nrdesiléigl Late generation double knockouts show decreased
Inkda/Arf S‘Sl'h IF’ oo d P on incidence of spontaneous and carcinogen-induced 49, 93
| € resulting mice develop tumors, and increased tumor latency.
ymphomas and sarcomas.
) - - - -
) 1O%fvg];0m';?u\l’;'i't?et?rﬁeg}liﬁgtllon Short telomeres led to increase in tumor initiation
ApPC min op P (microadenomas) but decreased size and number of 51
neoplasias (MIN) that progress macroscopic adenomas
from micro- to macro-adenomas.
Alb-uPA This transgenic mouse and the Successive breeding of Alb-uPA onto a late
transgene or carcinogenic treatment are both generation telomerase null background or treatment 53
CCl,yor DEN effective ways of modeling of G3/G4 mice with CCly, or DEN resulted
treatment hepatocellular carcinoma (HCC) in decreased number and size of liver nodules.
Deficiency of this mismatch
PMS2 repair genes leads to increased Progressively shortening telomeres reduced the 94
susceptibility for lymphomas, incidence of all three tumors types.
sarcomas, and colon carcinomas
Transgenic expression of c-myc Formation of lymphoma was almost completely
Fu-mve in B-cells leads to potent suppressed for two years in mice with dysfunctional 57
H MY, formation of lymphoma in this telomeres (G5/G6), unlike wildtype and G1 mice that
model for Burkitt’s lymphoma. rapidly developed cancer within 6 months.
. Delayed onset and decreased incidence of thymic
ATM Thymic lymphoma lymphomas 95, 96
Combined homozygous loss of p53 and
Loss of this important tumor dysfunctional telomeres led to increased incidence of
suppressor leads to rapid lymphomas. In addition, late generation mTerc—/-
P53 development of mainly combined with heterozygous loss of p53 showed a 47
lymphomas and soft tissue shift in tumor spectrum from lymphomas to
sarcomas. epithelial cancers (breast, GI, SCC) with non-reciprocal
translocations.
This point mutation commonly
ab ofI(i)suhneds &T}Q:g:ﬁ? tlérpogsg to Mice from an intergenerational cross with mTerc—/-
P53 R172P induce anontosis a);d dgla S animals (iG1) have dysfunctional telomeres and 58
tumor folr)mgtion for aboutye show almost complete suppression of tumorigenesis.
months.
Loss of p53 accelerated onset of lymphomas in
ATM, P53 T-cell lymphoma mTerc~ ATM-- mice. 97
Isr?fﬁ g'&%ﬁﬁﬁggﬁ?&%;ﬁig Increasing generations of telomerase deficient mice
K5-Terf2 showed accelerated onset of spontaneous and UV-induced 98

development of spontaneous
SCC on the skin.

skin neoplasms.

Note: APC’”’”, adenomatous polyposis coli min (multiple intestinal neoplasias) allele; ATM, ataxia telangiectasia mutated; Terc, telomerase RNA
component; PMS2, postmeiotic segregation increased 2;
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