1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

INg.

(N

o
R s

%

s>

WA

NIH Public Access

Author Manuscript

Published in final edited form as:

DNA Damage Responses in Neural Cells: Focus on the Telomere

Neuroscience. 2007 April 14; 145(4): 1439-1448.

Peisu Zhang, Carolyn Dilley, and Mark P. Mattson

Laboratory of Neurosciences, National Institute on Aging Intramural Research Program, Baltimore,

MD. USA.

Abstract

Postmitotic neurons must survive for the entire life of the organism and be able to respond adaptively
to adverse conditions of oxidative and genotoxic stress. Unrepaired DNA damage can trigger
apoptosis of neurons which is typically mediated by the ataxia telangiectasia mutated (ATM) - p53
pathway. As in all mammalian cells, telomeres in neurons consist of TTAGGG DNA repeats and
several associated proteins that form a nucleoprotein complex that prevents chromosome ends from
being recognized as double strand breaks. Proteins that stabilize telomeres include TRF1 and TRF2,
and proteins known to play important roles in DNA damage responses and DNA repair including
ATM, Werner and the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs). We have
been performing studies of developing and adult neurons aimed at understanding the effects of global
and telomere-directed DNA damage responses in neuronal plasticity and survival in the contexts of
aging and neurodegenerative disorders. Deficits in specific DNA repair proteins, including DNA-
PKcs and uracil DNA glycosylase (UDG), render neurons vulnerable to adverse conditions of
relevance to the pathogenesis of neurodegenerative disorders such as Alzheimer’s disease and stroke.
Similarly, early postmitotic neurons with reduced telomerase activity exhibit accentuated responses
to DNA damage and are prone to apoptosis demonstrating a pivotal role for telomere maintenance
in both mitotic cells and postmitotic neurons. Our recent findings suggest key roles for TRF2 in
regulating the differentiation and survival of neurons. TRF2 promotes cell survival and differentiation
by modulating DNA damage pathways, and gene expression. A better understanding of the molecular
mechanisms by which neurons respond to global and telomere-specific DNA damage may reveal
novel strategies for prevention and treatment of neurodegenerative disorders. Indeed, work in this
and other laboratories has shown that dietary folic acid can protect neurons against Alzheimer’s
disease by keeping homocysteine levels low and thereby minimizing the misincorporation of uracil
into DNA in neurons.

Introduction

The nervous system consists of postmitotic neurons and mitotic glial cells. Because they are

excitable cells with a high metabolic demand, neurons are subjected to higher levels of

oxidative stress than many other cell types. Oxidative damage to DNA can trigger apoptosis

of neurons, which typically occurs by a pathway involving ATM and p53 (Miller et al.,
2000;Culmsee and Mattson, 2005). The sensitivity of neurons to impaired DNA damage

responses is demonstrated by the neurological phenotypes in inherited human disorders caused
by mutations in DNA repair proteins. Examples include ataxia telangiectasia (AT), in which
cerebellar neurons degenerate, and Cockayne’s syndrome, in which multiple neural systems
are damaged (Rotman and Shiloh, 1997;Brooks, 2002). Moreover, neurons in mice that are
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deficient in some DNA repair enzymes, such as DNA-PKcs and uracil DNA glycosylase
(UDG), exhibit increased vulnerability to oxidative, metabolic and excitotoxic insults
(Culmsee et al., 2001a;Kruman et al., 2004a). Other findings suggest that postmitotic neurons
may undergo apoptosis when cell cycle events are aberrantly activated (Herrup et al., 2004).
We have found that DNA damage can trigger cell cycle re-entry in terminally differentiated
postmitotic neurons. Different genotoxic agents (etoposide, methotrexate, and homocysteine)
induce activation of cell cycle-related pathways and apoptosis (Kruman et al., 2004b).
Suppression of the function of ATM attenuates both cell cycle reentry and apoptosis triggered
by DNA damage suggesting that cell cycle activation is a critical element of the apoptotic DNA
damage response.

The ends of linear chromosomes in mammalian cells are stabilized by telomeres which consist
of an array of (TTAGGG) repeats and associated non-histone proteins. This nucleoprotein
complex forms a “cap” that prevents the chromosome ends from being recognized as double
strand breaks (DSB), and also prevents telomere erosion and end-to-end fusion of
chromosomes (Chan and Blackburn, 2004). Moreover, one universally conserved feature of
telomeres is the repression of subtelomeric chromatin and local promoters, conferring a
telomere position effect (TPE), which plays a pivotal role in epigenetic regulation of gene
silencing (Perrod and Gasser, 2003;Duraisingh et al., 2005). Since the discovery of telomeres
and telomerase three decades ago, the function of telomeres as a mitotic clock in proliferating
cells has been supported by numerous studies which, collectively suggest a major role for
telomeres in cancer and aging (reviewed by Blackburn et al., 2006). However, the roles of
telomeres in non-dividing cells such as neurons remains obscure. Approximately 10% of the
cells in the brain are postmitotic neurons and the remaining cells are mitotic (astrocytes, stem
cells and microglia). Recent findings described below suggest that telomere-associated proteins
may have extra-telomeric roles in DNA repair and chromatin reorganization in mammalian
cells including neural cells.

The importance of telomere homeostasis in the nervous system is revealed by the presence of
neuropathological alterations in human disorders caused by perturbed telomere function. In
particular, telomere and subtelomere deletion and translocation rearrangements in
chromosomes 1pter, 2qter, 4tpter, 5qter and 9qter are a cause of idiopathic mental retardation/
developmental delay (Baker et al., 2002;Sogaard et al., 2005). Subtelomere deletion in
chromosome 21 (21g22.2 to 21qter) is associated with cortical dysplasia in humans (Chen et
al., 2004;Yao. et al, 2006). The neuronal cell adhesion molecule L1 (LLCAM) is essential in
the development of the nervous system. The gene encoding LLCAM is located near the
telomere of the long arm of the X chromosome in Xg28 (Fransen et al., 1997). Mutations in
this single gene are responsible for CRASH syndrome, in which there are at least four
overlapping clinical spectrums of neurological abnormalities including mental retardation. In
addition, mutations in the telomere-associated proteins ATM, Werner and NBS1 (Nijmegen
breakpoint syndrome 1) are responsible for human neurological disorders characterized by
developmental abnormalities and increased cancers (Digweed et al., 1999;Opresko et al.,
2003;McKinnon et al., 2004). Interestingly, telomere dysfunction in leukocytes was also
reported in several age-related neurological alterations including Alzheimer’s disease (Zhang
etal., 2003b) and dementia (Honig, 2006). A strong argument for the importance of telomeres
in the nervous system is the prominent neurodegenerative symptoms seen in patients and mice
with genetic defects in proteins associated with telomeres including ATM, Ku80 and NBS1
(Gu et al., 2000;Frappart et al., 2005;Dar et al., 2006). In this review we discuss the role of
telomerase and telomere-associated proteins in neuronal plasticity and survival in the contexts
of development and neurodegenerative disorders.
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Telomerase and Neuronal Cell Death

Most cancer cells and all stem cells contain a ribonucleoprotein enzyme complex called
telomerease, which is composed of telomerase reverse transcriptase (TERT), and a telomerase
RNA component (TER) responsible for the elongation of telomeres which is critical for
maintenance of genomic integrity. Like most somatic cells, fully differentiated neurons and
astrocytes lack telomerase activity (Klapper et al., 2001;Flanary and Streit, 2004). However,
when subject to oxidative, hypoxic or excitotoxic stress the expression of TERT and telomerase
activity increases in astrocytes (Baek, et al, 2004), neurons (Kang et al., 2004) and/or microglia
(Fu et al., 2002a;Flanary and Streit, 2005). Although the function of this stress-induced
telomerase reactivation is not clear, a study suggests that it could be involved in DNA repair
and chromatin remodeling (Masutomi et al., 2005). Indeed, emerging evidence suggests that
telomerase has additional extratelomeric roles in mediating cell survival and anti-apoptotic
functions against various cytotoxic stresses (Mattson et al., 2001;Chung et al., 2005).

By overexpressing, or knocking out the expression of the catalytic subunit of telomerase
(TERT) in cultured neural tumor cells (PC12) and primary hippocampal neurons, we provided
evidence that TERT can prevent neuronal apoptosis induced by cytotoxic stimuli in both types
of cells (Fu et al., 1999,Fu et al., 2000). In mitotic cells, the catalytic (reverse transcriptase)
activity of telomerase appears to be critical for its anti-apoptotic function. Thus, chemical
inhibitors of telomerase activity increase the vulnerability of PC12 cells to apoptosis induced
by oxidative stress and amyloid beta-peptide (Fu et al., 1999). The cell death-enhancing effect
of telomerase inhibition could be abolished by an overexpression of Bcl-2 or by treatment with
caspase inhibitors. Overexpression of wild-type TERT, but not TERT with a mutated reverse
transcriptase domain, increases telomerase activity and protects HelLa cells against apoptosis
that is induced by DNA-damaging agents (Zhang et al., 2003a). TERT suppresses apoptosis
at an early step before the release of cytochrome c and apoptosis-inducing factor from
mitochondria. A recent finding indicates that depletion of hTERT can alter the overall
configuration of chromatin and suppresses the cell’s response to DNA double strand breaks
(Masutomi et al., 2005). Interestingly, emerging findings suggest that TERT can prevent
apoptosis of postmitotic neurons by a mechanism independent of telomerase activity. We found
that antisense-mediated knockdown of TERT expression in early postmitotic embryonic
neurons results in an increased vulnerability to apoptosis and excitotoxicity (Fu et al., 2000).
Confirming, and extending on our findings, Kang et al. (2004), reports that neurons in the brain
of transgenic mice overexpressing TERT are resistant to death induced by ischemia and
excitotoxicity despite no effect of the ectopic TERT on telomerase activity in the brain cells.

Recent studies provide evidence that telomerase activity can be modulated by external signals
in neural cells. We found that brain-derived neurotrophic factor (BDNF) upregulates
telomerase in cultured hippocampal neurons by a mechanism involving activation of the Akt
kinase (Fu et al., 2002b). Du et al. (2004), has similar findings showing that estrogen and
raloxifene increase telomerase activity in PC12 cells by an Akt-mediated mechanism. In both
of the latter studies, upregulation of telomerase is associated with cellular resistance to
apoptosis.

Telomerase RNA (TER), which is expressed constitutively in many cell types including those
lacking TERT (Paul-Samojedny et al., 2005), may also have roles in the nervous system. The
mutations in TER cause defective telomere maintenance in stem cells of both humans and
animal models. Ferron et al., reports that telomere attrition from telomere RNA knock out mice
dramatically impair the in vitro proliferation of adult neural stem cells (NSCs), but not
embryonic NSC isolated from the subventricular zone (SVZ) (Ferron et al., 2004), a brain
region that contains NSC with telomerase activity in adult animals (Caporaso et al., 2003).
Consistent with this, peripheral neuropathy in young patients with autosomal dominant
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inherited disease caused by mutations in TER (Ip et al., 2005). Therefore, both TERT and TER
may play an important role in protecting neural cells against oxidative stress and DNA damage.

Telomere-Associated Proteins in DNA Damage Responses and Neuronal

Plasticity

Nuclear DNA is tightly packaged by core histones and then folded into chromatin. In order to
respond to different conditions (e.g., DNA damage, cell proliferation and differentiation,
senescence and apoptosis), the modification of highly condensed chromatin domains is
essential to allow DNA to be either more or less accessible to proteins involved in transcription,
DNA replication and repair. The reorganization of chromatin is mediated by a large multi-
subunit protein complex. Some of these chromatin modification complexes, as well as histone
modification complexes, are functionally linked with transcription and DNA repair. For
example, DNA damage induced phosphorylation of H2AX (yH2AX) appears instrumental not
only in the engagement of the repair/check point machinery (d’Adda di Fagagna et al.,
2003;Takai et al., 2003) but also in recruitment of chromatin remodeling and modifying
complexes (Lydall and Whitehall, 2005). Several studies in yeast cells demonstrate that the
NuA4HAT complex (Downs et al., 2004) and INO80 (a member of SWI/SNF superfamily)
are associated with DSB foci (Tsukuda et al, 2005) in a yH2AX-dependent manner. Yeast cells
lacking functional INO8O0 have transcriptional defects but are also hypersensitive to alkylating
agents, UV and IR (Shen et al., 2003;Morrison et al., 2004). Therefore, depending upon the
presence of yH2AX, both the NuA4HAT and INO80 complexes may be involved in the
loosening of chromatin packaging around damaged DNA foci as well as helping DNA repair
molecules gain access to the damaged DNA locus. As mentioned above, it has been proposed
that in the presence of a DSB, telomerase is involved in alterations of the surrounding chromatin
structure. As described below, growing evidence indicates that other telomere-associated
proteins may also have similar extra-telomeric functions.

Telomeres are located in nuclear heterochromatin regions where they may silence nearby gene
promoters through positional effects. Telomere position effect is the repression of nearby genes
in an epigenetic manner and is maintained by telomere associated proteins. In contrast to the
majority of genomic DNA, telomeres consist of a unique t-loop structure and specialized
telomere-associated proteins (Fig.1) that conceal the single-stranded DNA 3’ overhang located
at the ends of DNA chromosomes (de Lange, 2002 and de Lange, 2005). In mammalian cells,
several telomere-associated proteins are identified by their ability to bind TTAGGG repeats
and facilitate t-loop formation, including TRF1 (Bainchi et al., 1999), TRF2 (Court et al.,
2005), Rap1 (Li et al., 2000) and POT1 (Lei et al., 2004). Growing evidence indicates that
TRF2 and POT1 play a key role in maintaining telomere integrity. Disrupting either of these
proteins from binding to telomeres using either a dominant negative molecule or small
interfering RNAs triggers a DSB DNA damage response that results in the recruitment of
various DNA repair proteins and enzymes (including ataxia telangiectasia mutated (ATM),
yH2AX, 53BP1, MDC1, and NBS1 (d’Adda di Fagagna et al., 2003;Takai et al., 2003). This
response can result in cell cycle arrest and senescence, or apoptosis (Karlseder et al., 1999,
2002;Campisi, 2005;Herbig et al., 2004).

Increasing evidence indicates that TRF2 is an important protein that directly connects telomere
maintenance with other chromosomal functions. TRF2 associates with a wide spectrum of
proteins and enzymes, and suppresses their function in various genetic processes such as DNA
replication and DNA repair (Table 1), implicating TRF2 in a new functional role as a
component of the DNA repair system. A recent report shows that TRF2 migrates rapidly to
sites of DSB after laser microbeam irradiation (Bradshaw et al., 2005). Further evidence
indicates that non-telomeric phosphorylated TRF2 serves as an early recruiting molecule in
DNA repair (Tanaka et al., 2005). The available information on TRF2 suggests roles for this
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protein in chromatin reorganization, telomere maintenance and DNA repair. The latter
possibility is supported by evidence demonstrating an association of TRF2 with
autophosphorylated ATM. ATM is a kinase that plays multiple roles in activation of signal
transduction pathways (Burma et al., 2001) and in regulation of chromatin modification
enzymes (with or without DNA damage; Bakkenist and Kastan, 2003), by interacting with the
histone deacetylase HDAC1 (Kim et al., 1999) and autodegradation of the E3 ubiquitin ligase
COP1 after DNA damage (Dornan et al., 2006). Since TRF2 associates with ATM at its
autophosphorylation site (Karlseder et al., 2004 ), TRF2 is likely involved in chromatin
remodeling as we have observed that TRF2 regulates the genetic program that controls the
differentiation of neurons (Zhang et al., unpublished data).

We elucidate the effects of telomere dysfunction on proliferating neural cells (NSC,
neuroblastoma cells and astrocytes) and postmitotic neurons (primary hippocampal neurons)
by overexpressing a dominant negative form of TRF2 (DN-TRF2). In the mitotic astrocytes,
NSC and neuroblastoma cells, DN-TRF2 expression results in the activation of ATM and
yH2AX, and stabilization of p53 and p21 resulting in cell cycle arrest and senescence (Zhang
etal., 2006). However, in the postmitotic neurons, although DN-TRF2 causes ATM activation
and the accumulation of yH2AX at telomeres, the cells do not undergo senescence or apoptosis,
and they do not exhibit p53 stabilization (Fig. 2,Zhang et al., 2006). These results show that
telomere DNA damage mediated activation of ATM and H2AX has different effects in mitotic
neural cells and postmitotic neurons. The function of activated ATM and H2AX in response
to telomere damage in neurons is unknown, but may be involved in chromatin remodeling.
This hypothesis is supported by the observation that TRF2 dysfunction-induced damage to
telomeres can promote differentiation of proliferating neuronal cells as well as postmitotic
neurons, as indicated by increases in neurite outgrowth and the expression of ion channels and
cytoskeletal proteins characteristic of mature neurons (Zhang et al., 2006). We are therefore
testing the hypothesis that TRF2 plays a role in neuronal differentiation.

At the embryonic stages of neural development, the occurrence of programmed cell death in
a subset of neurons is well established. The proliferating NSC as well as newly generated
postmitotic neurons may be particularly vulnerable to DNA damage as indicated by the
presence of large-scale double-stranded DNA breaks and cell death in early development of
nervous system (Gilmore et al, 2000). Based on the results described above, we hypothesize
that during development of the nervous system DNA damage will recruit telomere associated
proteins, such as telomerase and TRF2, to non-telomeric regions of chromosomes where they
may function in DNA repair and chromatin remodeling. Displacement of TRF2 from telomeres
may also relieve the telomere positional effect on nearby genes (Ai et al., 2002), including
those that encode proteins involved in neurogenesis (Fransen et al., 1997). Indeed, we obtain
evidence for an association between DNA damage and neuronal differentiation (Fig. 2). In
yeast there is an increase of subtelomeric cell wall gene expression (a tolerance response) when
the silencing effect of telomeres is reduced by stress and cytotoxins (Ai et al., 2002). During
neurogenesis, the alteration of telomeric silencing patterns might be correlated with changes
in transcription patterns. Telomeres are replicated in the late S-phase. The general presumption
is that early S-phase replication is a necessary condition for transcription to take place, and
that late-replication genes are assembled into transcriptionally inactive chromatin. Recent
findings demonstrate that, in mouse neuronal differentiation, some neuroectoderm-specific
genes switch from late- to early replication and become transcriptionally activated (Hiratani
et al., 2004).

Alterations of telomere topology may also occur in response to environmental changes.

Telomeres of yeast (Taddei et al., 2004) and pathogens such as malaria (Freitas-Junior et al.,
2005), are normally clustered in foci attached to the nuclear envelop; however, in response to
changes in cellular energy levels telomere clustering enhances (Hediger et al., 2002). Although
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telomere clustering is not normally found in mammalian telomeres, which seem to be randomly
positioned throughout the interphase nucleus, close apposition of telomeres can be observed
in non-cycling mammalian cells (Taddei et al., 2004).

A better understanding of telomere maintenance in NSC and postmitotic neurons will help us
to further unravel the mechanisms of neural survival and differentiation in neurogenesis, and
may aid in the development of novel strategies for manipulating NSC for the treatment of
neurological disorders.

DNA and Telomere Damage in the Pathogenesis of Alzheimer’s Disease

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder characterized by the
progressive accumulation of amyloid beta-peptides, and associated degeneration and death of
neurons located in brain regions involved with learning, memory and emotional behaviors
(Mattson, 2004). Increased damage to DNA occurs in neurons during normal aging and, to a
greater extent, in neurodegenerative disorders such as AD. There are several examples of
evidence showing that DNA damage and impaired DNA repair contribute to neuronal death
in AD. For example, levels of DNA repair enzymes (e.g., Parp-1, DNA-PK, Ku) are altered in
tissue samples from affected brain regions of AD patients (Davydov et al., 2003), and there is
a deficiency of the Mrell DNA repair complex in AD brains (Jacobsen et al., 2004). Levels
of oxidized DNA bases are greater in tissue samples from affected brain regions of AD patients
compared to the same brain regions of age-matched normal subjects (Wang et al., 2005), and
this oxidative DNA damage appears to occur early in the AD disease process and, therefore,
may play a key role in the death of neurons (Wang et al., 2006). Levels of p53 also increase in
tissue samples from affected brain regions of AD patients (de la Monte et al., 1997), and p53
inhibitors protect neurons from being killed by amyloid beta-peptide (Culmsee et al., 2001b).

Genetic and environmental factors that cause or affect the risk of AD prove to have an impact
on DNA damage responses and neuronal vulnerability in AD animal and cell culture models.
For example, presenilin-1 mutations that cause early-onset inherited AD are shown to increase
the vulnerability of neurons to DNA damage-induced death (Chan et al., 2002). The
hypersensitivity to DNA damage is correlated with elevated intracellular calcium levels and
calpain activity, induction of p53, and mitochondrial membrane depolarization.
Epidemiological and experimental studies show that an increased uracil misincorporation has
arole in causing AD pathogenesis. Data from the Framingham study establishes that elevated
plasma homocysteine levels is an independent risk factor for AD (Seshadri et al., 2002).
Homocysteine can impair one-carbon metabolism resulting in methionine depletion and uracil
misincorporation into DNA (Mattson and Shea, 2003). When cultured hippocampal neurons
are exposed to homocysteine they are more vulnerable to being killed by amyloid beta-peptide,
apparently as a result of impaired DNA repair (Kruman et al., 2002). Dietary folic acid
deficiency is one cause of elevated homocysteine levels. APP mutant mice develop amyloid
deposits in their hippocampus, but do not suffer loss of neurons. However, APP mutant mice
that are maintained on a folic acid deficient diet, hippocampal pyramidal neurons exhibit
impaired DNA repair and degenerate (Kruman et al., 2002). These findings provide an example
of how DNA repair mechanisms can be influenced by dietary factors and reveal a novel
approach for reducing the risk of AD.

The possibility that telomere damage/dysfunction plays a role in AD merits investigation based
upon several recent observations. Lymphocytes from AD patients exhibit telomere shortening
and altered telomerase activity compared to lymphocytes from age-matched control subjects
(Panossian et al., 2003;Zhang et al., 2003). In addition, cell culture studies show that TERT

can protect neurons from being killed by amyloid beta-peptide (Zhu et al., 2000a) and DNA-
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damaging agents (Lu et al., 2001). These findings suggest an important role for telomere
damage in the death of neurons that occurs in AD.

Conclusions

Emerging findings suggest that telomerase and the telomere-associated protein TRF2 play
important roles in the process of neurogenesis. Proliferating NSC have high levels of
telomerase to maintain telomeres and promote cell survival. Telomerase levels decrease
precipitously in neurons soon after they differentiate from NSC, which may contribute to the
vulnerability of newly generated neurons to apoptosis. TRF2 appears to play roles in the
responses of NSC and postmitotic neurons to DNA damage, not only at the telomere, but
elsewhere in the nucleus. There are important links between telomere-associated proteins and
DNA repair pathways, most notably the ATM pathway. Studies of cell culture and animal
models, and of human disorders, suggest the potential for targeting of telomere-associated
molecules as a therapeutic approach for neurological disorders.
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Figure 1.

Telomeres are located in the constitutive heterochromatin region at the ends of chromosomes.
They consist of G-rich noncoding repeating sequences and non-histone architectural proteins
which form a complex t-loop structure also known as a telosome. The telosome prevents
chromosome ends from being recognized as a double strand breaks (DSB). It also plays active
roles in DNA replication, DNA repair and chromatin reorganization through telomere
associated proteins (A). Telomere length can be increased by telomerase, which consists of
telomerase reverse transcriptase (TERT), the telomerase RNA component (hTR) and heat-
shock protein 90. Telomere tertiary structure is stabilized by telomere repeating factors (TRF1
and TRF2), TRFL1 interacting nuclear protein 2(TIN2) and Rapl. In addition to maintenance
of telomeres, several telomere associated proteins such as TERT and TRF2 cross-talk with
DNA repair and chromatin remodeling protein complexes (B, black arrow). ATM and hTERT
interact with chromatin silencing factors HDAC1 and HP1, respectively.
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Figure 2.

Differential effect of telomere dysfunction/damage on mitotic neural cells and postmitotic
neurons. The activation of ATM and phosphorylated H2AX (yH2AX) (insert photograph on
top shows the presence of yH2AX foci) is an early response to telomeric DNA damage observed
in both glia and neurons after introduction of dominant negative TRF2 (DN-TRF2) mutant.
However, several events downstream of the initial DNA damage response including cell cycle
checkpoint activation (insert photograph in the middle shows ATM-mediated check point
activation detected using an antibody that recognizes ATM substrate proteins phosphoryated
on common core motif SQ or TQ, such as p53-S15 and Chk2-T68). The insert photograph at
the bottom shows negative and positive (SA-B-gal) staining in neurons and astrocytes,
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respectively, indicating that senescence-like changes were only observed in cycling glial cells,
but not in non-cycling neurons. However, telomere damage-induced neuronal differentiation
was observed in both mitotic and post-mitotic neural cells regardless the activation of cell cycle
checkpoint (bottom left panel, arrow and insert box shows the co-existence of yH2AX
activation and differentiation in postmitotic neurons).

Neuroscience. Author manuscript; available in PMC 2008 April 14.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Zhang et al.

Table 1

Protein and enzymes associated with TRF22, telomerase® and TRF1¢
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Protein Function Interactions References

ATM 2 sensor of DSB DNA repair pathway phosphorylates TRF1; TRF2 binds and Kishi et al., 2001
inhibits ATM at Ser-1981 Karlseder et al., 2004
autophosphorylation site

Ku70® NHEJ, recruiting DNA-PK Ku 70 interacts with TRF2 Song et al., 2000

Ku 70/80° NHEJ, recruiting DNA-PK Ku70/80 associates physically with Chai et al., 2002
telomerase through interaction with
hTERT

NBS1? recombinational DNA repair sensor interaction with TRF2 in S-phase; play Zhu et al., 2000b
role in intra-S phase checkpoint

WRN @ helicase, exonuclease interaction with TRF2 Opresko et al., 2002,

2003,2004

BLM? helicase interaction with TRF2 Opresko et al., 2002

PARP-2 a base excision repair PARP-2 physically binds to TRF2 with Dantzer et al., 2004
high affinity; single strand break repair

OZF (ZNF146) Kruppel protein, with 10 zinc finger motifs interacts with hRap1 Antoine et al., 2005

DNA polymerase p? base excision repair and meiosis interacts with TRF2 Fotiadou et al., 2004

HPla, E) b heterochromatin protein Interfere hnTERT-telomere interaction Sharma et al., 2003

HSP90 chaperone present in telomerase complex Boltze et al., 2003

dyskerinb small nucleolar ribonucleoprotein found in the telomerase complex Mason et al., 2003

VPARPP component of vault ribonucleoprotein; binds to telomerase associated protein Liu et al., 2004

subcelluar transport 1 (TEP1)
TEP1® component both in Vault RNA and associated with hTR Poderycki et al., 2005
telomerease RNA
Tankyrases® role in mitosis possitive regulate telomere length Seimiya et al., 2002
ERCC1/XPF ? structure-specific endonuclease ERCC1/XPF associates with TRF2 at Zhu et al., 2003

telomere
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