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Abstract

The fields of telomere biology and DNA repair have enjoyed a great deal of cross-fertilization and
convergence in recent years. Telomeres function at chromosome ends to prevent them from being
falsely recognized as chromosome breaks by the DNA damage response and repair machineries.
Conversely, both canonical and non-conical functions of numerous DNA repair proteins have been
found to be critical for preserving telomere structure and function. In 2009 Elizabeth Blackburn,
Carol Greider, and Jack Szostak were awarded the Nobel prize in Physiology or Medicine for the
discovery of telomeres and telomerase. Four years later pioneers in the field of DNA repair, Aziz
Sancar, Tomas Lindahl and Paul Modrich, were recognized for their seminal contributions by
being awarded the Nobel Prize in Chemistry. This review is part of a special issue meant to
celebrate this amazing achievement, and will focus in particular on the convergence of nucleotide
excision repair and telomere biology, and will discuss the profound implications for human health.
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Telomeres are nucleo-protein structures consisting of tandem hexameric TTAGGG repeats that
protect the ends of linear chromosomes. Ultraviolet light irradiation induces DNA photoproduct
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formation in telomeric repeat sequences that are then removed by nucleotide excision repair. The
orange lines represent the covalent bonds formed between two adjacent pyrimidines after UV
exposure. The hotspots for formation of pyrimidine (6-4) pyrimidine photoproducts (6-4 PP) and
cyclobutane pyrimidine dimer (CPD) are shown.

INTRODUCTION

Telomere structure and function

Telomeres are nucleoprotein DNA structures that cap and protect the ends of linear
chromosomes. They have been likened to the plastic caps at the end of shoelaces to prevent
degradation and fraying. Telomeres preserve chromosome stability, promote cellular survival
and proliferation, and prevent degenerative diseases and cancer (1, 2). Dysfunctional and
uncapped telomeres drive aging-related pathologies and carcinogenesis (3, 4). In humans the
telomeres consist of a tandem array of hexameric 5’-TTAGGG repeats that average about 10
kb long, and terminate in a 3’ single stranded tail consisting of 50 to 200 nucleotides of
TTAGGG repeats (5). The tail can wrap around and invade the telomeric duplex to form a
large lasso-like t-loop structure (6, 7). The structural rearrangement of telomeres requires a
specialized complex of six proteins termed shelterin, that is essential for telomere function
(reviewed in (8, 9)) (Figure 1). Telomeric repeat binding factors 1 and 2 (TRF1 and TRF2)
bind the TTAGGG duplexes through an Myb DNA binding domain and form homodimers
via their TRFH (TRF Homology) domains (10, 11). TRF1 and TRF2 do not interact directly,
but are connected through their binding to a shared partner, the shelterin protein TIN2 (12).
The protection of telomeres 1 (POT1) protein contains two OB fold domains that mediate
binding to the telomeric 3’ tail and single stranded TTAGGG repeats (13, 14). TIN2 and
POT1 are connected via their interaction with the fifth shelterin protein TPP1 (12, 15),
thereby linking POT1 with the rest of shelterin. Finally, the last shelterin member, RAP1,
interacts exclusively with TRF2 (16) (Figure 1). Shelterin proteins interact with enzymes in
every known DNA repair pathway and regulate activity of these enzymes at telomeres (for
recent reviews see (17, 18)). This review will focus on interactions with nucleotide excision
repair (NER) factors.

Telomeres provide a solution to the problems of replicating the tips of linear chromosomes,
and the ability of nucleases to degrade chromosome ends. The end replication problem arises
from the inability of the DNA replication machinery to complete synthesis at the very tips of
the lagging strand, which leads to chromosome shortening every cell division (Figure 2). In
germ cells and in ~90% of cancer cells, the end replication problem is overcome by
telomerase, a reverse transcriptase that uses an integral RNA template to add single stranded
TTAGGG repeats to the telomeric tail (19-21). However, most human somatic cells are
deficient in telomerase activity. Telomeres also solve the end protection problem, which
refers to the inherent resemblance of chromosome ends to DNA double strand breaks
(DSBs). Loss of shelterin causes the chromosome ends to be falsely recognized by the DNA
damage response (DDR) machinery, which triggers p53-mediated cell senescence or
apoptosis (9, 22) (Figure 2). If the p53 pathway is defective, then the uncapped telomeres
will be fused by the non-homologous end joining (NHEJ) or alternative end joining (A-EJ)
machineries, leading to chromosome end-to-end fusions (9). Alternatively, the uncapped
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telomeres will be inappropriately processed by the homologous recombination repair
machinery, which leads to telomere alterations (9, 23). This DDR signaling at telomeres is
normally suppressed by TRF2 which inhibits ATM kinase activation, or POT1 which
inhibits ATR kinase (24). Thus, shelterin proteins can influence DNA repair at telomeres by
regulating the DNA damage response and signaling proteins.

Overview of nucleotide excision repair at telomeres

Nucleotide excision repair (NER) is the main DNA repair pathway involved in the removal
of bulky lesions. This flexible repair mechanism involves over 30 distinct polypeptides that
coordinate a series of steps (reviewed in (25)). Damage recognition proteins initiate the
global genome repair (GGR) and RNA polymerase blockage initiates the transcription
coupled repair (TCR) pathways of NER. In GGR the lesion is recognized by XPC-hHR23B,
which may be preceded by XPE/DDB?2 protein. Strand separation around the lesion occurs
by helicases XPB and XPD in the TFIIH complex generating a ~30 nucleotide bubble. XPA
and RPA stabilize the bubble. Strand incision of the bubble initiates with endonuclease XPF-
ERCC1 on the 5’ side, followed by XPG endonuclease on the 3’ side. This releases a lesion-
containing oligonucleotide (NER product) that is 24-32 nucleotides in length. The Sancar
lab discovered that these repair products function in cellular signaling (26). The final step of
gap filling is achieved with DNA polymerases &/e and accessory proteins and the nick is
sealed by DNA ligase (27).

Telomeres present a unique challenge to DNA damage processing compared to elsewhere in
the genome, due to their highly repetitive G-rich sequence, which allows the formation of
alternate structures such as G-quadruplexes and t-loops (17, 28, 29). They are also proposed
to be highly sensitive to bulky and helix distorting DNA lesions that block DNA replication,
because of a lack of origin firing within telomeres that might otherwise compensate for
unreplicated regions (17, 30-32). Information regarding the impact of bulky DNA lesions on
telomere biology and NER function at telomeres is largely limited to the study of damage
caused by ultraviolet (UV) light irradiation.

UV PHOTOPRODUCT FORMATION AT TELOMERES

DNA exposure to UV light leads to the formation of UV photoproducts. If these lesions are
not removed they can induce mutagenesis and cytotoxicity (25, 33). There are a wide variety
of UV photoproducts, however the primary targets of UV light are the pyrimidine bases of
DNA, resulting in the covalent linkage between the cyclobutane rings of two adjacent
pyrimidines (34). The covalent linkage between the C5 and C6 of the neighboring
pyrimidines produces cyclobutane pyrimidine dimers (CPDs), while the linkage between the
C4 of one pyrimidine to the C6 of the adjacent base produces pyrimidine (6-4) pyrimidine
photoproducts (6-4 PP). Although, pyrimidine dimers can arise at 5’TT, 5’CC, 5’CT and
5'TC sequences, the 5’ TT and 5°CC sites are the preferred targets for CPD and 6-4 PP
formation, respectively (35). Telomeres contain an abundance of di-pyrimidine sites in both
the leading and lagging strands, making them a prime target for UV light-induced damage
(Figure 3A). Given the importance of telomere preservation in genome stability, telomere
sensitivity to UV light compared to the rest of the genome has been investigated. Compared
to specific loci in the genome including regions of the p53 gene and 28S ribosomal DNA,
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the telomeric DNA isolated from UVC exposed primary fibroblasts appear to harbor more
CPDs (36). However, when compared to the bulk genome, the telomeres isolated from UVC
exposed human fibroblasts contain fewer CPD and 6-4 PP lesions (37). Interestingly, when
purified telomeres are exposed to UVC /n vitro they exhibit nearly equal amounts of UV
photoproducts compared to those generated in purified bulk genomic DNA (37). These
results strongly suggest that the presence of telomeric shelterin proteins partly protects
telomeres from UV-induced DNA damage /n vivo (Figure 3B). Consistent with this, the pre-
incubation of purified telomeric DNA fragments with purified telomeric TRF1 protein /n
vitro reduces the amount of UVC-induced CPDs and 6-4PPs, compared to naked DNA and
non-telomeric fragments (37). The shelterin protein mediated shielding of telomeric DNA
highlights another important role for this complex in preserving telomere integrity.

NUCLEQOTIDE EXCISION REPAIR OF TELOMERIC PHOTOPRODUCTS

Studies of the formation and removal of UV-induced bulky lesions at telomeres gave rise to
conflicting results, therefore, whether NER functions at telomeres had been a matter of
debate. On the one hand, telomeres were shown to be refractory to CPD repair when
compared with specific genome loci, such as regions of the p53 gene, when a PCR-based
assay was used to identify and quantify damaged DNA isolated from UVC irradiated
fibroblasts (37). On the other hand, an earlier study showed CPDs were repaired in telomeric
restriction fragments isolated from UVC irradiated fibroblasts when T4 endonuclease V was
used to identify and measure telomeric lesions (38). More recently, our laboratory
demonstrated the repair of both CPDs and 6-4 PPs in highly purified telomeres from UVC
exposed human fibroblasts by using a direct and quantitative detection method of immuno-
staining telomeres for both lesions (37). These conflicting observations are potentially
explained by the use of different cell lines, and different techniques for quantifying lesions,
but may also be due to the comparison of telomere repair to specific genomic regions (36)
versus the bulk genome (37). Interestingly, we found that the rate of 6-4 PPs removal is
similar at telomeres compared to the bulk genome, but that CPD removal at telomeres is 1.5-
fold faster (37). Our study also provided the first direct evidence for NER function at
telomeres by demonstrating the persistence of both CPD and 6-4 PP lesions at the telomeres
from UV-exposed XPA deficient cells derived from a patient with xeroderma pigmentosum
(XP) syndrome (37). These cells lack NER activity. Collectively, studies on UV
photoproduct formation and repair at telomeres give rise to interesting new questions,
especially related to the role of the NER pathway in telomere preservation upon DNA
damage. For example, the presence of a CPD lesion within a telomeric fragment prevents
TRF1 binding to the DNA (37). Since TRF1 loss leads to telomere defects such as telomere
fragility (32), this finding highlights the importance of UV photoproduct removal for
preserving telomere integrity.

CAN UV IRRADIATION AND BULKY ADDUCTS CAUSE TELOMERE
DYSFUNCTION?

Telomeres in sunlight or UVB exposed skin from humans and mice are shorter compared
with unexposed skin, suggesting a link between UV exposure and telomere alterations.
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Using quantitative fluorescence /n situ hybridization to measure telomeres in human skin,
Ikeda and colleagues observed shorter telomeres in sun-exposed skin compared to non-
exposed areas, and reported shorter telomeres in skin containing actinic keratosis lesions
compared to skin lacking these sun-damage associated lesions (39). The application of sun
screen containing photolyase enzymes prevented the appearance of UV-induced telomere
shortening in preparations of skin biopsies obtained 24 hours after exposure (40). This
suggests that the telomere shortening may be related to telomere damage rather than
extensive cell turn over in the affected areas. In mice, chronic UVB exposure accelerates
telomere shortening in exposed skin, and this shortening is exacerbated either in the absence
of telomerase or NER factor XPC (41). This supports a model that the failure to remove UV
photoproducts at telomeres may interfere with telomere replication leading to critically short
telomeres that cannot be rescued if telomerase is absent. Consistent with this, we observed
that the inability to accurately bypass CPDs during DNA replication due to loss of DNA
polymerase T, caused an increase in UVC-induced fragile telomeres and telomere loss (30).
A fragile telomere appears as multi-telomeric signals at a chromatid end and is thought to
arise from unreplicated regions, and telomere loss appears as a chromatid end lacking
telomere staining and is proposed to result from replication fork collapsed into a double
strand break (32). However, the impact of UV damage on telomere structure and function in
individuals with XP lacking NER activity is largely unknown.

The effect of other forms of bulky DNA lesions on telomere stability remains to be
investigated. Interestingly, NER factors XPB, XPD and XPC have all been implicated in
telomere preservation in response to oxidative stress. Cells derived from XP individuals with
mutations in NER helicases XPB or XPD, showed elevated rates of hydrogen peroxide
induced telomere loss and telomeric end-to-end fusions (42, 43). Cells derived from Xpc
knock out mice show increased levels of fragile telomeres that could be suppressed by
culturing the cells at 3% oxygen to reduce the oxidative stress (41). These results may be
due to potential roles for these NER factors in base excision repair pathways for removing
oxidatively generated base lesions, as shown for XPC (44). Telomeres are shown to be
highly susceptible to damage caused by reactive oxygen species (45, 46). Thus, another
intriguing possibility is that telomeres are susceptible to hydroxyl radical induced formation
of 8,5’-cyclopurine deoxynucleotide damage. However, the biological relevance of these
lesions is unclear due to their very low abundance (47). These bulky oxidatively induced
adducts that strongly DNA block replication and transcription are repaired by NER, rather
than base excision repair, and have been implicated in causing neurological disease in XP
(48-50).

CANONICAL AND NON-CANONICAL ROLES FOR NER PROTEINS AT
TELOMERES
XPF-ERCC1 Endonuclease

Endonuclease XPF-ERCC1 has been implicated in telomere maintenance both through
canonical roles in NER, and non-canonical roles in processing at telomeric ends. These
studies have also uncovered a potential role for shelterin protein TRF2 in regulating NER.
The first indication that TRF2 may regulate XPF-ERCC1 activity derived from the
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observation that telomere fusions induced by TRF2 loss is prevented by also eliminating
XPF-ERCCL1. TRF2 inhibition causes loss of the telomeric 3’tail and subsequent
chromosome end-to-end fusions, but not in XPF-ERCC1 deficient cells, suggesting that
TRF2 prevents this endonuclease from cleaving the tail (51). This study was also the first to
report that TRF2 interacts with XPF-ERCCL in cell extracts (51). The endonuclease
possesses a TRF2 docking motif (52), but a direct interaction between these proteins remains
to be demonstrated. Other studies suggest that the scaffold protein SLX4 is required to
bridge the interaction between TRF2 and XPF-ERCC1 (53, 54). The XPF-ERCC1
interaction with SLX4 functions during inter-strand cross link repair, but not during NER
(54, 55). Further study of purified TRF2 and XPF-ERCC1 proteins will be required to
determine whether they can interact directly, and whether TRF2 can regulate the
endonucleases catalytic activity.

Whether TRF2 regulates XPF-ERCC1 activity in the context of NER at telomeres is
currently unknown. Mice engineered to overexpress TRF2 in skin cells develop phenotypes
that are reminiscent of XP in regions that are exposed to light (56). These mice are also more
sensitive to UVB-induced skin cancer and showed higher levels of CPDs and 6-4PPs in
genomic DNA one hour after UV irradiation, compared to wild type (56). The mechanism
for increased light sensitivity and slower DNA photoproduct removal in the bulk genome is
unknown. One possibility is that excess TRF2 may sequester XPF-ERCC1 at telomeres and
interfere with NER elsewhere in the genome. Interestingly, about a third of human basal cell
carcinomas and squamous cell carcinomas show elevated TRF2 expression, although it is
not clear if these tumors are related to sun exposure (56).

Evidence in human cells and mice also suggest that the TRF2 and XPF-ERCC1 interaction
has a non-canonical role in telomere length regulation that remains poorly understood. Mice
overexpressing TRF2 in skin showed faster rates of telomere shortening and increased
fragile telomeres in light exposed regions (56). The accelerated telomere shortening
phenotype requires XPF-ERCCL protein in both mice and human cells overexpressing
TRF2, yet does not require XPF-ERCC1 endonuclease activity in the human cells (56, 57).
However, XPF-ERCCL interacts with endonucleases MUS81/EME1 and SLX1 through the
SLX4 complex that also binds TRF2 (54). Perhaps the presence of XPF-ERCCL1 influences
the stability of the SLX4 complex at telomeres and its interaction with TRF2, and thus,
indirectly influences the activity of other endonuclease that may degrade telomeres. Finally,
evidence indicates the XPF-ERCC1 may protect against aberrant invasion of the 3’ telomeric
overhang into interstitial telomeric sequences (51, 58). However XPF-ERCC1 does not
regulate sister chromatid exchange between telomeres, at least in normal cells under non-
genotoxic conditions (59). Many questions remain regarding the role of the XPF-ERCC1
interactions with TRF2 in both canonical repair pathways for preserving telomeric DNA,
and non-canonical mechanisms of telomere length homeostasis.

CSB and transcription coupled repair

As described in the introduction, NER exists in two sub-pathways including GGR which
removes bulky lesions from the entire genome, and TCR which removes lesions from the
transcribed strand of actively transcribed regions (reviewed in (25)). Defects in TCR cause

Photochem Photobiol. Author manuscript; available in PMC 2018 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fouquerel and Opresko Page 7

the neurological disorder Cockayne Syndrome (25). Whether TCR functions at telomeres is
unknown, however the TCR factor CSB has been found to interact with shelterin protein
TRF2 (60). CSB is recruited when the RNA polymerase is blocked at a lesion, and then
further recruits TCR factor CSA and the subsequent NER machinery (25). The C-rich strand
of telomeres is transcribed into long non-coding G-rich RNAs termed TERRA that initiate in
the sub-telomere and function in telomere processing and telomere length homeostasis
(reviewed in (61)). CPDs present on the transcribed C-rich strand may be repaired by
telomeric TCR, and may explain the 1.5 fold faster rate of CPD removal in telomeric DNA,
compared to the bulk genome, whereas 6-4 PP repair rates are similar (37). The more helix
distorting 6-4 PPs lesions are rapidly removed by GGR, often obscuring TCR events (62).
Whether UV photoproducts and failures in telomeric TCR or GGR alter telomeric
transcription or TERRA levels is unknown.

Previous work has uncovered interesting roles for CSB protein in telomere maintenance that
may be related to canonical roles in TCR, as well as poorly understood non-canonical roles.
CSB localizes to a subset of telomeres in human cells and physically binds TRF2 (60), but
whether TRF2 influences CSB’s activity or function in TCR is not known. CSB depletion in
human cells leads to decreased TERRA, even in the absence of exogenous DNA damage
(60). The mechanism remains to be determined, but may relate to failed removal of oxidative
cyclopurine adducts at telomeres, since the cells in this study were likely cultured in
standard 20% oxygen and were under oxidative stress. This same study found that CSB
deficient cells show increased chromatid telomere loss and fragile telomeres, even in the
absence of exogenous damage, suggesting that CSB and/or TCR may be required to promote
telomere replication (60). Similar results were observed in XPC, XPB, and XPD deficient
cells (see above). This result may be explained by CSB mediating TCR removal of oxidative
lesions at telomeres (49, 63), and/or by CSB regulating R-loops at telomeres that also block
replication. However, direct evidence for TCR of oxidative lesions is lacking. CSB has been
implicated in regulating R-loop formation, stability and processing. The RNA-DNA hybrid
generated during telomere transcription generates R-loops (64, 65), that may be stabilized at
stalled RNA polymerases in the absence of TCR, and may persist at telomeres because the
displaced strand can form a stable G-quadruplex structure (66). Even in the absence of
exogenous DNA damage, R-loops can be converted into DNA double strand breaks in a
process that requires CSB, and the NER endonucleases XPF and XPG (67). This may be
problematic at telomeres based on evidence that DSB repair is inhibited at telomeres (68).
Furthermore, RNA-DNA hybrids and associated R-loops regulate homologous
recombination at telomeres (64). It will be important to determine whether TCR is active at
telomeres, and whether this pathway and TCR factors CSA and CSB are required for
defending telomeres against bulky DNA lesions and R-loops.

SIMILARITIES BETWEEN DISORDERS CAUSED BY DEFECTS IN
TELOMERE MAINTENANCE AND NER

The intersection of telomere biology and NER has important implications for human health.
Both UV irradiation and telomere shortening are associated with skin aging and increased
skin cancer risk (Figure 4). Genetic mutations that compromise NER or the ability to
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accurately bypass DNA photoproducts during genome replication leads to a dramatic
increase in sunlight-induced skin alterations and cancers in the XP disorder (69). Genetic
mutations that compromise telomerase activity and telomere maintenance lead to a spectrum
of inherited disorders commonly referred to as telomere syndromes or telomeropathies (1,
70). Individuals with telomere syndromes possess telomere lengths that are much shorter
than age matched controls. One of the most common, Dyskeratosis congenita (DKC), is
characterized by a triad of symptoms including nail dystrophy, oral mucosal leukoplakia and
skin hyperpigmentation (poikiloderma) particularly in sun-exposed areas of the upper chest,
neck and face (71, 72). Other symptoms include bone marrow failure, pulmonary fibrosis
and liver fibrosis (72). The poikiloderma phenotype is shared with XP, and so is a
predisposition to skin cancer (69). Skin squamous cell carcinoma is the second most
frequent cancer in DKC, with head and neck squamous cell carcinomas being the most
common (73). It is not clear whether DKC patients are more susceptible to UV-induced skin
cancers compared to the general population, however, clinical care recommendations include
limited sun exposure and use of sun screen (72). While individuals with DKC are clearly not
as sensitive to sunlight as XP individuals, the overlap in symptoms suggest that critically
short telomeres may exacerbate skin pathologies caused by DNA damage.

Studies in transgenic mice further support the model that critically short telomeres may
contribute to skin pathologies that develop in the face of DNA damage. Chronic UVB
irradiation of mice lacking NER factor XPC induces skin cancer in exposed mice, that is
accelerated in a background of shortened telomeres in Xjpc and telomerase double knock out
mice (41). In another model, mice engineered to overexpress shelterin protein TRF2 in the
skin develop phenotypes that are reminiscent of XP including premature skin atrophy,
hyperpigmentation and increased skin cancer in regions that are exposed to light (56). TRF2
overexpression induces telomere shortening, and these mice are also more sensitive to UVB-
induced skin cancer (56). Collectively, these studies suggest that telomere shortening and
dysfunction may exacerbate skin pathologies and skin cancer triggered by DNA damage.
Combined with evidence that UV irradiation can further accelerate telomere shortening (see
above), this suggests that UV-induced telomere dysfunction may contribute to UV-induced
skin carcinogenesis and skin aging.

CONCLUSIONS

The NER pathway is essential for removing a wide variety of DNA lesions generated by
environmental and anti-cancer genotoxicants. Telomeres are susceptible to damage caused
by UV light and environmental genotoxic metals, and when these lesions interfere with
replication at telomeres they can induce telomere loss and telomere fragility (30, 37, 41, 56,
74). The impact of bulky lesions on telomere transcription and formation of telomeric R-
loops at stalled RNA polymerases remains to be determined. Furthermore, oxidative lesions
and UV photoproducts can interfere with shelterin TRF1 and TRF2 binding to telomeric
DNA (37, 75), suggesting that an accumulation of unrepaired lesions may cause shelterin
depletion at telomeres and compromise telomere function. These studies underscore the
importance of DNA damage removal at telomeres for telomere preservation. In addition,
while shelterin proteins have been found to interact with NER proteins (51, 60), whether
shelterin regulates NER at telomeres remains to be determined. The evidence that UV
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exposed skin exhibits shortened telomeres compared to non-exposed regions (39), together
with evidence that critically short telomeres exacerbate skin pathologies due to DNA
damage (41), further support the important of NER at telomeres for human health. We are
particularly delighted that the significance of Aziz Sancar’s work in NER mechanisms was
recognized with the Nobel prize in the same year that we provided the first direct evidence
that NER functions at telomeres by using XP-A patient cell lines (37). However, many
questions remain unanswered regarding the biological consequences of DNA damage at
telomeres, mechanisms of protecting telomeres from insult, and the efficiency of repairing
telomeres from damage. A better understanding of how bulky DNA lesions are processed at
telomeres will be valuable for advancing therapies and interventions that preserve telomere
function to maintain healthy cells and ameliorate environmentally induced diseases
associated with genotoxic exposures.
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Abbreviations

6-4 PP pyrimidine (6-4) pyrimidine photoproducts

CPD cyclobutane pyrimidine dimer
A-EJ alternative end joining

DDR DNA damage response

DSB DNA double strand break

GGR global genome repair

NER nucleotide excision repair
NHEJ non-homologous end joining
POT1 protection of telomeres 1

TCR transcription coupled repair
TRF1 telomere repeat binding factor 1
TRF2 telomere repeat binding factor 2

TRFH TRF homology
uv ultraviolet light

XP xeroderma pigmentosum
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Figure 1.
Telomere structure. Telomeres are nucleo-protein structures that protect the ends of linear

chromosomes. The complex of six proteins called shelterin promotes the folding of the
telomeric DNA into a t-loop (see text for more details). The magnifying glass highlights the
region of 3’ single strand tail invasion into the duplex to form the t-loop structure.
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Figure 2.

The end replication and protection problems. In somatic cells each round of cell division
leads to telomere shortening due to the inability of the replication machinery to complete
replication of the lagging strand (end replication problem). When telomeres become
critically short they are unable to form the protective t-loop which triggers a DNA damage
response due to the telomere uncapping (end protection problem). In normal cells this results
in cell senescence or cell death. However, in p53 defective cells telomere uncapping leads to
chromosome end-to-end fusions and genomic instability and ultimately cell crisis. Survivors
that overcome crisis do so by up-regulating telomerase (90% of cancer cells) or by activating
the alternative lengthening of telomeres pathway (ALT, 10% of cancer cells) to maintain
telomere lengths.
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Figure 3.
Telomere sequences are hot spots for UV photoproduct formation (A) but are partially shield

by the shelterin protein complex (B). Orange lines represent the covalent bonds formed
between two adjacent pyrimidines after UV exposure. The red bases show the preferred
targets for CPDs and 6-4 PPs.
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Figure 4.
Symptoms of disorders caused by defects in NER and telomere maintenance. Shown are

distinct and overlapping symptoms that have been reported in individuals with xeroderma
pigmentosum caused by defects in NER, and in dyskeratosis congenita caused by mutations
in telomere maintenance genes including telomerase.
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