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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining
knowledge from genomic studies, and by systems biologists building predictive models of hormal and disease
variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751),
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European
Molecular Biology Laboratory (EBI Industry program).
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Telomere Maintenance 7
Stable identifier: R-HSA-157579

Compartments: nucleoplasm

Telomeres are protein-DNA complexes at the ends of linear chromosomes that are important for genome stability.
Telomeric DNA in humans, as in many eukaryotic organisms, consists of tandem repeats (Blackburn and Gall 1978;
Moyzis et a. 1988; Meyne et al. 1989). The repeats at human telomeres are composed of TTAGGG sequences and
stretch for several kilobase pairs. Another feature of telomeric DNA in many eukaryotes is a G-rich 3' single strand
overhang, which in humans is estimated to be approximately 50-300 bases long (Makarov et a. 1997; Wright et al.
1997; Huffman et al. 2000). Telomeric DNA isolated from humans and several other organisms can form alasso-
type structure called a t-loop in which the 3' single-strand end is presumed to invade the double stranded telomeric
DNA repeat tract (Griffith et al. 1999). Telomeric DNA is bound by multiple protein factors that play important roles
in regulating telomere length and in protecting the chromosome end from recombination, non-homologous end-
joining, DNA damage signaling, and unregulated nucleolytic attack (reviewed in de Lange 2005).

DNA attrition can occur at telomeres, which can impact cell viability. Attrition can occur owing to the "end-
replication problem", a consegquence of the mechanism of lagging-strand synthesis (Watson 1972; Olovnikov 1973).
Besides incomplete replication, nucleolytic processing also likely contributes to telomere attrition (Huffman et al.
2000). If telomeres become critically shortened, replicative senescence can result (Harley et al. 1990). Thus, in order
to undergo multiple divisions, cells need a mechanism to replenish the sequence at their chromosome ends.

The primary means for maintaining the sequence at chromosome ends in many eukaryotic organisms, including
humans, is based on telomerase (Greider and Blackburn, 1985; Morin 1989). Telomerase is a ribonucleoprotein
complex minimally composed of a conserved protein subunit containing a reverse transcriptase domain (telomerase
reverse transcriptase, TERT) (Lingner et al. 1997; Nakamura et al. 1997) and a template-containing RNA
(telomerase RNA component, TERC, TR, TER) (Greider and Blackburn, 1987; Feng et al 1995). Telomerase uses
the RNA template to direct addition of multiple tandem repeats to the 3' G-rich single strand overhang. Besides
extension by telomerase, maintenance of telomeric DNA involves additional activities, including C-strand synthesis,
which fills in the opposing strand, and nucleolytic processing, which likely contributes to the generation of the 3'
overhang.
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Extension of Telomeres 7

Location: Telomere Maintenance
Stable identifier: R-HSA-180786

Compartments: nucleoplasm

Telomerase acts as reverse transcriptase in the elongation of telomeres (Smogorzewska and de Lange 2004).
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Packaging Of Telomere Ends 7

Location: Telomere Maintenance

Stable identifier: R-HSA-171306

Multiple steps, including C-strand resection, telomerase-mediated elongation, and C-strand synthesis are involved in
processing and maintaining the telomere. Though this module posits a linear transit for the steps, in humansit is not
well understood how these steps are coordinated and what other events may be involved.

Telomeric DNA can form higher order structures. Electron microscopy of telomeric DNA isolated from human cells
provided evidence for lariat-type structures termed telomeric loops, or t-loops (Griffith et al., 1999). t-loops are
proposed to result from the invasion of the 3' G-rich single strand overhang into the double stranded telomeric
TTAGGG repeat tract. The function of the t-loop is presumed to be the masking of the 3' telomeric overhang.

Multiple protein factors can bind telomeric DNA and likely contribute to dynamic, higher order structures.
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Inhibition of DNA recombination at telomere 7
Location: Telomere Maintenance
Stable identifier: R-HSA-9670095

Compartments: nucleoplasm

Telomeres resemble double strand DNA breaks (DSBs) and, if not properly packaged and protected, are recognized
by the DNA double strand break repair (DSBR) machinery. Initiation of DSB signaling at telomeres due to
replicative shortening of telomeres is one of the triggers of cellular senescence, which can also be triggered by other
cellular stressors, such as oxidative stress, and oncogenic signaling-induced mitotic arrest. The loss of telomere
protection can result in telomere fusions via hon-homologous end joining (NHEJ) of microhomol ogy-mediated end
joining (MMEJ). Loss of telomere protection accompanied by changes in the organization of telomeric chromatin
(O'sullivan et a. 2014) can trigger extension of telomeres via homologous recombination repair-mediated alternative
lengthening of telomeres (ALT). ALT occurs in about 5-15% of cancers and is a telomerase-independent mechanism
of replicative immortality. For review, please refer to Arnoult and Karlseder 2015 and Pickett and Reddel 2015.
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