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The origin of oxidized guanine resolves the puzzle of
oxidation-induced telomere-length alterations

Jaya Sarkar & Yie Liu

Although oxidative stress has long been considered to be a major factor contributing to telomere shortening, recent
work has established that oxidative stress and DNA damage are linked to telomere lengthening. Now, Opresko and

colleagues resolve this apparent discrepancy by showing that differential modulation of telomerase activity depends
on the origin of a common oxidative guanine lesion.

Telomeres are nucleoprotein structures at
chromosome ends that, in mammals, con-
sist of double-stranded tandem repeats of
(5’-TTAGGG-3"), ending in a single-stranded
3’ overhang. Maintaining telomere length at or
near equilibrium in a species-specific manner
is a critical aspect of telomere maintenance,
which involves telomerase, a ribonucleopro-
tein complex that extends the 3’ overhang by
using its integral telomerase RNA as a tem-
plate!. Telomerase activity prevents DNA-
replication-dependent telomere loss, known
as the ‘end replication problem;, and is essential
for the viability of most human cancer cells?.
Telomere length maintenance is also influ-
enced by environmental factors, most notably
oxidative stress>.

Oxidation of DNA by reactive oxygen species
(ROS) constitutes a major source of spontane-
ous DNA damage. Stacked guanines succumb
to oxidation more than other DNA bases or
base combinations. 7,8-dihydro-8-oxoguanine
(8-0x0dG) is one of the widely studied oxidative
guanine lesions?, and telomeres are hotspots for
the formation or accumulation of 8-0x0Gs>°. A
new study by Opresko and colleagues” reveals
the context- and origin-dependent differen-
tial effect of 8-0x0G on telomerase’s ability to
extend telomeres. Whereas misincorporation
of 8-0xodGTP by telomerase has a telomere
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chain-termination effect that results in telomere
shortening, a preexisting 8-oxoG enhances
telomerase’s ability to lengthen telomeres by
unfolding telomeric G quadruplexes.

8-0x0G lesions within telomeres can origi-
nate in several ways (Fig. 1a): (i) 8-0xodGTP
can be incorporated from the free-dANTP
pool, and, indeed, the work by Opresko and
colleagues’ provides the first demonstration
that telomerase incorporates 8-oxodGTP
opposite rATP or rCTP in the telomere RNA
primer; (ii) a guanine in a regular G-C DNA
base pair may be oxidized to 8-0xoG; or
(iii) 8-0xodGTP can be misincorporated by
DNA polymerase during DNA replication.
Hydrolases such as human MTHI hydrolyze
oxidized dNTPs in the free-nucleotide pool,
thereby producing the corresponding ANMP;
for instance, 8-0xodGTP is converted to 8-ox-
0odGMP3. In contrast, DNA glycosylases such
as OGGI, NEIL1 or MYH repair 8-0xoGs
within DNA via the base excision repair
pathway®. Despite protective antioxidation
mechanisms, 8-0x0Gs do occur in telomeric
DNA during the course of aging, and defec-
tive removal of 8-0x0G disrupts telomere
length homeostasis, primarily via the
telomerase pathway!®11,

Oxidative stress and 8-0xoG lesions have been
linked with puzzling manifestations in studies
on telomere length homeostasis. Although oxi-
dative stress is a major factor contributing to
telomere shortening3, Saccharomyces cerevisiae
or mouse strains that are defective in the major
ROS detoxification enzymes or in OGG1 (the
enzyme that removes preexisting 8-oxoG from
DNA), exhibit oxygen- and/or telomerase-
dependent telomere lengthening!%-12. It is in
this context that the findings by Fouquerel et al.”

are not only novel but also uniquely revealing
in their ability to explain this paradox. The
biochemical assays in this study demonstrate
that telomerase can incorporate an 8-oxodGTP
(from the free-nucleotide pool) into the telo-
mere chain but cannot subsequently extend
the chain (Fig. 1b, top right). This observa-
tion suggests that under acute oxidative stress,
conditions that increase 8-oxodGTP levels in
the nucleotide pool may induce chain termina-
tion by telomerase, thus causing telomeres to
shorten. In contrast, the authors’ biochemical
and single-molecule fluorescence resonance
energy transfer (FRET) assays together provide
evidence that although preexisting 8-0xoG in
a telomeric DNA chain that is free of second-
ary structure minimally affects the annealing
of telomeric DNA to the telomerase RNA tem-
plate (Fig. 1b, middle), it stimulates telomerase
loading when G quadruplex structures are
present, by unfolding and thus removing them
from telomeric DNA (Fig. 1b, bottom right).
Preexisting 8-0xoG may also alter the affinity
of the inherent telomeric proteins for telo-
meric DNA repeats!? (Fig. 1b, top left). This
alteration may in turn disturb the telomeric
proteins’ negative regulation of telomerase via
the ‘protein counting model'*!°. If an 8-0x0G
opposite A were to persist after a round of rep-
lication, it could give rise to a GC-to-TA trans-
version’, which might also affect the binding
of telomeric proteins. These manifold effects
plausibly explain why increased levels of pre-
existing 8-0x0G (due to defective OGG1 repair
and/or ROS detoxification) might contribute to
telomere lengthening.

The findings of Fouquerel ef al.” have yet
another level of importance because they
show that the enhanced levels of 8-0oxodGTP
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Figure 1 Origin and consequences of oxidative DNA base damage within telomeres. (a) 8-oxoG (Go)

in telomeres can arise from misincorporation of 8-oxodGTP or from in situ oxidation of a guanine DNA
base. Proteins either hydrolyze the oxidized nucleotide pool or repair the oxidized bases within the
DNA. (b) Telomere secondary structures, the telomeric proteins and oxidative DNA lesions influence
elongation by telomerase. Top left, telomeric proteins negatively regulate telomerase-dependent
elongation through the protein counting model (described in the main text). Oxidized bases compromise
the binding of telomeric proteins to telomeres, thereby disrupting the counting mechanism. Top right,
telomerase can utilize 8-oxoGTP during substrate extension, but 8-oxoGTP misincorporation terminates
telomere elongation. Middle, telomerase uses its integral telomerase RNA as a template (with the
sequence CAAUCCCAAUC) and adds the 6-nt repeating sequence 5-TTAGGG-3’ to the 3" overhang.
Preexisting terminal 8-oxoG does not impair telomerase loading. Lower left, oxidized bases such as
thymine glycol (Tg) may cause premature termination of telomere replication, thus leading to telomere
shortening. Lower right, 8-0xoG ‘irons out’ G quadruplexes, thereby enhancing substrate accessibility

and telomerase loading onto telomeres.

in the free-nucleotide pool produced by MTH1
depletion cause cellular senescence and telom-
ere dysfunction in a telomerase-dependent
manner, specifically in cancer cells containing
short telomeres. Thus, telomerase-positive can-
cer cells, which generally have short telomeres?,
may exhibit increased sensitivity to elevated
levels of oxidized dNTPs in the free-nucleotide
pool and/or MTH1 depletion. Presumably,
both normal and cancer stem cells with long
telomeres would show greater tolerance to
MTHI1 depletion.

Several intriguing questions remain to be
resolved. In addition to the source and origin of
8-0x0G in telomeres, it is important to consider
the location of 8-0xoG within the telomere.

The telomere 3" overhang is believed to be
tucked away in a lariat-like structure called
the t loop!®, whose folding and unfolding is
mediated by telomeric proteins!”. Would the
G-quadruplex-unfolding ability of 8-0x0G, and
hence its effect on telomerase loading, be any
different for 8-0x0Gs located within the tloop?
Another prevalent oxidative base damage that
occurs within telomeric DNA is thymine glycol
(Tg), and a defect in its removal by NTHI DNA
glycosylase leads to telomere shortening in
mice'®. Although Tg may block telomere DNA
replication'®, thereby resulting in a loss of distal
telomeric sequences (Fig. 1b), there might be
additional layers of modulation of telomerase
activity that could explain the telomere length
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differences between Oggl- and Nth1-null mice.
Recently, a new telomere-length-maintenance
model linking telomerase and replication-fork
progression has been proposed. In this model,
telomerase travels with the lagging-strand
replication machinery and remains bound to
the fork until it reaches the telomere 3" over-
hang for the telomere to be extended?’. Thus,
replication-fork collapse, for example, when
the replication fork encounters Tg lesions,
may cause dissociation of telomerase from
the replication fork. Failure in telomere-repeat
addition by telomerase would lead to telomere
shortening. In addition, it is still unclear how
Tg affect the telomerase activity, loading, fold-
ing and unfolding of telomeric G quadruplexes,
and subsequently telomere length. Finally, the
effects of telomere length alterations related to
oxidative base damage in human disease and
aging also remain elusive. Complementary
human population, genetic model, biochemi-
cal and single-molecule FRET studies are war-
ranted to address these questions in the future.
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