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Telomeres and sirtuins: at the end we meet again
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ABSTRACT

Telomeres and sirtuins are independently implicated in causing disease and aging, but how they
cooperate is not well understood. A recent study demonstrates that telomere shortening represses
sirtuins and increasing sirtuin activity stabilizes telomeres and improves telomere-dependent disease,

suggesting that these two pathways are tightly intertwined.

Telomeres are repetitive nucleoprotein sequences at the ends
of chromosomes that are synthesized by the specialized RNA-
dependent DNA polymerase, telomerase. The majority of
human cells lack or have insufficient telomerase activity and
undergo progressive telomere shortening that is strongly
implicated in driving pathologies and aging. Although our
understanding of the pathogenic mechanisms underlying tel-
omere-dependent disease and aging is still incomplete, studies
in various model organisms have established an important
role for the DNA damage response and its main transducer,
tumor protein p53 (TP53, known as p53), in these processes
through the induction of cellular senescence, growth arrest
and apoptosis. Recent studies have also suggested that telo-
mere shortening can cause cellular dysfunction by compro-
mising metabolism via a p53-dependent repression of
mitochondrial biogenesis and function that results in fewer
and dysfunctional mitochondria."

In a recent study, we have further characterized how telo-
mere dysfunction and p53 impact metabolism through the
regulation of sirtuins. The sirtuin family comprises a class of
Nicotinamide adenine dinucleotide ((NAD(+))-dependent
enzymes that have known deacetylase activity. They regulate
many metabolic processes and are heavily implicated in multi-
ple diseases and in aging.® Previous studies have shown that
sirtuins localize to telomeres and regulate telomere length. In
yeast, telomeres serve as a reservoir for Sir2p, the homolog of
mammalian Sirtl, where it is involved in the telomere silen-
cing effect on neighboring genes, but does not regulate telo-
mere length.>* Sirtl is also initially dispensable for telomere
length maintenance in young mice, although it is required for
maintaining telomere length during aging. Furthermore, Sirtl
overexpression increases telomere length in mice, suggesting
that telomere length is modulated by Sirtl in a time- and
dosage-dependent manner.” The moderate Sirtl effect on
telomeres contrasts with the severe telomere length defect in
mice deficient for Sirt6 that develop pronounced telomere
dysfunction, marked genomic instability, and premature
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aging syndrome.® While these studies indicate that Sirtl and
Sirt6 bind and regulate telomere length, it remains unclear
how telomere shortening in turn impacts sirtuin expression,
and what the functional relevance of sirtuins as downstream
mediators of telomere-dependent dysfunction is.

In this respect, our recent study in telomerase knockout mice
has shed new light on how telomere shortening impacts sirtuins
and demonstrated that telomere shortening and p53 are upstream
regulators of sirtuins (Figure 1). This is based on the finding that
short telomeres induce the repression of all seven sirtuins in liver
tissue, a highly metabolic organ where telomeres and sirtuins play
an important role in normal physiology and disease. The global
sirtuin repression is accompanied by hyper-acetylation of their
targets including Forkhead box protein O1 (FoxO1), Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (Pgc-
la), p53 and histones. The observed hyperacetylation indicates
that decreased expression of sirtuins is paralleled by diminished
sirtuin deacetylase activity that affects their multiple targets. This
telomere shortening-induced suppression of sirtuins is cell-
autonomous and reversible based on the observation that sirtuins
are also downregulated in mouse embryonic fibroblasts and rein-
troduction of telomerase into livers of mice with short telomeres
normalizes their expression levels. Mechanistically, the repression
of sirtuins is dependent on p53 as liver specific deletion of p53 in
telomerase knockout mice restores sirtuin expression and
activity.” While previous studies have shown that p53 represses
Sirtl post-transcriptionally through miRNA-34a, the p53-
mediated repression of all seven sirtuins in the setting of short
telomeres is remarkable and points to a wider role of p53 in sirtuin
regulation. The repression of several sirtuins has also been
reported in cells lacking the DNA repair Cockayne syndrome
group A/B proteins (CSA/CSB) indicating that other DNA-
damage associated processes can impact several sirtuins.”® The
identification of telomeres and p53 as upstream regulators of
sirtuins raises the possibility that both might be involved in the
downregulation of sirtuins in different contexts, including diseases
and aging. The telomere and p53-mediated repression of sirtuins
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Figure 1. Molecular pathways linking telomeres and p53 to sirtuins. Dysfunctional telomeres activate the DNA damage response and tumor protein p53 (TP53,
known as p53). P53 regulates non-mitochondrial sirtuins Sirt1, 2, 6 & 7 through miRNA-34a, 26a & 145a while it regulates the mitochondrial sirtuins Sirt3, 4 & 5 at the
transcriptional level through Peroxisome proliferator-activated receptor gamma coactivator 1-alpha and beta (PGC-1a/f). Increasing Nicotinamide adenine
dinucleotide ((NAD(+)) levels through NAD(+) precursors increases sirtuin activity, stabilizes telomeres and dampens p53 in a partially Sirt1-dependent manner
indicating the involvement of Sirt6 or other NAD(+) — dependent enzymes. The repression of Sirt1 in the setting of short telomeres contributes to PGC-1a impairment
directly as Sirt1 is known to activate PGC-1a through deacetylation. Together, these altered pathways induce mitochondrial dysfunction that is implicated in aging
and disease. Other potentially important processes impacted by decreased sirtuin levels - for example, epigenetic changes through histone modifications and DNA
repair pathways, among others — are likely to contribute to cellular phenotypes, and are not depicted here.

also suggests that the simultaneous repression of multiple sirtuins
could drive pathologies and aging and it remains to be established
whether, in addition to the well-recognized decrease of Sirtl
expression during aging and many pathological conditions,
other sirtuins are simultaneously repressed. In the context of
dysfunctional telomeres, the importance of other sirtuins is sup-
ported by the finding that the beneficial effect of NAD(+) supple-
mentation on liver fibrosis is only partially Sirtl-dependent,
indicating that other sirtuins or, alternatively, other NAD(+)-
dependent enzymes such as Poly (ADP-ribose) polymerases
(PARPs) are functionally relevant (Figure 1).2

Importantly, this telomere-p53-sirtuin link might lead to
a progressive deterioration of cellular function and a circulus
vitiosus through feedback mechanisms. First, Sirtl and Sirt7
have been shown to inactivate p53 and their inactivation by p53
in the setting of telomere dysfunction could further enhance p53
activity. Secondly, at the level of telomeres, the low levels of Sirtl
and Sirt6 could further destabilize telomeres and activate the DNA
damage response and p53. Together, these sirtuin-telomere and
sirtuin-p53 feedback mechanisms might sustain and accelerate the
decline of already damaged cells, particularly in post-mitotic cells
whose primary response to telomere dysfunction might not be
one of the classical outcomes of apoptosis, growth arrest and

senescence. This telomere-sirtuin link also provides an entry
point for therapeutic modulation through the administration of
the NAD(+) precursor nicotinamide mononucleotide. Our stu-
dies show that increasing NAD(+) levels stabilizes telomeres and
dampens the DNA damage response and p53 in a partially Sirt1-
dependent manner.” The molecular mechanisms that lead to
telomere stabilization following NAD(+) supplementation are
yet to be defined, however, the stabilization of telomeres in
telomerase knockout mice indicates that telomerase-
independent mechanisms are involved (Figure 1). Increasing
NAD(+) levels through deletion of the NAD(+)-consuming
enzyme Cluster of differentiation 38 (CD38) has been reported
to stabilize telomeres in aged wild type mice.” Increasing NAD
(+) might be particularly beneficial under conditions of addi-
tional exogenous damage as the decrease of NAD(+), which is
mainly driven by NAD(+)-consuming DNA repair processes, is
much more significant in cells with short telomeres, indicating
a particular susceptibility of short-telomere bearing cells to NAD
(+) decline. The molecular underpinnings of this pronounced
NAD(+) decrease in cells with short telomeres in response to
exogenous damage is unclear but tracks well with their marked
susceptibility to additional damage such as ionizing irradiation
or genotoxic drugs.



The NAD(+) supplementation associated increase in sir-
tuin activity in telomerase knockout mice improves mito-
chondrial biogenesis and function as reflected by increased
expression of mitochondrial biogenesis factors, increased elec-
tron transport chain activity of complex I and IV and elevated
mtDNA copy number.” The improvement of mitochondrial
function most likely results from the inactivation of p53 and
its repressive effect on PGC-la expression as well as direct
activation of PGC-1la by Sirtl. Besides the improvement of
mitochondrial function, Sirtl is expected to affect several
cellular processes including modulation of histones and the
epigenome, generalized DNA repair pathways, all of which
could act cooperatively to prevent disease and aging.'®
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