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Summary:

Telomere shortening is associated with stem cell decline, fibrotic disorders and premature aging
through mechanisms that are incompletely understood. Here, we show that telomere shortening in
livers of telomerase knockout mice leads to a p53 - dependent repression of all seven sirtuins. P53
regulates non-mitochondrial sirtuins (Sirtl, 2, 6, & 7) post-transcriptionally through microRNAs
(miR-34a, 26a & 145), while the mitochondrial sirtuins (Sirt3, 4 & 5) are regulated in a
peroxisome proliferator-activated receptor gamma co-activator 1 alpha/beta - dependent manner at
the transcriptional level. Administration of the NAD(+) precursor nicotinamide mononucleotide
maintains telomere length, dampens the DNA damage response and p53, improves mitochondrial
function and, functionally, rescues liver fibrosis in a partially Sirt1-dependent manner. These
studies establish sirtuins as downstream targets of dysfunctional telomeres and suggest that
increasing Sirtl activity alone or in combination with other sirtuins stabilizes telomeres and
mitigates telomere-dependent disorders.

Graphical Abstract

eTOC

Telomere dysfunction is implicated in the promotion of tissue damage and fibrosis through
mechanisms that are incompletely understood. Amano et al. show that telomere dysfunction in
liver tissue downregulates sirtuins through p53 dependent mechanisms. Increasing NAD(+)
stabilizes telomeres, dampens DNA damage response, and improves telomere-dependent fibrosis
in a partially Sirt1-dependent manner.
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Introduction

Telomeres, the repetitive ends of chromosomes, consist of double-stranded TTAGGG repeats
that are coated with a specialized protein complex known as shelterin that plays a
fundamental role in the regulation of telomere length and protection. Telomeres are
maintained by a specialized reverse transcriptase, telomerase, which is repressed in the
majority of human cells except in stem and progenitor cells and a small subset of other cells.
Evidence for a role of telomerase and telomere length in human disease and aging comes
from studies in patients with telomerase mutations and telomerase knock-out mice.
Cumulatively, these studies have demonstrated that telomere shortening compromises the
regenerative capacity of stem/ progenitor cells in highly proliferative tissues such as the
hematopoietic system, intestine and skin. Another well-recognized pathological
consequence of compromised telomeres is the increased risk of tissue fibrosis with liver and
lung most commonly affected. In patients with the telomere-maintenance disorder
Dyskeratosis congenita (DKC) approximately 20% and 7% develop lung and liver fibrosis
respectively, although the factors that trigger and maintain fibrosis are not well
understood(Armanios and Blackburn, 2012). However, following irradiation and cytotoxic
treatment, DKC patients are at increased risk to develop secondary, treatment-associated
complications including liver and lung fibrosis indicating that increased susceptibility to
DNA damage is a risk factor for the development of fibrotic disorders. Clinical trials are
underway to protect patients from long-term complications of treatment-associated DNA
damage(Savage and Alter, 2009).

Liver disease is recognized to occur with higher frequency in patients with segmental
telomere disorders such as aplastic anemia and bone marrow failure. Telomere shortening is
also a hallmark of long standing liver disease due to acquired causes such as Hepatitis B/C
viral infection or alcohol consumption, presumably as a consequence of insufficient activity
of telomerase in proliferating hepatocytes. The accumulation of hepatocytes with critically
short telomeres is associated with disease progression leading to liver cirrhosis, liver failure
and elevated cancer risk(Hartmann et al., 2011). These human studies are experimentally
supported by studies in telomerase knockout mice (TKO) with short telomeres, which are
highly susceptible to liver cirrhosis after exposure to the DNA damage - inducing agent
carbon-tetra chloride (CCL4)(Rudolph et al., 2000). TKO mice display increased
susceptibility to DNA damage and cell death when challenged with CCL4 leading to
increased tissue damage and, coupled with decreased proliferative capacity of surviving
hepatocytes, to liver fibrosis(Rudolph et al., 2000). Currently, no therapies exist to prevent or
treat telomere-associated liver fibrosis except for organ transplantation in patients with end-
stage organ failure(Calado and Young, 2009). This lack of disease-modifying therapies is in
part due to an incomplete understanding of the mechanisms that are operative downstream of
dysfunctional telomeres and induce tissue compromise and, ultimately, liver failure.
However, it has been demonstrated that the activation of DNA damage response pathway
and its central transducer p53 promotes degenerative disorders by activating genes that
induce growth arrest, apoptosis and senescence(Chin et al., 1999). This is indicated by
studies in humans with liver cirrhosis in which decreased proliferation and accumulation of
senescent hepatocytes is a common feature and tracks with degree of telomere dysfunction.
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This view is also supported by studies in mouse models where deletion of p53 curbs
apoptosis/senescence and improves regenerative capacity across different tissues(Chin et al.,
1999).

Recent studies have suggested a novel mechanism through which telomere dysfunction and
p53 drive degenerative disorders by impacting cellular metabolism via a p53-dependent
repression of peroxisome proliferator-activated receptor gamma co-activator 1 alpha/beta
(PGC-1a/B), co-activators that drive mitochondrial biogenesis and function. In line with the
concomitant repression of PGC-1a and PGC-1, mitochondrial number and oxidative
phosphorylation capacity is impaired in tissues with short telomeres resulting in decreased
ATP synthesis, elevated ROS levels and decreased metabolic capacity including impaired
gluconeogenesis(Sahin et al., 2011). Mitochondrial biogenesis and function is more severely
compromised when telomere attrition is accelerated by predisposing pathological conditions
such as muscular dystrophy leading to severe cardiomyopathy(Chang et al., 2016). While
these reports point to the importance of dysregulated metabolism as a functionally relevant
mechanism downstream of telomeres, several open questions regarding this telomere-
metabolism link remain to be addressed. Importantly, the molecular mechanisms by which
short telomeres regulate metabolism are yet to be fully defined as restoration PGC-1a in
telomerase knockout mice with short telomeres only partially rescues the metabolic
defect(Sahin et al., 2011). This partial rescue indicates the existence of other metabolic
pathways that are altered by dysfunctional telomeres.

Here we investigated the role of sirtuins in telomere-dependent liver disease. Sirtuins are a
class of NAD(+)-dependent enzymes that impact different cellular processes including
transcriptional silencing, DNA recombination and repair, apoptosis and cellular metabolism
through deacetylation and other posttranslational modifications of multiple downstream
targets. Sirtuins are highly implicated in metabolic, ageing and age-related disorders. In the
liver, Sirtl has been particularly well studied among the seven sirtuins and has been shown
to play an important role in diverse metabolic processes as well as implicated in the
development of liver disease(Houtkooper et al., 2012). Increasing the activity of Sirtl
through overexpression or use of small molecules protects against fatty liver disease and
improves insulin resistance induced by a high fat diet, while lack of Sirtl in the liver
accelerates hepatic steatosis and insulin resistance and is associated with inflammation and
oxidative stress. The protective effects of Sirtl have been suggested to be in large part due to
increased mitochondrial function and biogenesis and improved metabolic
function(Houtkooper et al., 2012). Another strategy to activate sirtuins is rooted in the
observation that increasing NAD(+) levels can increase the activity of several sirtuins. An
increase of NAD(+) has been achieved through the inhibition of major NAD(+) consuming
enzymes such as PARP-1, CD38 or direct dietary supplementation with NAD(+) precursors
such as nicotinamide mononucleotide (NNM) or nicotinamide riboside (NR). Increasing
NAD(+) levels has been shown to protect from high fat diet-induced liver disease, insulin
resistance and improve liver regeneration. The amelioration of liver disease has been linked
to the improvement of mitochondrial biogenesis and function as well as activation of the
mitochondrial unfolded stress response(Lagouge et al., 2006, Mouchiroud et al., 2013).
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While both telomeres and sirtuins are independently implicated in aging and disease, how
they are interconnected in driving disorders is not well understood, although previous studies
in different model systems have demonstrated that both are tightly linked. In yeast, Sir2, the
homolog of mammalian Sirt1, binds to telomeres and is required for the establishment and
maintenance of silent chromatin formation at telomeres(Gottschling et al., 1990). This Sir2 —
telomere interaction is dynamic as Sir2 and other Sir proteins redistribute from telomeres to
other loci during yeast aging and in response to DNA damage(Guarente, 2000). The
translocation of Sir2 from telomeres to DNA break sites is dependent on the DNA damage-
checkpoint response(Martin et al., 1999, Mills et al., 1999). This re-localization is thought to
promote DNA repair by different mechanisms including de-repression of genes involved in
DNA repair and direct chromatin modifications at DNA breaks through the recruitment of
repair factors(Guarente, 2000). In mice, a similar Sirt1 redistribution in response to DNA
damage has been reported and thought to be important in the aging process(Oberdoerffer et
al., 2008). Besides Sirt1, Sirt6 has also been shown to bind to telomeres and contribute to
telomere integrity as evidenced by the accumulation of DNA damage foci at telomeres and
rampant genomic instability with emergence of chromosomal end-to-end fusions after loss
of Sirt6(Tennen and Chua, 2011). While these studies point to an important interplay
between telomeres and sirtuins, how telomere dysfunction, in turn, impacts sirtuins, the
molecular pathways that link telomeres to sirtuins and the relevance of sirtuins for telomere-
dependent disease remain to be defined. Here, we find that telomere dysfunction induces the
repression of all seven sirtuins in liver tissue of TKO mice, which is accompanied by
hyperacetylation of many sirtuin targets including transcription factors, histones,
mitochondrial proteins and metabolic enzymes. We demonstrate that the observed
downregulation of sirtuins in the context of dysfunctional telomeres is p53-dependent as
genetic ablation of p53 in TKO mice normalizes sirtuin expression and acetylation levels of
their targets. We further demonstrate that telomere-induced sirtuin repression is functionally
relevant as increasing sirtuin activity with the NAD(+) precursor NMN ameliorates
telomere-dependent liver cirrhosis in a partially Sirt1- dependent manner.

To assess the impact of telomere dysfunction on sirtuins we made use of mice lacking the
reverse transcriptase component of telomerase, TERT. TERT knockout mice display no overt
phenotype but develop multi-system premature aging when telomeres become progressively
shorter in successive generations (G1 - G4). Unless otherwise stated, male G4 mice (“G4”)
between 8-16 weeks of age were used in these studies. G4 mice display hallmarks of
telomere dysfunction including stem cell compromise, regenerative defects in high turnover
tissues, tissue atrophy, cardiomyopathy and shortened lifespan as reported previously(Sahin
et al., 2011). To probe the relationship between telomere dysfunction and sirtuin expression,
we determined sirtuin protein levels in liver tissue where both telomere dysfunction and
sirtuin repression are implicated in organ pathology. Compared to age- and sex-matched
wild type (WT) mice, all seven sirtuin members are down-regulated in G4 liver tissue (Fig.
1a; 9 mice per group analyzed; shown are 3 representatives per group; p <0.05). This sirtuin
repression is dependent on the degree of telomere dysfunction as G1 and G2 mice with
intermediate telomere length display attenuated Sirtuin repression compared to G4 mice
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(data not shown). We assessed the acetylation of Sirtl (p53, PGC-1a, FOX01), Sirt2
(H3K56, H4K16), Sirt3 (SOD2, majority of mitochondrial proteins), Sirt5 (succinylation of
mitochondrial proteins), Sirt6 (H3K9 and H3K56) and Sirt7 (H3K18) targets. Combined
immunoprecipitation-western blotting demonstrates pronounced hyperacetylation and
succinylation of these sirtuin targets in G4 whole tissue lysates or lysates from isolated
mitochondria (Fig. 1b and Supp. Fig. 1a and data not shown; 9 mice per group; p <0.05).
Sirtuin expression in G4 mouse embryonic fibroblasts (MEFs) is also significantly reduced
and several sirtuin targets (p53, FOXO1, SOD2 and CPS1) are hyperacetylated indicating
that the observed repression of sirtuins upon telomere dysfunction is cell-autonomous (Supp.
Fig. 1b, c; 3 different MEF cell lines were analyzed per group; p <0.05). Telomerase
reintroduction in G4 mice (Fig. 1c and 1d; n=9) and G4 MEFs (Supp. Fig. 1d, e; two
independent cell lines; p <0.05) normalizes sirtuin expression and acetylation levels of
sirtuin targets in liver tissue and MEFs while telomerase overexpression in WT mice and
WT MEFs has no effect on sirtuin expression and acetylation levels of their targets (Supp.
Fig. 1d and data not shown).

To gain mechanistic insight into how telomere dysfunction leads to the down-regulation of
all sirtuin members, we focused on the DNA damage response pathway and p53, which
plays a pivotal role in inducing transcriptional changes, metabolic alterations and cellular
regeneration upon telomere dysfunction(Sahin et al., 2011, Chin et al., 1999). We analyzed
WT, p53 deficient (p53 —/-) and G4 mice either proficient or deficient for p53 (G4/p53 +/+
and G4/p53 -/-). RT-gPCR analysis of liver tissue demonstrates that telomere dysfunction
leads to decreased mRNA abundance for mitochondrial sirtuins in G4/p53 +/+ mice, which
is reversed when p53 is deleted in G4 mice (compare G4/p53 +/+ with G4/p53 —/— mice,
Fig. 2a; n = 8 mice per group; p <0.05). In contrast to the mitochondrial sirtuins, the mMRNA
abundance of non-mitochondrial sirtuins is not impacted by either telomere dysfunction or
p53 status in G4/p53 +/+ mice (Fig. 2a, n = 8 mice per group). At the protein level, the
expression of all sirtuins is significantly increased in G4/p53 —/- compared to G4/p53 +/+
mice (Fig. 2b, 8 mice per group; p <0.05). The increase in sirtuin expression in G4/p53 —/-
mice is accompanied by a decreased acetylation of sirtuin targets, including FOXO1,
PGC-1a, SOD2, CPS1 and liver mitochondrial proteins (Fig. 2c, d; 6 mice per group
analyzed; p <0.05).

Next, we performed studies to discern the mechanisms by which p53 impacts sirtuins. RT-
gPCR and western blotting analyses indicate that non-mitochondrial sirtuins are mainly
regulated at the post-transcriptional level, in contrast to the transcriptional regulation of
mitochondrial sirtuins (Fig. 2a, b). The posttranscriptional regulation of non-mitochondrial
sirtuins by p53 is further supported by the unchanged luciferase activity using luciferase
reporter constructs containing 1-2 kb promoter sequences of non-mitochondrial sirtuins in
MEFs proficient or deficient for p53 (Fig. 3a), the increased luciferase activity of the 3’'UTR
of non-mitochondrial sirtuins in G4/p53 —/— MEFs (Fig. 3b; three independent experiments;
p <0.05) and the increased polysome occupancy of non-mitochondrial sirtuin transcripts in
G4/p53 /- MEFs (Fig. 3c, two independent experiments; p <0.05). In contrast, the
mitochondrial sirtuins are regulated by p53 predominantly at the transcriptional levels based
on elevated mMRNA transcripts in G4/p53 —/- liver tissue (Fig. 2a), increased luciferase
activity using promoter sequences of mitochondrial sirtuins in G4/p53 —/- compared to
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G4/p53 +/+ MEFs (Fig. 3a, three independent experiments in two MEF lines per group; p
<0.05), unchanged luciferase activity using 3’UTR of mitochondrial sirtuins in G4/p53 —/-
MEFs (Fig. 3b, three independent experiments in two MEF cell lines per group) as well as
similar polysome -enriched transcript levels in G4 MEFs with and without p53 (Fig. 3c, two
independent experiments in two MEF cell lines per genotype). To determine whether
proteasome-mediated degradation also plays a role in the repression of sirtuins, we treated
WT and G4 MEFs with MG132, a proteasome inhibitor, which increased only Sirt7 protein
abundance significantly, suggesting that the proteasome-mediated degradation pathway
plays a major role in Sirt7 regulation as well (Fig. 3d; two MEF cell lines per genotype and
three independent experiments; p <0.05). Together these studies demonstrate a dichotomy in
the regulation of sirtuins: while the mitochondrial sirtuins are regulated at the transcriptional
level, the non-mitochondrial sirtuins are predominantly regulated post-transcriptionally at
the level of translation with Sirt7 and also impacted by proteasome-mediated degradation.
Given that recent studies have demonstrated that p53 represses PGC1-a/p and PGC-1a
regulates Sirt3 and Sirt5, we further interrogated the role of PGC-1a and PGC-1p in
regulating sirtuins (Sahin et al., 2011, Kong et al., 2010). While mild (approx. 5-fold)
overexpression of PGC-1a or PGC-18 is sufficient to stimulate transcription and protein
abundance of mitochondrial Sirt3, 4 & 5 in MEFs, neither co-activator affects the mRNA or
protein levels of non-mitochondrial sirtuins (Fig. 3e, f; p <0.05 and data not shown for
PGC-1pB).

As non-mitochondrial sirtuins are regulated at the mRNA/translational level in a p53-
dependent manner and given the role of miRNAs in these processes, we performed miRNA
sequencing on G4/p53 +/+ (n=5) and G4/p53 /- (n= 6) liver tissue to identify p53-
regulated miRNAs in the context of dysfunctional telomeres. MiRNA sequencing identified
48 differentially regulated miRNAs, 22 of which were increased (Fig. 4a showing p53-
dependent up-regulated miRNAs) and 26 were repressed by p53 (Supp. Fig. 2a shows all,
up- and down-regulated, p53-dependent regulated miRNAs in the context of dysfunctional
telomeres). We focused on p53-activated miRNAs, many of which have been previously
recognized as p53 targets, including miR-34a, 26, 29, 30, 99a and 145. We determined the
expression levels of several miRNAs by qPCR and found them significantly upregulated in
an independent set of G4 compared to WT control mice (Supp. Fig. 2b; 8 mice per group
analyzed; p <0.05). To identify miRNAs that regulate non-mitochondrial sirtuins we used
several miRNA binding prediction programs, which predicted miR-34a-5p to target Sirtl
and Sirt7, miR-26a-5p to target Sirt6, and miR-145-5p to target Sirt2 (Supp. Table 2). Using
locked-nucleic acid (LNA) miRNA mimetics, we tested whether these miRNAs modulate
the expression of luciferase-linked 3’UTR of each candidate sirtuin target and protein levels
by western blotting. Gain-of-function studies demonstrated that miR-34a represses Sirtl as
reported previously(Yamakuchi et al., 2008) as well as Sirt7 while miR-26a and miR-145a
represses Sirt6 and Sirt2 respectively (Fig. 4b—d; three independent experiments; p <0.05).
Mutation of predicted miRNA binding sequence in 3’UTRs of Sirtl, 2, 6 and 7 restored
luciferase activities supporting the specificity of the miRNA-sirtuin interaction (Fig. 4b—d; p
<0.05). To further determine whether miR-34a, 26a, and 145a regulate sirtuins /7 vivoin the
context of dysfunctional telomeres we used conditional miR-34a knockout mice and LNA-
based miR-26a and miR-145a inhibitors delivered as liposomal nanoparticles to minimize
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off-target effects. Deletion of miR-34a in G4 livers increased Sirtl and Sirt7 protein
abundance (Fig. 4e, 6 mice per group; p <0.05) but did not impact RNA or protein levels of
other sirtuin family members, while inhibiting miR-26a and miR-145a increased Sirt6 and
Sirt2 protein abundance respectively (Fig. 4f and 4g, 6 mice per group analyzed; p <0.05).
Thus, miR-34a, 26a and 145a regulate Sirtl, 2, 6 & 7 in cells and in liver tissue in the
context of dysfunctional telomeres.

Our previous studies in TERT deficient mice have shown that telomere dysfunction leads to
the downregulation of mitochondrial biogenesis factors PGC-1a and PGC-14 and
downstream targets NRF-1, ERRAa, Tfam and is associated with decreased mtDNA copy
number, diminished electron transport complex activity and reduced ATP content in several
tissues including liver indicating significant mitochondrial dysfunction(Sahin et al., 2011)
without any indication of activation of the mitochondrial mitochondrial unfolded protein
response (MtUPR; Supp. Fig. 3a and 3b). We therefore tested whether the NAD(+) precursor
NMN rescues these mitochondrial defects. HPLC-based analysis demonstrated comparable
NAD(+) levels in untreated G4 and WT liver tissue under steady state conditions, while
NMN treatment elevated NAD(+) levels both in WT and G4 liver tissue (Fig. 5a; 6 mice per
group analyzed; p <0.05). The increase in NAD(+) reversed hyperacetylation of several
sirtuin targets including p53, FOX01, PGC-1a, SOD2 and CPS1 in G4 liver tissue
indicating elevated sirtuin activity (Fig. 5b; 6 mice per group analyzed; p <0.05 ). Of note,
p53 acetylation was significantly reduced in liver tissue derived from NMN - treated G4
mice (Fig. 5b; 6 mice per group; p <0.05) and this was associated with decreased expression
of direct p53 targets including p21, Bax and Gadd45a compared to untreated G4 mice (Fig
5c; 6 mice per group analyzed; p <0.05) while WT mice were not affected in line with low
levels of p53 in the setting of long telomeres (Fig 5¢; n= 6 mice per group). In line with
diminished p53 expression upon NMN treatment key mitochondrial biogenesis factors
including PGC-1a/p, ERRa and Tfam were significantly elevated and correlated with
increased mtDNA copy number and complex activity | and complex 1V in G4 mice while no
differences were discernable in WT mice (Fig. 5d—f; 6 mice per group; p <0.05 for G4 group
comparison and no statistical difference for WT group with and without NMN).

To establish the relevance of elevated NAD(+) levels for telomere-mediated disease we
tested whether NMN rescues telomere-dependent liver fibrosis, a disorder that afflicts
patients with inherited telomerase mutations and with chronic liver disease. Previous studies
in humans and in telomerase knockout mice have shown a marked susceptibility of liver
tissue with short telomeres to DNA damage and development of cirrhosis(Rudolph et al.,
2000). G4 and WT control mice were injected with the widely used fibrosis-inducing agent
carbon-tetra chloride (CCly) to determine whether increasing NAD(+) levels ameliorates
liver fibrosis in G4 mice. Mice were treated with NMN for two weeks prior to CCL4
injections and continued throughout CCL 4 treatment (12 injections total, two per week) for a
total duration of 6 weeks. Interestingly, under CCL,4 treatment, NAD(+) levels decreased in
G4 more significantly than in WT mice, which was largely reversed upon NMN treatment
(Fig. 6a; 6 mice per group; p <0.05). Importantly, NMN potently reduced damage and
fibrosis in G4 mice as evidenced by improved liver architecture with decreased necrosis
(H&E staining, Supp. Fig. 4a showing representative image; total of 12 mice per group
analyzed in two independent experiments), reduced cell toxicity indicated by the blunted
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release of hepatocyte damage indicating enzymes (serum transaminases, ALT and AST;
Supp. Fig. 4b; n= 12 per group; p <0.05), significant reduction of the expression levels of
fibrosis markers (RT-gPCR analysis, Supp. Fig. 4c; n= 12 mice per group; p <0.05),
diminished collagen deposition (Sirius red, Fig. 6b; n= 12 mice per group; p <0.05), blunted
activation of hepatic stellate cells, the main cellular drivers of fibrosis (western blotting and
immunofluorescence, Fig. 6¢ and Fig. 6d; n= 6 mice per group). This reduction of damage
and fibrosis upon NMN treatment was reflected in an overall decreased fibrosis score (Fig.
6e; n= 12 mice per group; p <0.05). While the CCL,4 studies demonstrated that, compared to
WT mice, G4 mice are significantly more susceptible to DNA damage and NMN treatment
improved liver fibrosis in G4 mice more significantly, it is noteworthy that NMN also
ameliorated fibrosis in WT mice indicating that NMN supplementation is protective under
condition of increased DNA damage, independent of telomere status (Fig. 6a—e and Supp.
Fig. 4a—c). To address this issue of differential susceptibility to DNA damage as a function
of telomere length we used a second, modified liver cirrhosis model that rests on the
abbreviated duration of thioacetaminde (TAA) administration (4 weeks)(Newell et al.,
2008). G4 or WT mice were fed for 2 weeks with NMN - enriched or (control) regular chow
and were then subjected to TAA in drinking water for 4 weeks during which they were
continuously fed control or NMN-enriched chow. Mice were then analyzed for liver damage
and degree of fibrosis (n= 8 mice per group). This treatment regime induces limited damage
in WT mice compared to G4 mice as evidenced by minimal DNA damage (yH,AX
immunofluorescence, Supp. Fig. 4d), low levels of p53 and apoptotic cells and little signs of
tissue necrosis in WT mice (p53 immunohistochemistry and Tunel staining, Supp. Fig 4e
and data not shown; n= 8 mice per group). This treatment regime induced little fibrosis
based on low accumulation of hydroxyproline levels and low fibrosis score (Supp. Fig. 4f, g;
n= 8 mice per group). In contrast, G4 mice showed significant susceptibility to TAA —
induced DNA damage, p53 accumulation, apoptosis and tissue necrosis (Supp. Fig. 4d, e and
data not shown; n=8 mice per group; p <0.05) and marked susceptibility to develop fibrosis
as indicated by elevated hydroxyproline concentration and high fibrosis score compared to
WT mice (Supp. Fig. 4f, g; n= 8 mice per group; p <0.05). Using this TAA-induced fibrosis
model we found that NMN significantly improved fibrosis in G4 mice as determined by total
collagen deposition as hallmark of fibrosis and fibrosis score (Supp. Fig. 4f, g; n= 8 per
group; p <0.05) indicating that hepatocytes with short telomeres are significantly more prone
to DNA damage and NMN has significant beneficial effects in the context of short
telomeres.

To gain more mechanistic insight into how NMN protects hepatocytes with dysfunctional
telomeres from damage we analyzed telomere length given that Sirtl and Sirt6 are
implicated in telomere maintenance(Palacios et al., 2010, Michishita et al., 2008).
Interestingly, telomere length determination by quantitative telomere FISH (QFISH) after 4
weeks of TAA treatment showed significantly longer telomeres in NMN - treated G4 mice
(treated for 6 weeks total) compared to their G4 littermate controls on regular chow (Fig. 6f;
n= 8 mice per group; 560-640 nuclei from 10 random fields per group analyzed; p <0.05;).
In WT mice, a trend towards longer telomeres was observed in the NMN-treated group
although this did not reach statistical significance (Fig. 6f; n= 8 mice per group with
560-640 nuclei from 10 random fields analyzed per group). The longer telomeres in G4 mice
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treated with NMN was associated with a reduced expression of p53 and p53 targets (Fig. 69,
h; n= 8 mice per group analyzed; p<0.05) indicating a robust repression of DNA damage
response by NMN in the context of short telomeres while no discernable differences were
observed in WT mice (data not shown). The decreased p53 activity in G4 mice treated with
NMN was associated with increased expression of Sirtl as well as other sirtuins (Fig. 6i and
Supp. Fig. 4h; n=8 mice per group analyzed; p <0.05) while WT mice did not show any
changes of sirtuin expression irrespective of NMN treatment (see Fig 6i for Sirtl expression
in WT mice with and without NMN treatment and data not shown for other sirtuins).

To further interrogate which of the sirtuins is required for the observed effects of NAD(+) on
telomere length and improvement of fibrosis, we focused on Sirtl based on its role in
telomere maintenance and reduced expression is associated with liver pathologies. To test
whether Sirtl is required for NMN-induced amelioration of liver fibrosis we induced fibrosis
in mice proficient or deficient for Sirt1 on the backdrop of preserved (Sirtl fl/fl; AlbCre(+)/
Sirt fl/fl) or dysfunctional telomeres (G4/Sirtl fl/fl ; G4/AlbCre(+)/Sirtl fl/fl) using the
previously established TAA treatment regime. The beneficial effects of NMN on liver
fibrosis in G4 is significantly dependent on Sirt1 as evident by increased necrosis, elevated
collagen deposition (Sirius Red staining and hydroxyproline deposition and overall
increased fibrosis score in G4/Sirtl —/— mice compared to their counterparts with preserved
sirtuin expression, G4, mice indicating a (partial) requirement of Sirt1 for the beneficial
NMN effects in the setting of short telomeres (Fig. 7a—c; n= 8 mice per group; p <0.05). WT
and Sirtl deficient mice with preserved telomeres were not significantly impacted by TAA
and did not show any differences in degree of necrosis and fibrosis based on H&E,
hydroxyproline measurement and fibrosis score (Supp. Fig. 5a, b and data not shown; n=8
mice per group). To determine whether the effect of NMN on telomere length in G4 mice is
Sirtl dependent we analyzed telomere length and telomere integrity (telomere-induced foci)
by QFISH and combined QFISH/immunofluorescence. QFISH analysis showed that NMN —
treated G4 mice lacking Sirtl had shorter telomeres and increased number of TIFs compared
to their NMN-treated G4 littermate controls with intact Sirt1 indicating a partial requirement
of Sirtl for NMN-dependent telomere maintenance and integrity (Fig. 7d and Supp. Fig. 5c;
n= 8 mice per group; 560-640 nuclei from 10 random fields per group analyzed; <0.05). In
the context of preserved telomeres Sirt1 status did not impact telomere length nor integrity
in young mice in line with previous findings(Palacios et al., 2010) (Fig. 7d and Supp. Fig. 5¢
n= 8 mice per group; 560-640 nuclei from 10 random fields per group analyzed; p <0.05).
The observed reduction of the DNA damage response and its main transducer p53 following
NMN treatment in G4 mice (Fig. 6g) was also largely Sirtl dependent as G4 mice lacking
Sirtl did not show a reduction in p53 levels (Fig. 7e; n= 8 per group; shown are 4
representative G4/Sirtl —/— mice with and without NMN treatment) and a nonsignificant
trend towards reduced expression of p53 targets following NMN treatment (Fig. 7f; n=8
mice per group). Furthermore, Sirtl is also required for the improvement in mitochondrial
biogenesis and function upon NMN treatment as indicated by the blunted response in the
expression of the mitochondrial biogenesis factors PGC-1a/g, Tfam, ERRa, lower mtDNA
copy number and lower complex | and IV activity in G4 mice deficient for Sirtl (Fig. 7g—i;
n= 8 mice per group; p <0.05). In contrast to G4 mice, Sirtl status induced little changes in
mice with preserved telomeres with respect to expression of PGC-1a/p, Tfam, ERRa,
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mitochondrial DNA copy number, complex I and complex IV activity levels of p53 and its
targets, (Supp. Fig 5d—f; n= 8 mice per group and data not shown).

Discussion

Telomere dysfunction and sirtuin repression, independently, are highly associated with
predisposition to diseases, accelerated aging and lifespan reduction and the current studies
suggest that these two pathways are closely intertwined and cooperate to drive disease. This
is suggested by the overlapping phenotypes in telomerase and sirtuin knockout mice
including predisposition to genomic instability, stem cell failure, metabolic dysfunction, and
diminished lifespan(Sahin and Depinho, 2010). Our studies uncover a telomere-dependent
control of sirtuin expression and raise the possibility of a feed forward loop whereby
compromised telomeres reduces sirtuin expression, which could further compromise
telomere integrity, leading to a progressive deterioration. The repression of all seven sirtuin
members upon telomere dysfunction would suggest that elevating the activity of several
sirtuins - as opposed to individual sirtuins - would be advantageous based on the protective
effect of NAD(+) precursors NMN and NR against metabolic disorders, age-related diseases
and stem cell failure. This view is supported by the partial requirement of Sirt1 for NR -
mediated protection from liver fibrosis, indicating that the observed beneficial effects of
NMN supplementation could be the result of the cooperative effect of increased activity of
several sirtuins and, potentially, other NAD(+) - dependent enzymes (see below).

Although the functional relevance of the other sirtuins for telomere dysfunction-associated
pathology remains to be established, the current studies demonstrate an important role of
Sirtl in telomere-dependent liver disease. Sirtl deficiency is highly associated with
predisposition to age-related disorders as well as susceptibility to metabolic disorders(Imai
and Guarente, 2014). In the liver, Sirtl deficiency predisposes to fatty liver disease and
increasing Sirt1 activity with Sirtl activators or the NAD(+) precursor NR improves high fat
diet-induced liver disease(Canto et al., 2012). Besides protecting from metabolic liver
disease, increasing NAD(+) levels via NR supplementation or overexpression of the rate-
limiting enzyme of NAD(+) biosynthesis, Nampt, has been shown to improve liver
regeneration(Mukherjee et al., 2017). Mechanistically, our studies demonstrate that the
repression of all seven sirtuins in the context of dysfunctional telomeres is dependent on the
DNA damage response and central executor, p53, as deletion of p53 in mice with telomere
dysfunction normalizes sirtuin expression. While these findings confirm previous studies
demonstrating that p53 represses Sirtl when telomeres are intact(Yamakuchi et al., 2008),
we find that p53 regulates all seven sirtuins in the context of dysfunctional telomeres. This
striking expansion of p53-regulated sirtuins upon telomere dysfunction might stem from
elevated p53 activity in tissues with compromised telomeres among other factors. Although
it remains to be determined whether sirtuins are jointly repressed in other settings with
hyperactive p53, recent studies in a mouse model of increased DNA damage due to
deficiency for the DNA repair protein CSA/CSB have demonstrated that all sirtuins except
for Sirt6 are repressed(Scheibye-Knudsen et al., 2014).

Interestingly, our studies point to a distinct dichotomy in the p53-dependent regulation of
sirtuins: while the predominantly non-mitochondrial sirtuins are regulated at the
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translational level, the mitochondrial sirtuins are regulated at the transcriptional level by p53.
We find that the mitochondrial sirtuins are regulated by PGC-1a and PGC-1, which are
repressed by p53 in the context of short telomeres. Of note, the forced overexpression of
PGC-1a and PGC-1p only drives the expression of mitochondrial sirtuins without affecting
the other sirtuins. This striking selectivity of PGCs towards mitochondrial sirtuins indicates
the existence of specific mechanisms that induce a PGC-dependent activation of
mitochondrial sirtuins, potentially as part of a PGC-directed mitochondrial biogenesis
program. In contrast to the mitochondrial sirtuins, the non-mitochondrial sirtuins are
predominantly regulated post-transcriptionally through p53-dependent miRNAs. While the
role of p53-dependent miRNAs for telomere-dependent disease and aging are largely
unexplored, our studies suggest an important role of miR-34a and potentially other miRNAs
for the development of telomere-dependent fibrosis by jointly repressing several sirtuins.
Although deletion of miR-34a in mice with preserved telomeres is well tolerated and does
not lead to the occurrence of any overt phenotype(Concepcion et al., 2012), under chronic
conditions of cellular stress such as fatty liver disease and liver fibrosis, the p53-miR-34a
axis might become functionally important(Castro et al., 2013). The relevance of miR-34a-
Sirt1/Sirt7 axis for telomere-dependent liver fibrosis is also supported by the observation
that liver fibrosis is ameliorated following either liver-specific miR-34a deletion or
individual overexpression of Sirtl and Sirt7 in late generation TERT knockout mice with
short telomeres (H. Amano E. Sahin, unpublished data). Similar to Sirtl, Sirt7 has been
shown to converge on and inactivate p53 and protect from tissue fibrosis, indicating that the
convergence of several sirtuins on p53 could cooperatively dampen the p53
response(Vakhrusheva et al., 2008).

Our studies indicate that steady state levels of NAD(+) in livers of telomerase knockout mice
are similar to wild type mice although differences in specific cellular compartments such as
mitochondria cannot be ruled out. However, under conditions of increased DNA damage
such as CCL4 treatment, NAD(+) levels decline much more significantly in G4 livers
indicating that NAD(+) can become limiting more readily in cells with dysfunctional
telomeres. The drop of NAD(+) levels in liver tissue with short telomeres mirrors the well-
recognized susceptibility of cells with dysfunctional telomeres to different forms of DNA
insults such as cytotoxic drugs and irradiation. The decrease in DNA damage foci in G4
mice with short telomeres following NAD(+) supplementation suggests that the increased
susceptibility of cells with short telomeres to DNA damage is in part driven by an
accelerated decline in NAD(+) levels compared to cells with preserved telomeres. Inhibiting
the NAD(+) consuming enzyme CD38 has also been shown to decrease DNA damage foci at
telomeres in wild type mice during aging(Tarrago et al., 2018). While a NAD(+) decline has
been also observed during aging as well as in different disease conditions and in part
attributed to the diminished expression of Nampt(Yoshino et al., 2011), the rate-limiting
enzyme for NAD(+) synthesis, it remains to be established whether the age-related decrease
in NAD(+) levels could be also a consequence of increased telomere and/or generalized
DNA damage.

The mechanisms of NMN-mediated protection from liver fibrosis protection appear to be
multifactorial and operative at several levels. At the DNA level, our studies demonstrate that
NMN stabilize telomeres in a partially Sirtl dependent manner under conditions of ongoing
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DNA damage and dampens the DNA damage response. The role of Sirtl in telomere
maintenance is well documented in yeast and mammalian cells. In yeast, Sir2, together with
other Sir proteins, binds to telomeres and subtelomeric regions to cause transcriptional
silencing(Perrod and Gasser, 2003). Although Sir2 deletion mutants alone do not have
telomere defects, in a telomerase deficient yeast strain that is also defective for a factor
essential for homology-directed repair at telomeres, rad52, Sir2 deletion further accelerates
telomere shortening and senescence indicating that under conditions of telomere dysfunction
Sir2 plays an important role in telomere maintenance, possibly through increased
transcription of non-coding Telomeric Repeat containing RNAs (TERRA)(Maicher et al.,
2012). In mice, deletion of Sirtl leads to shorter telomeres while Sirtl overexpression
prevents age-related telomere shortening in several tissues including liver(Palacios et al.,
2010). Importantly, studies in yeast and mammalian cells have shown that during aging and
upon DNA damage Sirtl translocates to DNA damage foci to facilitate DNA repair through
the deacetylation of various DNA repair factors(Guarente, 2000, Oberdoerffer et al., 2008).
This translocation has been shown to induce gene expression changes that recapitulate
transcriptional changes seen during normal aging indicating an important role of Sirtl
redistribution as a mechanism of age-dependent changes(Oberdoerffer et al., 2008). How
Sirt redistribution functions to induce transcriptional and genomic changes in the setting of
dysfunctional telomeres remains to be fully established.

The partial rescue of telomere integrity by Sirtl indicates the existence of other pathways
that are involved in maintaining telomere integrity following NMN treatment. One of the
primary candidates is Sirt6 based on the observation that Sirt6 binds to telomeres,
deacetylates H3K9 and H3K56 at telomeres and facilitates the association of the WRN
helicase with telomeric chromatin, which is essential for telomere capping. Accordingly,
mice devoid of Sirt6 develop dysfunctional telomeres and profound genomic instability with
end-to-end fusions(Michishita et al., 2008). Besides sirtuins, other NAD(+)-dependent
enzymes are implicated in telomere maintenance including Poly(ADP-ribose) polymerase
1/2 (PARP1/2) and Tankyrase 1/2. PARP1 is the primary NAD(+)-consuming enzyme
following DNA damage and although conflicting results have been reported about telomere
compromise in two independent PARP1 deficient mouse lines, PARP1 has been shown to
preferentially bind at dysfunctional telomeres following DNA damage and, when absent,
leads to telomere dysfunction and chromosomal abnormalities(Gomez et al., 2006).
Pharmacological inhibition of PARP1 is also associated with compromised telomere
integrity in human cells(Beneke et al., 2008). It is possible that under conditions of ongoing
DNA damage during fibrosis NAD(+) becomes limiting in cells with dysfunctional
telomeres and impairs the repair activity of PARP1/2 at telomeres and, conversely, NAD(+)
supplementation prevents telomere dysfunction through maintenance of PARP1/PARP2
activity. Alternatively, the increased DNA damage and NAD(+) consumption by PARP1
could impair the activity of Sirtl and cause telomere dysfunction indirectly. Such a
competition between the Sirtl and PARP1/2 for NAD(+) has been demonstrated to lead to
impairment of Sirtl activity when PARPs are activated following DNA damage(Bai and
Canto, 2012). Besides PARP, increasing NAD(+) levels could affect the activity of
Tankyrase, which is involved in telomere elongation in human cells through its interaction
with TRF1, a negative regulator of telomere length. However, mice deficient in either

Cell Metab. Author manuscript; available in PMC 2020 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Amano et al.

Page 14

Tankyrase 1 and 2 have no telomere defects and appear not to interact with TRF1, which
lacks the Tankyrase binding site known in human cells and thus, most likely, does not
mediate telomere effects observed with NAD(+) supplementation directly.

The observed maintenance of telomere integrity in telomerase knockout mice indicates that
NAD(+) supplementation stabilizes telomeres through telomerase-independent mechanisms.
One possible indirect mechanism could involve the reduction of reactive oxygen species
through improved mitochondrial function. Telomeres have been shown to be susceptible to
ROS-induced damage and undergo rapid attrition under conditions of increased ROS(von
Zglinicki et al., 1995). Recent genetic studies shave further highlighted the role of specific
ROS - dependent repair enzymes including Peroxiredoxin 1 and Nudix hydrolase 1 for
telomere maintenance as deletion of either factor leads to ROS-induced telomere loss and
fragility, and induction of DNA damage signaling at telomeres(Ahmed and Lingner, 2018).
The importance of ROS is further underlined by the maintenance of telomeres in vivo in a
mouse model of cardiomyopathy when ROS inhibitors are delivered, although ROS
scavengers did not prove effective in rescuing the functional compromise of hematopoietic
stem cells with short telomeres, indicating that context and degree of stress might potentially
influence the outcome(Chang et al., 2016, Sahin et al., 2011). The herein observed telomere-
driven suppression of sirtuins could be an important anti-tumor mechanism and an important
factor in the consideration of NAD(+)-based therapies for telomere-dependent disorders.
Although the current studies with NAD(+) supplementation have not shown any increase in
cancer, it remains to be established whether long-term NAD(+) supplementation increases
the risk of malignant transformation in cells with already damaged telomeres. The
abrogation of the DNA damage response in cell with compromised telomeres could extend
the lifespan of cells but also potentially allow for the acquisition of mutations required for
full transformation.

Taken together, these studies demonstrate that telomere dysfunction leads to the repression
of sirtuins through p53-dependent mechanisms, and expand our knowledge of the close links
between telomeres and sirtuins as important regulators of DNA integrity, transcription,
metabolic processes. Our studies show that under conditions of DNA damage, NAD(+)
levels fall significantly in cells with dysfunctional telomeres and boosting NAD(+) levels
maintains telomere length in a partial Sirt1-dependent manner, and that this ameliorates
telomere-dependent liver disease.

Limitations of this study

The limitations of this study include the sole use of male mice and the reliance on a
chemically induced fibrosis model. The multiple pathways that are activated by NAD(+)
supplementation in the context of dysfunctional telomeres need to be fully delineated and
their functional relevance established. Lastly, detailed analysis of differences in NAD(+)
synthesis and consumption in tissues with and without intact telomeres under steady state
and stress was not carried out, and this remains an important area for future studies.
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STAR METHODS

Contact for Reagent and Resource Sharing

Further information and requests for reagents should be directed to and will be fulfilled by
the Lead Contact, Ergun Sahin (esahin@bcm.edu).

Experimental Model and Subject Details

Mouse Studies—All animal experiments were performed according to procedures
approved by the Institutional Animal Care and Use Committee at Baylor College of
Medicine. Mice were maintained on standard rodent chow with 12-hr light-dark cycles. For
all studies age and sex matched mice were used. Male mice between 8 and 16 weeks of age
were used unless otherwise stated and all mice were maintained on a C57/B6 background.
Mice were maintained in openly ventilated cages with group housing (2-4 per cage), in a
temperature-controlled (20-22°C) facility with 12 h light/12 h dark cycle, with ad libitum
access to food (PicoLab® Select Rodent Diet 50 IF/6F Diet) and water.

TERT deficient mice—TERT deficient mice were provided by Ronald A. DePinho and
generated by deletion of exon 1, an essential part of the TERT open reading frame, as
described in detail previously(Sahin et al., 2011). TERT heterozygous mice were
continuously interbred to produce successive generations (G1-G4) of TERT deficient mice
with progressive telomere shortening in each generation as described(Sahin et al., 2011). G4
mice were used for all studies unless stated otherwise. Compound mice were on a C57/B6
background.

TERT/p53 -/- double mutant mice—P53 germline deficient mice were crossed to
heterozygous TERT mice to generate a cohort of G1-G4 mice with decreasing telomere
length either proficient or deficient for p53. These mice were maintained on a C57/B6
background.

TERT/Sirtl fl/fl/AlbCre mice—Conditional Sirtl and AlbCre transgenic mice were
purchased from JAX laboratory and crossed with TERT heterozygous mice to generate mice
with decreasing telomere length and Sirt1 fl/fl mice that were either positive or negative for
the Alb-Cre transgene. All alleles were maintained on a C57/B6 background.

TERT/mir34a fl/fl mice: Mir-34a fl/fl(Concepcion et al., 2012)—Mice were
purchased from JAX laboratory and crossed to heterozygous TERT mice to generate a
cohort of G1-G4 mice with decreasing telomere length and floxed miR-34a allele. Mice
were maintained on a C57/B6 background.

Mouse embryonic fibroblast—Mouse embryonic fibroblasts (MEFs) were generated
from WT, p53~/~, G4 and G4/p53~/~ embryos (both sexes) using standard techniques. MEFs
were grown in DMEM supplemented with 10% fetal bovine serum (FBS), penicillin, and
streptomycin and used between 2-4 passages. MEFs were cultured at 37°3 and 5% CO2.
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Method Details

Western blot analysis—Cells and tissues lysates from were prepared in RIPA buffer (50
mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1.0% Triton
X-100) containing a protease inhibitor cocktail (Roche Applied Science), 2.5 mM sodium
pyrophosphate, 1.0 mM B-glycerophosphate, 1.0 mM sodium orthovanadate, 10 mM sodium
fluoride, 10 mM nicotinamide (NAM), and 1 uM Trichostatin A (TSA). The crude lysates
were briefly sonicated and later centrifuged for 10 min at 15,000x g at 4° C. The protein
concentration was determined by the Bradford assay. Equal amounts of protein were loaded
onto 12% SDS-PAGE gels and transferred to nitrocellulose membranes (Bio-Rad).
Membranes were blocked with 5% skim milk in TBST (50 mM Tris-Cl, pH7.5, 150 mM
NaCl, 0.05% Tween 20) for 1 hour at room temperature, followed by overnight incubation in
primary antibody at 4° C (all antibodies and dilutions used in this study are listed under
“Antibodies” in “Key Resource Table”) and subsequently incubated with horseradish
peroxidase-coupled anti-mouse or anti-rabbit secondary antibodies for 1 hour at room
temperature. Super Signal West Pico chemiluminescent substrate (Thermo Fisher Scientific)
was used to visualize the signal. Films were scanned, and band densities were quantitated by
densitometry using NIH image 1.49v software. Data were normalized to B-actin, vinculin or
porin protein levels.

Immunoprecipitation (IP)

Cells: Cells were washed with PBS and lysed with IP buffer (20 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1.0 mM EDTA, 1.0 MM EGTA, 1.0% Triton X-100) containing a protease
inhibitor cocktail along with 2.5 mM sodium pyrophosphate, 1.0 mM B-glycerophosphate,
1.0 mM sodium orthovanadate, 10 mM sodium fluoride, 10 mM NAM, and 1.0 uM TSA.

Liver tissue: Nuclear fractions were prepared according to published methods. Briefly, 300
mg of frozen liver tissue was pulverized in a liquid nitrogen cooled mortar and homogenized
in Buffer A (10 mM HEPES, pH 7.9, 10 mM KCI, 1.5 mM MgCl,, 0.5 mM DTT)
containing a protease inhibitor cocktail as well as 2.5 mM sodium pyrophosphate, 1.0 mM
B-glycerophosphate, 1.0 mM sodium orthovanadate, 10 mM NAM, and 1.0 UM TSA in a
chilled glass Dounce homogenizer. The extracts were centrifuged with a Eppendorf 5415R
centrifuge at 1,000 rpm for 5 minutes at 4° C and pellets were resuspended in Buffer B
(0.1% SDS, 0.5% sodium deoxycholate, 1.0% NP-40 in PBS) containing a protease inhibitor
cocktail (Roche, 2.5 mM sodium pyrophosphate, 1.0 mM B-glycerophosphate, 1.0 mM
sodium orthovanadate, 10 mM sodium fluoride,) 10 mM NAM, and 1.0 uM TSA. Lysates
were centrifuged at 15,000 x g at 4° C for 10 minutes and 500 pug of protein was precleared
with IgG beads (Rockland) for 30 minutes at 4° C. Pre-cleared extracts were incubated with
antibodies at 4° C overnight (all antibodies and dilutions used in this study are listed under
“Antibodies” in “Key Resource Table™) and IgG beads were added and rotated at 4° C for 2
hours. 1gG beads were washed with PBS three times, boiled with 2x Laemli buffer at 95°C
for 5 minutes, and the supernatant was subjected to western blot analysis.

Histone extraction—Histone extracts were prepared from mouse liver tissues and MEFs
using EpiQuik Total Histone Extraction Kit (Epigentek) following the manufacturer’s
instructions.
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RNA isolation, cDNA synthesis and Real-time PCR—Trizol reagent (Thermo Fisher
Scientific) was used to extract total RNA from cells and liver tissue. RNA was digested with
DNase | (NEB) and further purified with RNeasy Mini columns (QIAGEN). 0.5 pg of total
RNA was used for the reverse transcription reaction with Protoscript 11 (NEB). Quantitative
PCR was performed using SensiFAST™ Probes or SensiFAST™ SYBR kit (BIOLINE) in a
realplex4 thermocycler (Eppendorf). The primer sequences and TagMan (Thermo Fisher
Scientific) probes used for gPCR are shown in Table S1. The AACT method was used to
calculate abundance of transcripts.

Polysomal fractionation—Confluent mouse embryonic fibroblasts were lysed in TMK
buffer (10 mM Tris-HCI, pH 7.4, 5 mM MgCl,, 100 mM KCI, 0.5% sodium deoxycholate,
1.0% Triton X-100) containing 100 ug/mL Cycloheximide, protease inhibitor cocktail
(Roche), 2 mM DTT, and 1000 U/mL of RNasin (Promega), and centrifuged at 16,000 x g at
4° C for 10 minutes. The supernatant was over-layed on a 10-50% linear sucrose density
gradient (20 mM HEPES, pH 7.4, 5 mM MgCl,, 100 mM KCI, 2 mM DTT) in a
Polyallomer centrifuge tube (Beckman Coulter) and centrifuged at 28,000 rpm for 4 hours at
4° C in a SW-40 rotor (Beckman). The gradient was fractionated into 20 aliquots in separate
tubes using Density Gradient Fractionation System (Brandel, BR-188). RNA from
polysomal fractions #9-17 was extracted with Trizol LS according to the manufacturer’s
instructions. cDNA synthesis and RT-gPCR analysis were performed as described above.

Mitochondrial isolation and analysis—Mitochondria were isolated from liver tissue
following a standard protocol as described before(Sahin et al., 2011). Briefly, freshly minced
liver tissue was rinsed with cold PBS and cold LHM buffer (0.2M Mannitol, 50 mM
Sucrose, 10 mM KCI, 1.0 mM EDTA, and 10 mM HEPES, pH 7.4) and then homogenized
in LHM buffer containing protease inhibitors (Roche Applied Science), 10 mM NAM, and
1.0 uM TSA using a chilled glass Dounce homogenizer. Homogenates were centrifuged first
at 1,000 x g at 4° C for 10 min and then re-centrifuged at 3,000 x g at 4° C for 10 min.
Mitochondrial pellets were then re-suspended in LHM buffer and re-centrifuged at 3,000 x g
at 4° C for 10 min three times. To prepare mitochondrial protein lysates, isolated
mitochondria were lysed in MIP buffer supplemented with inhibitors (50 mM Tris-HCI, pH
7.4, 150 mM NacCl, 1% n-dodecyl-b-D-maltoside, 0.5 mM EDTA supplemented with
protease inhibitors, 2.5 mM sodium pyrophosphate, 1.0 mM B-glycerophosphate, 1.0 mM
sodium orthovanadate, 10 mM sodium fluoride, 10 mM NAM, and 1.0 uM TSA). Lysates
were then centrifuged at 10,000 x g for 10 min at 4° C. The protein concentration was
determined by Bradford assay. Western blot and immunoprecipitation was performed as
described above.

Complex | and complex IV activity—Complex | and 1V was measured in liver tissues
using a complex I and IV activity assay kit (Abcam) following the provided protocols.
Relative activities were blotted using WT or G4 untreated mice as reference to which NMN
- treated mice were compared.

Mitochondrial DNA (mtDNA) copy humber quantification—mtDNA copy number
was quantified by gPCR from isolated total liver DNA using previously described primer
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pairs for genomic and mitochondrial loci(Sahin et al., 2011). 50 ng of total liver DNA was
used in each gPCR reaction. All samples were measured in triplicates and gPCR results were
confirmed by three independent experiments. Two different primer pairs were used to
quantify relative mtDNA copy number: COXI and Cytochrome b for mitochondrial and -
Globin and H-19 for genomic DNA. The primer sequences are listed in “Key Resource
Table” under “Oligonucleotides”. Q-PCR data were analyzed by the AA CT method.

MiRNA studies

In sillico miRNA target prediction—In order to identify potential target sites within
Sirtuin 3’UTRs for candidate miRNAs, we used several miRNA prediction tools (miRwalk,
TargetScan, miRanda, Diana-microT, RNA22, and RNAhybrid) using the default
parameters. Predicted binding sites are listed in Table S2.

MiRNA isolation and quantification by gPCR—To quantify individual miRNAs, total
RNA was extracted with Trizol. 10 ng of total RNA was reverse transcribed using a TagMan
MicroRNA Reverse Transcription kit (Thermo Fisher Scientific). TagMan probes (Thermo
Fisher Scientific, see Table S1) were used to quantify expression levels of miRNAs by gPCR
using the AACT method.

MiRNA-seq—RNA from five G4/p53 +/+ and six G4/p53 —/- livers were isolated, and
samples were sequenced on HiSeq2000 with SR50 reads at the Dana-Farber Cancer Center
Genomics Core (Boston, MA). Reads were trimmed and subsequently aligned to mouse
miRNA reference from miRBase release 17. miRNA abundance quantification was
performed using miRDeep?2. Resulting read count for each miRNA was transformed into
Read Per Million (RPM). miRNAs that had <=3 RPM in all samples were filtered out, as
those miRNAs were consistently undetected in all samples. A linear model was built for the
remaining miRNAS using the R Limma package to identify significantly differentially
expressed miRNAs (p-value<0.05) between the corresponding two sample groups.

MiRNA mimetic luciferase studies—In 293 cells, 2.5 pmol of MiRCURY LNA™
miRNA Mimics (Exigon) were co-transfected with 100 ng of pmirGLO containing the
3’UTR of Sirtuins or p-Actin using Lipofectamine 2000 (Thermo Fisher Scientific).
Luciferase assays were performed 24 hours after transfection using Dual-Luciferase
Reporter Assay System (Promega) in a luminometer (Tecan) according to the manufacturer’s
instructions. The results were normalized by Renilla luciferase. Three independent studies in
triplicates were done per mimetic.

MiRNA mimic transfection and western blot—Wild-type mouse embryonic
fibroblasts were plated on 60 mm dish and grown for 16 hours prior transfection. The cells
were transfected with 180 nmol of mMIRCURY LNA™ miRNA Mimics (Exigon) using
Lipofectamine RNAIMAX (Thermo Fisher Scientific). The cells were changed to fresh
media the next day and harvested 48 hours after transfection. The transfection efficiency was
monitored by a Cy3-labeled control oligo (Thermo Fisher Scientific). Western blot analysis
was performed as indicated above. miRNA mimics and controls used are listed in Table S3.
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Liposomal miRNA-inhibitor studies—For in vivo delivery, miRCURY LNATM
miRNA inhibitors (Exigon) were incorporated into dioleoyl-snglycero-3-phosphocholine
(DOPC). DOPC and miRNA-mimetic were mixed in the presence of excess tertiary butanol
at a ratio of 1:10 (w/w) miRNA/DOPC. The complexed inhibitors were IP injected at
250ng/g body weight. Liver tissue was harvested 48 hours after injection, and qPCR and
western blot were performed to determine Sirtuin mMRNA and protein abundance. All
miRNA inhibitors and controls used are listed in Table S3.

Luciferase studies

Luciferase promoter studies—Promoter fragments of mouse Sirt1-7 were amplified
with PrimeSTAR GXL (TAKARA) using wild type MEF genomic DNA as template and
specific primers containing restriction enzyme sites. PCR products were cloned upstream of
the Firefly luciferase gene into pGL3-basic (Promega). All primer sequences for the
constructs are shown in Table S4. WT, p53 -/-, G4/p53 +/+ and G4 p53 —/- MEFs were
transfected with pGL3 basic vector containing promoter elements and pRL-SV40 expressing
wild type Renilla luciferase. Luciferase activity was determined 24 hours after transfection
and normalized to Renilla signal.

Luciferase 3'UTR studies—3’UTRs of Sirt1-7 and B-Actin (serving as control) were
amplified with PrimeSTAR MAX polymerase (TAKARA) using wild type liver cDNA as a
template. Amplification primers are listed in Supplementary Table S4. PCR products were
cloned downstream of the Firefly luciferase gene in pmirGLO (Promega). Site-directed
mutagenesis of predicted miRNA binding sites in Sirtuin 3’UTRs was carried out with a
site-directed mutagenesis kit (Transformer, TAKARA) according to the manufacturer’s
instructions. All primer sequences for mutagenesis are shown in Table S5. MEFs (WT, p53
—/-, G4/p53 +/+, and G4 p53 —/-) were plated in 24-well plates and grown for 16 hours
prior to transfection. Cells were transfected with 500 ng of pmirGLO-3’UTR of Sirtuins and
B-Actin using Lipofectamine LTX and PLUS reagent (Thermo Fisher Scientific). Luciferase
activity was determined 24 hours after transfection.

Proteosome studies—Proteasome inhibition was elicited by the addition of 1.0 uM
MG132 (Enzo Life science) to the medium and subsequent incubation for 4 hours.

Adenovirus studies

Ad-PGC-1la and Ad-GFP—Ad-PGC-1a and Ad-GFP adenovirus were a gift of Pere
Puigserver (Harvard Medical School) and was expanded and concentrated by Welgen Inc,
Worcester, MA. WT MEFs were infected at a multiplicity of infection (MOI) of 5 with
adenovirus expressing either PGC-Ia or GFP. Protein and RNA was harvested 48 hours after
infection. RT-gPCR and western blot analyses were performed as detailed above.

Ad-TERT—G4 mice were injected 1 x 1010 PFU of Ad-Tert or Ad-GFP via tail vein. 96
hours post infection, mice were sacrificed, and tissues were shock-frozen in liquid nitrogen
for subsequent RNA and protein analysis.
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Liver fibrosis studies

CCly fibrosis induction—=8-16 week old male mice were subjected to intraperitoneal
injections of CCly dissolved in olive oil (20% v/v) at 2 pL/g body weight or with olive oil as
control twice per week. Injections were repeated 12x over a 6-week period. Seventy-two
hours after the last CCI4 injection mice were sacrificed and liver tissue processed.

TAA fibrosis model—TAA was administered at a concentration of 0.3g/l in drinking
water. Mice were treated with TAA for 4 weeks.

NMN treatment—NMN was purchased from OYC Americas, Inc., dissolved in drinking
water at 5 mM. Water containing NMN was changed twice a week.(Mills et al., 2016) Mice
received NMN or plain water 2 weeks prior to TAA and NMN administration and continued
to receive NMN or plain over the whole course of CCL4 or TAA treatment, 6 and 4 weeks
respectively.

Sirius red staining—Liver tissue was fixed in 10% neutral buffered formalin and
embedded in paraffin. Deparaffinized and rehydrated 10 pm liver sections were stained using
the picrosirius red staining kit (Polysciences, Inc) according to the manufacturer’s
instructions. as described previously. Sections were stained in phosphomolybdic acid for 2
minutes followed by 1 hour in picrosirius red solution, 2 minutes in acidified water and 45
seconds in 70% ethanol. Slides were dehydrated in ethanol gradient, cleared in xylene and
mounted in Permount medium. Quantification of fibrotic area was performed with ImageJ
(NIH) using 10 random low-power (40x) images per mouse after exclusion of capsule and
vessel areas. Data is presented as percent fibrotic area.

Hepatic hydroxyproline content—Hydroxyproline content was analyzed using the
Total Collagen Assay from QuickZyme according to the manufacturer’s instructions.
Briefly, liver tissues were hydrolyzed at a concentration of 100 mg/ml in 6N HCl at 95° C
for 20 hrs. Several dilutions were generated from cleared hydrolysates with 4M HCI and 35
ul of the diluted hydrolysates was used against a collagen standard to quantify
hydroxyproline content photometrically at 570nm. The results are expressed as micrograms
hydroxyproline per gram liver tissue.

Fibrosis score—Histologic scoring of liver fibrosis was performed in Sirius red-stained
liver sections following a 5-point scale by a scorer who was blinded for the genotypes. The
5-point scale is defined as FO = no fibrosis; F1 = mild fibrosis without bridging septa; F2 =
advanced fibrosis with few septa; F3 = advanced fibrosis with numerous septa, without
cirrhosis; F4 = cirrhosis). We scored also intermediate states (FO/F1; F1/F2 etc.).

Assessment of fibrosis by RT-gPCR—Markers of fibrogenesis and fibrinolysis were
quantified by RT-qPCR (primers are listed in Table S1 under “gPCR primer pairs”).

Immunofluorescence to detect activated hepatic stellate cells—Deparaffinized
and rehydrated 10 pm liver sections were heated in TE buffer (10 mM Tris-Cl, pH 8.0, 1
mM EDTA, 0.05% Tween 20) in a microwave for 20 min and treated with 3% H,O, for 15
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min at room temperature. Sections were then blocked with 2.5% horse serum at room
temperature for 1 hour and incubated with a SMA antibody (A2547, Sigma) at 4° C
overnight. After several PBS washes, slides were incubated with anti-mouse 1gG secondary
antibody, Alexa Fluor 594 conjugate (A-11005, Thermo Fisher Scientific) at room
temperature for 1 hour. Slides were counterstained with DAPI. After washing in PBS, the
slides were mounted with anti-fade mounting media.

Transaminase quantification—Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were determined at the Mouse Metabolism Core at Baylor College
of Medicine.

IHC for Ki-67—For immunostaining, 10 um liver sections were deparaffinized, rehydrated,
treated with antigen retrieval buffer, and blocked as described above. The sections were
incubated with anti-Ki-67 antibody (NB110-89717, Novus Biologicals) at 4°C overnight.
After washing in PBS, slides were incubated with InmPRESS HRP Anti-Mouse 1gG
Polymer (Vector Laboratories) at room temperature for 1 hour. The sections were developed
with the DAB substrate (Vector Laboratories) and counterstained with hematoxylin. After
rehydrating with ethanol and soaking in xylene, slides were mounted with Permount.

Apoptosis—Apoptotic cells were stained with ApopTag® Peroxidase In Situ Apoptosis
Detection Kit (Millipore) as directed by the manufacturer.

IHC for p53—Paraffin embedded tissues were cut and slides were deparaffinized and
rehydrated. Antigen retrieval was performed in a pressure cooker (30 minutes at 109°C).
Tissues were permeabilized for 30 minutes with 0.5% Triton dissolved in PBS followed by
20 minute incubation in 3% H,0, to quench endogenous peroxidases. Tissue slides were
blocked for 1 hour in 5% BSA/TBST. P53 was detected with a rabbit CM5 antibody (NCL-
p53-CM5p, Leica Biosystems) at a dilution of 1:100 overnight and an ImMmPRESS™ HRP
Anti-Rabbit IgG (Peroxidase) Polymer Detection Kit (\ector). Slides were developed using
the DAB Substrate Kit (\ector), counterstained in Hematoxylin and mounted in Permount.
P53 positive cells were identified as cells with dark nuclear staining and were counted per
high — power field in 5 random sections per mouse. Eight mice per group were analyzed in
TAA experiments.

Immunofluorescence (IF) for yH,AX—Paraffin embedded tissues were cut and slides
were deparaffinized and rehydrated. Antigen retrieval was performed in a pressure cooker
(30 minutes at 109°C). Autofluorescence was quenched by incubating tissue slides in 50mM
NH4CI/PBS and tissues were permeabilized in 0.5% Triton for 1 hour. Tissue slides were
blocked for 1 hour in 5% BSA/TBST. yH,AX immunostaining was carried out using a
rabbit Phospho-Histone yH,AX antibody (Cell Signaling) overnight followed by anti-rabbit
cross-adsorbed secondary antibody, Alexa Fluor 647 (Thermo Fisher Scientific) for 1 hour.
Slides were counterstained in DAPI and mounted in Fluoromount.. Imaging and analysis
was performed as described in section for telomere-induced foci (see below). Liver sections
from gamma-irradiated mice were used as positive control to detect yH,AX. Per mouse,
between 50 and 70 nuclei in 5 randomly selected fields were analyzed. Eight mice per group
were analyzed in TAA experiments.
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HPLC analysis of NAD(+) in liver tissue

Sample preparation: Frozen livers were weighed in a 1.5 mL tube. For determination of

NAD(+), 500 ul of 0.6M PCA was added to the tissue and homogenized with a bead beater
(Qiagen) for 1 minute at 4 °C. The suspension was placed on ice for 15 m in and then
centrifuged at 16,000 g for 15 min. The supernatant was transferred to a spin column (Spin-
X Centrifuge Tube Filter, 0.22 um Nylon, Corning) and subsequently centrifuged at 16,000x
g for 15 min to completely remove insoluble materials in the sample. The eluate was
transferred to a new tube. Samples were stored at —80 °C and subjected to HPLC analysis.

HPL C conditions: Separation of NAD (+) was carried out on an YMC-Pack ODS-A
column (5 um, 4.6 x 250 mm) preceded by a guard column at 50 °C. Flow rate was set at 0.4
mL/min. The mobile phase was initially 100% of mobile phase A (0.1 M potassium
phosphate buffer, pH 6.0, containing 3.75% methanol). Methanol was increased at a linear
rate with mobile phase B (0.1 M potassium phosphate buffer, pH 6.0, containing 30%
methanol); increasing to 50% over 15 min. The column was washed after each separation by
increasing mobile phase B to 100% for 5 min. UV absorbance was monitored at 260 nm and
340 nm with Shimadzu SPD-M20A. Pertinent peak areas were integrated by the
LabSolution software from Shimadzu, and quantified using standard curves and normalized
to weights of frozen tissues.

Telomere length measurement by quantitative fluorescence in situ
hybridization (QFISH)

Hybridization: Formalin-fixed tissue sections, 10 um thick, were deparaffinized, hydrated,
and immersed in citrate buffer for heat-induced antigen retrieval using a pressure cooker (30
minutes at 109°C). Tissue slides were then were allowed to coo | and subsequently quenched
with 50mM NH4CI in PBS for 30 minutes, followed by PBS washes and permeabilization in
0.5% Triton X-100 in PBS for 1 hour. A TelC-Cy3 probe (PNA Bio, dissolved in 70%
formamide, 10mM Tris-HCI, pH7.5, 0.5% B/M blocking reagent (Roche) at a final
concentration of 0.3 ng/u) was added to slides that were incubated at 84°C for 7 minutes in a
humidified chamber and then hybridized at room temperature for 2 hours. Tissues were then
counterstained with DAPI and mounted in Fluoromount medium after 3 washes with PNA
wash solution and PBS.

Image acquisition: To collect the population data on telomere length, a GE Healthcare DV
Live epifluorescence image restoration microscope was used with an Olympus PlanApo
100x/1.4 NA objective and a 1.9k x 1.9x sSCMOS camera. Z stacks (0.20um) covering the
whole nucleus (~10um) were acquired before applying a conservative restorative algorithm
for quantitative image deconvolution. Exposures for DAPI and Cy3 were set on the wild
type (non-treated) control samples and held constant within each set of samples to be
comparable. Maximum intensity projections were generated and used for image analysis. 10
random images per mouse were taken at 40x.

Quantification of telomere length: Analysis was conducted according to the Telometer
program available online (http://demarzolab.pathology.jhmi.edu/telometer/.). The program is
based on the subtraction of background noise, identification of the individual telomere spots,
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removal of halos and separation of conjoined telomeres and generation of telomere intensity
values for each cell (proportional to telomere length) divided over the total DAPI intensity
(proportional to total nuclear DNA content). The reported statistics include the intensity sum
of all Cy3 telomere pixels for a single nucleus, which is proportional to telomere length as
well as the intensity sum of all DAPI pixels for the nucleus, which is proportional to total
nuclear DNA content. The calculation of the ratio of the telomere intensity sum to the
corresponding DAPI intensity sum allows for correction of potential ploidy differences as
well as the potential of presence of variable fractions of nuclei in the cutting plane of the
tissue section. The product is multiplied by 10,000 to generate an arbitrary unit that is easier
to compare. The analysis was carried out by two different genotype-blinded investigators 10
random images were analyzed with 60-80 nuclei per mouse. Per group eight mice were
analyzed, totaling between 560-640 nuclei per group. The results are expressed at Telomere
Fluorescence Intensity.

Telomere dysfunction induced foci (TIF)—To determine the presence of DNA
damage signal at telomeres, telomeres were labeled with a Cy3-labeled PNA telomeric
probe (PNA Bio) as described above followed by immunofluorescence - based staining for
the DNA damage marker yH2AX. yH2AX immunostaining was performed using a rabbit
vYH2AX antibody (9718, Cell Signaling) overnight, followed by anti-rabbit, Alexa Fluor 647
labeled secondary antibody (A-21244, Thermo Fisher Scientific). Slides were counterstained
in DAPI and mounted in Fluoromount medium. Imaging and analysis was performed as
described in previous section. Liver sections from gamma-irradiated mice were used as
positive control to identify yH2AX signals unequivocally. Quantification of TIFs was done
manually by determining the co-localization of telomere probe and yH2AX foci. 50
hepatocytes per mouse were assessed and a total of 8 mice per group were analyzed. The
results are plotted as number of TIFs per cell.

Quantification and Statistical Analysis

Statistical analysis was performed with GraphPad Prism (GraphPad Software, La Jolla, CA,
USA). Results are presented as mean values + s.e.m. Student’s t-test was used to determine
the statistical differences between two groups. P-values less than 0.05 were considered
statistically significant. The statistical parameters including numbers and significance are
reported in the figure legends.

Data and Software Availability—RNaseq data have been deposited in GEO and the
accession number is GSE125847

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Telomere dysfunction downregulates sirtuins in the liver in a p53-dependent
manner

p53 represses sirtuins through transcriptional and posttranscriptional
mechanisms

Telomere dysfunction is linked to a steep decline in NAD(+) upon additional
damage

NAD(+) supplementation stabilizes telomeres and improves liver fibrosis
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Fig. 1. Telomere dysfunction leads to sirtuin repression and hyperacetylation of sirtuin targets
(a) Western blot demonstrates that Sirt1-7 are significantly down-regulated in G4 liver tissue

(9 mice per group analyzed; shown are 3 representative mice per group); (b) IP-western blot
analysis shows acetylation of targets of Sirtl (p53, Foxol), Sirt2 (H3K56, H4K16) Sirt3
(mitochondrial protein acetylation), Sirt5 (mitochondrial protein succinylation), Sirt6 (H3K9
and H3K56) and Sirt7 (H3K18) are increased in G4 liver tissue (shown are 3 representative
results per group; a total of 9 mice per group were analyzed); (c) Western blot analysis of
liver tissue from G4 mice infected with adenovirus expressing either telomerase (“Tert™) or
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GFP control shows that reactivation of telomerase increases sirtuin protein levels in G4 liver
tissues (shown are 3 representatives per group; a total of 9 mice per group were analyzed);
(d) telomerase reactivation decreases acetylation levels of Sirt targets compared to GFP-
Adenovirus control group (9 mice per group were analyzed); Results are quantified by
densitometry and expressed as mean + s.e.m.; t-test was used to determine statistical
significance with p <0.05 considered as significant, as indicated by (*).
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Fig. 2. P53 regulates sirtuins in telomere dysfunctional mice
(a) RT-gPCR analysis of sirtuin transcripts in WT, p53—/—, G4/p53 +/+ and G4/p53 /- liver

tissue demonstrates that mitochondrial sirtuins (Sirt3, 4 & 5) are repressed in G4/p53 +/+
mice and p53 deficiency in G4 mice rescues their expression (9 mice per group analyzed);
(b) Western blot analysis using total liver tissue or isolated liver mitochondria shows
elevated sirtuin protein expression in G4/p53 —/— mice compared to G4/p53 +/+ mice (9
mice per group were analyzed); (c) Combined IP-western blot analysis of liver tissues
derived from WT, p53 —/-, G4/p53 +/+ and G4/p53 —/- mice demonstrates decreased
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acetylation levels of PGC-1a, FOXO01, SOD2, CPS1 in G4/p53 —/- compared to G4/p53
+/+ mice (6 mice per group were analyzed); (d) Analysis of acetylation levels of
mitochondrial proteins from WT, p53 —/-, G4/p53 +/+, and G4/p53 —/- mice shows that
G4/p53 —/- have decreased acetylation compared to G4/p53 +/+ mice (6 mice per group
were analyzed). Results are quantified by densitometry and expressed as mean + s.e.m.; t-
test was used to determine statistical significance with p <0.05 considered as significant, as
indicated by (*).
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Fig. 3. P53 regulates sirtuins at the transcriptional and posttranscriptional level in telomere

dysfunctional mice

(a) Luciferase assay with Sirt1-7 promoter sequences in pGL3 vector shows increased Sirt3,
4 & 5 luciferase activity in G4/p53 —/- compared to G4 /p53 +/+ MEFs (pGL3 vector and
p21 promoter serve as background and positive controls); (b) Luciferase assays with Sirt1-7
3’UTR reveals increased luciferase activity in G4/p53 /- MEFs compared to G4/p53 +/+
MEFs; (c) Polysome analyses in WT, p53 —/-, G4/p53 +/+, and G4/p53 —/- MEFs shows
increased polysome occupancy of Sirtl, 2, 6, 7 transcripts in G4/p53 -/ MEFs (two
independent experiments); (d) Western blot analysis of MEFs treated with proteasome
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inhibitor MG132 indicates that Sirt7 protein abundance is also regulated by proteasome-
mediated degradation; (e) RT-gPCR analysis of WT MEFs transduced with PGC-1a -
expressing adenovirus shows that PGC-1a overexpression in MEFs induces Sirt3, 4 & 5
mRNA levels; (f) Western blot analysis of MEFs overexpressing PGC-1a or GFP
demonstrates that PGC-1a increases Sirt3, 4 & 5 protein abundance without affecting other
sirtuins. Results are expressed as mean * s.e.m. and are derived from three independent
experiments in two MEF cell lines/genotype unless stated otherwise; t-test was used to
determine statistical significance with p <0.05 considered as significant, as indicated by (*).
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Fig. 4. P53 regulates miRNAs to repress Sirtl, 2, 6 and 7 in cells and in liver tissue
(a) Heat map of differentially regulated miRNAs in G4/p53 +/+ (n = 5) and G4/p53 -/ (n =

6) liver tissue as determined by miRNA sequencing; (b-d) Luciferase assays using wild type
3’UTR and mutated predicted 3* UTR sites of Sirtl, 2, 6 & 7 after transfection with miRNA
mimetics in WT MEFs (3 independent experiments and triplicate readings); (e) Deletion of
miR-34a in G4/miR-34a fl/fl mice after AAV-Cre injection increases Sirtl and Sirt7 protein
levels (6 mice per group were analyzed); (f, g) Inhibition of miR-26a or 145a in G4 liver
tissue restores Sirt2 or Sirt6 respectively (6 mice per group were analyzed). Western blot
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results were quantified by densitometry. Results are expressed as mean + s.e.m.; t-test was
used to determine statistical significance with p <0.05 considered as significant, as indicated

by (*).
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Fig. 5: Increasing NAD(+) concentration in G4 mice decreases acetylation levels of sirtuin targets
and rescues metabolic changes in G4 liver tissue

(a) HPLC analysis shows similar NAD(+) concentration in WT or G4 livers under steady
state conditions and increased NAD(+) levels after NMN treatment (6 mice per group); (b)
IP-western blot analyses demonstrates decreased acetylation of sirtuin targets (p53, Sod2,
Cpsl, Foxol, Pgc-1a) after NMN treatment in G4 mice (6 mice per group); (c) RT-gPCR
analysis of WT and G4 liver tissue demonstrates decreased expression of p53 targets (p21,
Bax, Gadd45a) in G4 mice treated with NMN (6 mice per group analyzed); (d-f) NMN
administration improves mitochondrial biogenesis and function as determined by (d)
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increased Pgc-1a, Pgc-1pB, Erra and Tfam expression, (e) elevated mitochondrial DNA copy
number and (f) partial rescue of complex | and IV activity (6 mice per group were analyzed).
Results are expressed as mean * s.e.m.; t-test was used to determine statistical significance
with p <0.05 considered as significant, as indicated by (*).
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Fig. 6. NMN treatment is associated with longer telomeres and reduced DNA damage response
and rescues liver fibrosis in telomere dysfunctional mice

(a) HPLC-based determination of NAD(+) levels shows that CCL,4 treatment reduces
NAD(+) levels while supplementation with NMN rescues NAD(+) concentrations in liver
tissues (6 mice per group analyzed); (b) Decreased collagen content in WT or G4 mice
treated with NMN as determined by Sirius Red staining in CCL4 —induced fibrosis; right
graph shows quantification (12 mice per group analyzed); (c, d) Western blot and
immunofluorescence-based analysis of smooth muscle actin (SMA) as a marker of stellate
cell activation indicates decreased stellate cell activation following NMN treatment (6 mice
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per group were analyzed) in CCL4 —induced fibrosis; (e) Fibrosis score in CCL4 model
indicates decreased fibrosis in NMN-treated WT and G4 mice (12 mice per group); (f)
Representative QFISH images of telomere intensity (red signal is telomere signal; blue is
DAPI stain of nuclei) in WT or G4 hepatocytes either untreated or NMN treated and
subjected to TAA — induced fibrosis; right graph shows telomere length intensity indicating
significantly longer telomeres in NMN-treated G4 mice (8 mice per group were analyzed; a
60-80 nuclei per mouse were analyzed in 10 different random liver sections totaling between
of 560-640 in the WT and G4 groups respectively); (g, h) p53 western blot shows significant
reduction of p53 levels after NMN treatment in G4 mice and (h) reduced transcript levels of
p53 targets p21, Bax and Gadd45a as determined by RT-qPCR in TAA-induced fibrosis (8
mice per group); (i) Western blot analysis of tissue from either untreated or NMN-treated
WT or G4 mice subjected to TAA- shows that NMN increases Sirt1 levels in G4 mice while
WT mice are not affected (representative data are shown; 8 mice per group were analyzed).
Results are expressed as mean + s.e.m.; t-test was used to determine statistical significance
with p <0.05 considered as significant, as indicated by (*).
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Fig. 7. NMN-dependent rescue of fibrosis, telomere maintenance, suppression of DNA damage
response and improvement of mitochondrial function is partially Sirtl dependent

(a-c) Sirtl deficiency in G4 mice significantly abrogates the beneficial effect of NMN in
TAA-induced fibrosis in G4 mice as determined by (a) Sirius red staining, (b)
hydroxyproline quantification and (c) fibrosis score (8 mice per group; p <0.05); (d) NMN-
induced telomere length in G4 is partially Sirt1 dependent as shown by decreased telomere
signal in the absence of Sirtl in G4 mice treated with TAA; WT and Sirt1 deficient mice do
not show discernable differences in telomere length with NMN; right graph shows
quantification of telomere length (8 mice per group were analyzed; between 560-640 nuclei
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were quantified per group); (e, f) NMN-induced repression of p53 and p53 targets in G4
mice is largely Sirtl dependent as indicated by (e) similar p53 protein levels in G4/Sirt -/
mice treated with NMN compared to untreated G4/Sirt —/— untreated controls and (f)
increased p53 targets (p21, Bax and Gadd45a, f) in G4/Sirtl —/- (/8 mice per group were
analyzed); NMN-induced expression of (g) mitochondrial biogenesis factors Pgc-1a.,
Pgc-1B, Erra and Tfam, (h) mtDNA copy number and (i) complex I and IV activity mice is
partially Sirtl dependent in G4 mice (8 mice per group analyzed); Results are expressed as
mean + s.e.m.; t-test was used to determine statistical significance with p <0.05 considered
as significant, as indicated by (*).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Sirt1(Sir2), 1:3000 EMD Millipore Cat# 07-131, RRID:AB_10067921
Rabbit monoclonal anti-SirT2 (D4S6J), 1:1000 Cell Signaling Cat# 12672, RRID: AB_2636961
Rabbit monoclonal anti-SirT3 (D22A3), 1:1000 Cell Signaling Cat# 5490S, RRID:AB_10828246
Rabbit polyclonal anti-SirT4 (H234), 1:500 Santa Cruz Cat# sc-135053, RRID:AB_10611045
Rabbit monoclonal anti-SirT5 (G-2), 1:500 Santa Cruz Cat# sc-271635, RRID:AB_10707657
Rabbit monoclonal anti-SirT6 (D8D12), 1:1000 Cell Signaling Cat# 12486, RRID: AB_2636969
Mouse monoclonal anti-SirT7 (C-3), 1:500 Santa Cruz Cat# sc-365344, RRID:AB_10850175
Mouse monoclonal anti-Acth, 1:5000 Genscript Cat# A00702, RRID:AB_914102
Rabbit monoclonal anti-alpha-Tubulin, 1:1000 Cell Signaling Cati# 2125, RRID:AB_2619646
Rabbit polyclonal anti-histone H1, 1:2000 Active Motif Cat# 61201, RRID: AB_2636962
Rabbit polyclonal anti-histone H3, 1:2000 Active Motif Cat# 39163, RRID: AB_2614978
Rabbit polyclonal anti-histone H3K9ac, 1:2000 Active Motif Cat# 39137, RRID: AB_2561017
Rabbit polyclonal anti-histone H3K18ac, 1:2000 Active Motif Cat# 39587, RRID: AB_2636965
Rabbit polyclonal anti-histone H3K56ac, 1:2000 Epigentek Cat# A-4026, RRID: AB_2636966
Rabbit polyclonal anti-histone H4, 1:2000 Active Motif Cati# 39269, RRID: AB_2636967
Rabbit polyclonal anti-histone H4K16ac, 1:2000 Active Motif Cat# 39167, RRID: AB_2636968
Rabbit normal IgG, 2 ug (IP) Cell Signaling Cat# 2729, RRID:AB_2617119

Anti-Mouse IgG secondary antibody, Alexa Fluor 594 conjugate, 1:200 (IF)

Thermo Fisher Scientific

Cat# A-11005, RRID: AB_141372

Anti-Goat, 19G secondary antibody, Alexa Fluor 647 conjugate, 1:500 (IF)

Thermo Fisher Scientific

Cat# A-21244, RRID:AB_2535812

Rabbit polyclonal anti-p53, 2 ug (IP)

Santa Cruz

Cat# sc-6243, RRID:AB_653753

p53 Tumor Suppressor Protein antibody, 1:1000, 1:100 (IHC)

Leica Biosystems

Cat# NCL-p53-CM5p, RRID:AB_563933

Rabbit polyclonal anti-FKHR, 2 ug (IP) Santa Cruz Cat# sc-11350, RRID:AB_640607
Rabbit monoclonal anti-FOXO1 (C29H4), 1:1000 Cell Signaling Cat# 2880, RRID:AB_2106495
Rabbit polyclonal anti-PGC-1-alpha, 2 pg (IP) Santa Cruz Cat# sc-13067, RRID:AB_2166218
Rabbit monoclonal anti-PGC-1-alpha, 1:1000 EMD Millipore Cat# ST1202, RRID:AB_2237237
Rabbit polyclonal anti-SOD-2 (FL-222), 2 pg (IP) Santa Cruz Cat# sc-30080, RRID:AB_661470
Rabbit monoclonal anti-SOD-2 (B-1), 1:1000 Santa Cruz Cat# sc-133254, RRID:AB_2191811
Rabbit polyclonal anti-CPS1 (H-140), 2 ug (IP) Santa Cruz Cati# sc-30060, RRID:AB_2084244
Rabbit polyclonal anti-CPS1, 1:1000 Abcam Cat# ab3682, RRID:AB_304000
Rabbit polyclonal anti-Acetylated-Lysine, 1:1000 Cell Signaling Cat# 9441S, RRID:AB_331805
Mouse monoclonal anti-VDAC1/porin [20B12AF2], 1:1000 Abcam Cat# ab14734, RRID:AB_443084

Rabbit monoclonal anti-Ki67, 1:100 (IHC)

Novus Biologicals

Cat# NB110-89717, RRID:AB_1217074

Mouse monoclonal anti-aSMA, 1:2000, 1:500 (IF) Sigma Cat# A2547, RRID:AB_476701
Rabbit mAb yH2AX, 1:100 (IF) Cell Signaling Cat# 9718, RRID:AB_2118009
Succinyl-Lysine antibody, 1:1000 E. Verdin lab N/A

Rabbit polyclonal Vinculin, 1:1000 Cell Signaling Cat# 4650, RRID:AB_10559207
Goat polyclonal anti-GFP, 1:1000 Rockland Cat# 600-101-215, RRID:AB_218182

Bacterial and Virus Strains

Ad-PGC-1la Gift from Pere Puigserver N/A

Ad-GFP Gift from Pere Puigserver N/A

Ad-TERT Constructed Sahin et al., Nature 2011, PMID 21307849
AAV-Cre Penn Vector Core AV-8-PV1091
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REAGENT or RESOURCE SOURCE IDENTIFIER
AAV-GFP Penn Vector Core AV-8-PV0146

Chemicals, Peptides, and Recombinant Proteins

DMEM

ATCC

Cat# 30-2002

FBS

Gemini Bio-products

Cat# 900-208

Penicillin/Streptomyn solution

Corning

Cat# 30-002-CI

RIPA buffer

Boston Bioproducts

Cat# BP-115

Sodium pyrophosphate Sigma Cat# 221368-100G
B-glycerophosphate Sigma Cat# G9422-10G
Sodium orthovanadate Sigma Cat# S6508-10G
Sodium fluoride Sigma Cat# S7920-100G
Nicotinamide Sigma Cat# N0636-100G
Trichostatin A Sigma Cat# T8552-1MG

Tween-20

G-Biosciences

Cat# 9005-65-5

cOmplete™ Protease Inhibitor Cocktail

Roche

Cat# 11 836 153 001

Super Signal West Pico chemiluminescent substrate

Thermo Fisher Scientific

Cat# 34080

Tris-HCI Sigma Cat# T5941-1KG
NaCl Fisher BioReagents Cat# BP358-10
EDTA Research Products International Corp. Cat# E57020-1000.0
EGTA Research Products International Corp. Cat# E57060-50.0
Triton-X100 Fisher BioReagents Cat# BP151-500
HEPES Research Products International Cat# H75030-250.0
KClI Research Products International Cat# P41000-1000.0
MgClp Research Products International Cat# M24000-500.0
DTT Sigma Cat# D0632-5G
SDS GenDepot Cat# S0793-050
NP-40 Boston Bio Products Cat# P-877
TrueBlot® Anti-Rabbit Ig IP Agarose Bead Rockland Cat# 00-8800-25
Laemmli buffer Bio-Rad Cat# 161-0737
NAM Sigma Cati# 72340-100G
n-dodecyl-b-D-maltoside Sigma Cat# D4641-1G
Trizol reagent Thermo Fisher Scientific Cat# 15596026
DNase | New England Biolabs Cat# M0303
Protoscript 11 New England Biolabs Cat# M0368

SensiFAST™ Probes Bioline Cat# B10-86005
SensiFAST™ SYBR Kit Bioline Cat# Bio-98020
Cycloheximide Sigma Cati# C4859-1ML
RNasin Promega Cat# N2111
miRCURY LNA™ miRNA Mimics Exiqon Table S3
pmirGLO Promega Cat# E1330
Lipofectamine 2000 Thermo Fisher Scientific Cat# 11668027
Lipofectamine RNAIMAX Thermo Fisher Scientific Cat# 13778075
Cy3-labeled control oligo Thermo Fisher Scientific Cat# AM17120
miRCURY LNATM miRNA inhibitors Exiqon Table S3
Dioleoyl-sn-glycero-3-phosphocholine Sigma Cat# P6354-25MG
PrimeSTAR GXL TaKaRa Cat# ROS0A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pGL3-basic Promega Cat# E1751
PrimeSTAR MAX polymerase TaKaRa Cat# RO45A
Lipofectamine® LTX with Plus™ Reagent Thermo Fisher Scientific Cat# 15338100

MG132

Enzo Life Science

Cat# BML-PI102

CCly

Sigma

Cat# 289116-100ML

Nicotinamide mononucleotide

QOYC Americas, Inc, ChromaDex

Cat# 44500900, Cat# 00014315

10% neutral buffered formalin EMD Millipore Cat# 65346-88
Horse serum Vector Laboratories Cat# S-2000
DAPI MP Biomedicals Cat# 157574
Hematoxylin Richard-Allan Scientific Cat# 7211
Xylene Thermo Fisher Scientific Cat# 6615
Permount Richard-Allan Scientific Cat# 7211

Critical Commercial Assays

Bradford assay Bio-Rad Cat#500-0006
EpiQuik Total Histone Extraction Kit Epigentek Cat# OP-0006-100
Density Gradient Fractionation System Brandel Cat# BR-188
TagMan MicroRNA Reverse Transcription kit Thermo Fisher Scientific Cat# 4366596
Dual-Luciferase Reporter Assay System Promega Cat# E1910
Transformer site-directed mutagenesis kit TaKaRa Cat# Z0702N
Complex | Activity Kit Abcam Cat# ab109721
Complex IV activity Kit Abcam Cat# ab109911

Picrosirius Red Stain kit

Polysciences

Cat# 24901-250

Total Collagen Content assay

QuickZyme

Cat# QZBtotcoll

ImmPRESS HRP Anti-Mouse 1gG Polymer Detection Kit

Vector Laboratories

Cat# MP-7402

ImmPRESS HRP Anti-Rabbit 1gG Polymer Detection Kit

Vector Laboratories

Cat# MP-7401

DAB substrate kit

Vector Laboratories

Cat# SK-4100

ApopTag® Peroxidase In Situ Apoptosis Detection Kit Millipore Cat# S7100
Experimental Models: Organisms/Strains
TERT deficient mice Gift from R. DePinho N/A

P53 knock-out mice

Jackson laboratory

Cat# 002101, RRID:IMSR_JAX: 002101

miR-34a conditional knockout mice

Jackson Laboratory

Cat# 018545, RRID:IMSR_JAX:018545

Albumin-Cre transgenic mice

Jackson Laboratory

Cat# 003574, RRID:IMSR_JAX:003574

Sirtl floxed mice

Jackson Laboratory

Cat# 008041, RRID:IMSR_JAX:008041

Oligonucleotides

TagMan probes, see table S1 This paper N/A
gPCR primer pairs, see table S1 This paper N/A
Mitochondrial DNA primer COXIF: CTGAGCGGGAATAGTGGGTA This paper N/A
Mitochondrial DNA primer COXIR: TGGGGCTCCGATTATTAGTG This paper N/A
Mitochondrial DNA primer CytBF: ATTCCTTCATGTCGGACGAG This paper N/A
Mitochondrial DNA primer CytBR: ACTGAGAAGCCCCCTCAAAT This paper N/A
Genomic DNA primer H19R: GTCCACGAGACCAATGACTG This paper N/A
Genomic DNA primer H19F: GTACCCACCTGTCGTCC This paper N/A
Genomic DNA primer BlglobinF: GCACCTGACTGATGCTGAGAA This paper N/A
Genomic DNA primer BlglobinR: TTCATCGGCGTTCACCTTTCC This paper N/A

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER
miRwalk Dweep, H et al. http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
TargetScan Agarwal et al., 2015 http://www.targetscan.org/vert_71/
miRanda A.J. Enright et al,, 2003 http://www.microrna.org/microrna/getDownloads.do
Diana-microT Paraskevopoulou MD et af., 2013 http://diana.imis.athena-innovation.gr/DianaTools/index.php
RNA22 Miranda, KC et al., 2006 https://cm.jefferson.edu/rna22/
RNAhybrid ;{gl&nsmeier, Marc and Steffen et al., https://bibiserv.cebitec.uni-bielefeld.de/rahybrid/
miRDeep2 Sebastian Mackowiak et al., 2011 https://www.mdc-berlin.de/8551903/en/
R Limma Ritchie ME et al., 2015 https://bioconductor.org/packages/release/bioc/html/limma.html
ImageJ Rasband, W.S., 1997-2006 https://imagej.nih.gov/ij/download.html
LabSolution Shimadzu http://iwww.shimadzu.com/an/labsolutions-cs/index.html
Other
TelC-Cy3 telomere probe: CCCTAACCCTAACCCTAA PNABio Cat# F1002
RNA sequencing data This paper GEO accession number GSE125847
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