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Summary

The histone deacetylase SIRT6 promotes DNA repair, but its activity declines with age, with a
concomitant accumulation of DNA damage. Furthermore, SIRT6 knockout mice exhibit an
accelerated aging phenotype and die prematurely. Here, we report that brain-specific SIRT6-
deficient mice survive, but present behavioral defects with major learning impairments by 4
months of age. Moreover, the brains of these mice show increased signs of DNA damage, cell
death and hyperphosphorylated Tau — a critical mark in several neurodegenerative diseases.
Mechanistically, SIRT6 regulates Tau protein stability and phosphorylation through increased
activation of the kinase GSK3a/p. Finally, SIRT6 mRNA and protein levels are reduced in patients
with Alzheimer’s disease. Taken together, our results suggest that SIRT6 is critical to maintain
genomic stability in the brain and its loss leads to toxic Tau stability and phosphorylation.
Therefore, SIRT6 and its downstream signaling could be targeted in Alzheimer’s disease and age
related neurodegeneration.
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Introduction

Neurodegeneration is a major health issue in developed countries, with more than 15 million
people expected to be affected by 2050 in the US alone (Thies et al., 2013). The primary
factor leading to neurodegenerative diseases is aging, which accepted theories associate with
accumulation of unrepaired DNA damage (Madabhushi et al., 2014; Rulten and Caldecott,
2013). The accumulation of DNA damage can be particularly dangerous in the brain, where
the high levels of metabolic activity create an environment with increased amounts of
byproducts, such as reactive oxygen species. Since damaged post-mitotic neurons in the
brain are hardly replaced, such damage leads to tissue degeneration.

Interestingly, DNA damage accumulation is even higher in brains affected by
neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and
Amyotrophic lateral sclerosis (ALS) (Bajic et al., 2015; Lu et al., 2004; Madabhushi et al.,
2014; Qiu et al., 2014). Two questions arise: (i) does physiological or pathological aging
ultimately leads to decreased efficacy of the repair process? And (ii) is DNA damage
accumulation the cause of neurodegeneration?

The Sirtuin protein family has been linked to aging and age-related diseases, and among the
seven mammalian sirtuins, SIRT6 deficiency in mice causes the most striking phenotype,
including genomic instability, premature aging, and ultimately death by approximately 4
weeks of age (Mostoslavsky et al., 2006). SIRT6 plays essential roles in metabolic
homeostasis, inflammation, stress responses and genomic stability (Giblin et al., 2014;
Kugel and Mostoslavsky, 2014). Indeed, cells lacking SIRT6 fail to repair various types of
DNA damage, including Double Strand Breaks (DSB) and Base Excision Repair (BER). In

Cell Rep. Author manuscript; available in PMC 2017 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaluski et al.

Page 3

this context, SIRT6 recruits the chromatin remodeler SNF2H to DNA breaks and
deacetylates H3K56 on those sites, both critical for proper DNA repair (Toiber et al., 2013).
Lack of SIRT6 or SNF2H affects recruitment of important repair factors, such as CtIP (Kaidi
etal., 2010), Ku80, RPA, BRCAL and 53BP1 (Toiber et al., 2013). Importantly, SIRT6-
deficient mice present DNA damage in a tissue-specific manner, particularly in the brain
(Toiber et al., 2013). Moreover, aging rats showed reduced levels of SIRT6 in all brain
regions tested (Braidy et al., 2015). However, it remains unclear whether the observed
reduced levels of SIRT6 in the aging brain contribute to aging-associated neurodegeneration.

Neurodegenerative diseases presenting hyperphosphorylated Tau (Tau-p) as a main
pathological marker include AD, Frontotemporal Dementia with Parkinsonism-17, Pick’s
disease and Huntington’s disease. Tau stabilizes neuronal microtubules, allowing axonal
outgrowth, cargo transport, and cellular polarity (Wang and Mandelkow, 2016). Recent
findings suggest Tau has additional roles in the nuclei, where it protects the DNA from
genomic instability and chromatin relaxation (Sultan et al., 2011; Violet et al., 2014; Ziv et
al., 2006). Tau protein, per se, is not toxic, however post-translational modifications such as
phosphorylation and acetylation were shown to play important roles in its stability and
toxicity (Min et al., 2010; 2015; Sohn et al., 2016; Tracy et al., 2016; Wang and Mandelkow,
2016). For example, Tau-p cannot bind microtubules with the same affinity, impairing
neuronal function (Cook et al., 2014; 2015). In addition, phosphorylation stabilizes the
protein, leading to the formation of toxic aggregates (Tenreiro et al., 2014; Wang and
Mandelkow, 2016). Several kinases and phosphatases phosphorylate and dephosphorylate
Tau. Of these, GSK3 and PP2A are more significant, relevant in AD and PD pathology (Cai
etal., 2012; Gong and Igbal, 2008; Lee et al., 2011; Lim, 2005; Ma, 2014; Voronkov et al.,
2011). In addition, acetylation of Tau inhibits its degradation and increases its toxicity
(Gorsky et al., 2016; Min et al., 2010; et al., 2015; Sohn et al., 2016; Tracy et al., 2016).
These modifications are relevant in AD patients, who present increased acetylated and
phosphorylated Tau (Min et al., 2015).

In this work, we developed a brain-specific SIRT6KO mouse model. SIRT6KO brains
exhibit accelerated aging, present accumulated DNA damage, as well as increased apoptosis
and hyperphosphorylated Tau levels. Functionally, SIRT6KO mice exhibit severe
impairments in behavioral tasks as early as by 4 months of age. Accordingly, we found that
SIRT6 depletion in cells led to increased Tau stability and phosphorylation through GSK3
activation and to increased apoptosis, which could be rescued by reducing GSK3 activity.
Importantly, we show that Tau stability and phosphorylation are increased upon DNA
damage. Finally, we analyzed samples from patients with Alzheimer’s disease and found a
remarkable reduction in SIRT6 at both protein and mRNA levels, with further reduction with
increased severity of Braak stages.

Together, our findings indicate that SIRT6 protects the brain from naturally accumulating
DNA damage, in turn protecting against neurodegeneration.
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Results

SIRT6 brain-specific KO mouse presents increased genomic instability and impaired
learning phenotype

SIRT6 depletion is linked to both DNA damage and aging. We therefore hypothesized that
brains missing the repair functionality of SIRT6 might experience accelerated degeneration.
To this end, we generated a brain-specific SIRT6KO mice (brS6KO) using the Nestin-Cre
promoter and measured DNA damage in brS6KO and WT brains.

Brains of brS6KO mice were significantly smaller, but otherwise structurally normal (Fig.
S1A-C) (Schwer et al., 2010). In line with our hypothesis, brS6KO mice exhibited increased
signs of DNA damage, marked by increased levels of ATM and H2AX phosphorylation,
increased H3K56ac, and reduced SNF2H recruitment to chromatin (Fig. 1A, B). Moreover,
we observed a significant increase in apoptotic cells in the cortex, as determined by TUNEL
staining in young mice (3—4 month old) (Fig. 1C). Together, these results show that SIRT6-
deficient brains have increased signs of DNA damage and cell death.

Next, we examined behavior of brS6KO Mice. We first examined locomotor activity in the
open field (OF) paradigm on two consecutive days. brS6KO mice displayed a striking
increase in ambulation (Fig. 2A, S2A) along with a decrease in the number of rearing events
(Fig. 2B, S2A\), an index for exploratory behavior. Over time, control mice showed a time-
dependent decrease of locomotor activity as well as increase in immobility, absent in
brS6KO mice (Fig. S2B). brS6KO mice also showed persistent lack of habituation when re-
exposed to the open field on subsequent day (Fig. 2A-C, S2A-B). The increased locomotor
activity and failure to habituate indicate impaired hippocampus-dependent non-associative
learning (Vianna et al., 2000) or striatal degeneration (Durieux et al., 2009). brS6KO mice
showed no difference in time exploring the center of the OF on day 1 (Fig. 2D), an index of
innate anxiety. Interestingly, this exploration phenotype habituated in control mice on day 2
but not in brS6KO mice (Fig. 2D), suggesting that SIRT6 deletion may impair contextual
encoding and habituation.

Lack of SIRT6 deletion effect on innate anxiety was further tested in the light-dark (LD)
paradigm (Takao and Miyakawa, 2006), where brS6KO mice spent significantly more time
exploring the lit compartment as compared to controls (Fig. 2E, S2C). Since the
interpretation of these results can be encumbered by the aforementioned hyperlocomotor
phenotype, we also measured the latency to first visit the lit compartment (Hovatta et al.,
2005). Taking this parameter into account, we found no difference between brS6KO mice
and WT control littermates, thus confirming that SIRT6 deletion in the brain does not alter
innate anxiety (Fig. 2F).

Finally, we tested brS6KO mice in an associative learning task, namely the contextual fear-
conditioning paradigm (CFC). Here, brS6KO mice showed a marked decrease in freezing
behavior elicited by contextual cues explicitly associated to a foot shock (Fig. 2G).

Taken together, these results suggest that SIRT6 deletion markedly decreases non-associative
(OF) and associative (CFC) learning. This profound effect on contextual encoding results in
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a striking deficit in behavioral habituation, translating to enhanced locomotor activity in
rodents. These results are consistent with animal models for neurodegenerative diseases such
as overexpression of human mutant Tau, different mouse models of neurodegeneration
(Graham and Sidhu, 2010; Ikegami et al., 2000; Rao et al., 2011; Tanda et al., 2009) and
irradiated mice phenotypes (Saxe et al., 2006).

Lack of SIRT6 leads to Tau hyperphosphorylation and GSK3 activation

Having established that SIRT6 deficiency results in increased DNA damage signaling, we
set out to search for specific markers of neurodegeneration. We analyzed Tau-p levels, a
common mark for several neurodegenerative diseases (Lee and Leugers, 2012; Spillantini
and Goedert, 2013; Zhang et al., 2015).

Remarkably, brS6KO brain slices and protein extract showed increased levels of Tau-p in the
cortex, but not in the hippocampus (Fig. 3A-B, S3A, D,E). To understand the molecular
mechanism linking SIRT6 and Tau phosphorylation, we generated a cellular model where
we deleted SIRT6 through CRISPR/Cas9 technology using two different guide RNA
sequences in SH-SY5Y cells (S6KO), and an alternative model with shRNA in N2a cells.
Both models exhibit similar phenotypes as brS6KO tissues, including increased levels of
H3K56ac, yH2AX and PARP cleavage, as well as reduced SNF2H recruitment to chromatin
(Fig. S3B-C). Remarkably, Tau-p was also seen in S6KO cells (Fig. S3C). Moreover, N2a
cells were so severely impaired by SIRT6 reduction (Fig. S3C) that further experiments were
done only in SH-SY5Y cell lines.

Tau is phosphorylated by several kinases including CHK2 and GSK3 (Martin et al., 2013),
known to be activated by DNA damage (lijima-Ando et al., 2010; Ngok-Ngam et al., 2013;
Watcharasit et al., 2002). While no changes were observed in CHK2 activation, we observed
decreased levels of phospho-GSK3, a marker for increased GSK3 activity (Fig. 3C-D).
Moreover, when SIRT6 was re-introduced to S6KO cells, GSK3 phosphorylation regained
its normal levels (Fig. S3H-I).

Next, we asked how SIRT6 depletion may lead to Tau accumulation. One possibility is that
SIRT6 directly represses Tau transcription through its histone deacetylation activity. To this
end, we interrogated published ChlP-seq data (MAPT gene by ChlP-seq analysis (Ram et
al., 2011)), and SIRT®6 is not enriched in its genomic region. Indeed, Tau mRNA levels were
not changed in mouse brains (Fig. S3J), ruling out possible Tau transcription repression by
SIRT®.

Next, we asked if the increase in Tau phosphorylation observed in SIRT6-depleted brains
and cell lines was a result of increased Tau stability. To this end, we ectopically expressed
Tau-Emerald fusion in WT and S6KO cells, thus avoiding any transcriptional or splicing
effect on Tau stability or phosphorylation. We found that under basal conditions S6KO cells
have higher levels of Tau and Tau-p (Fig. 3E). Moreover, treating the cells with proteasome
inhibitor MG132 results in equal amounts of Tau protein in WT and S6KO cells, suggesting
that lack of SIRTG6 stabilizes Tau from proteasomal degradation (Fig. 3F-G, S3M).
Importantly, irradiation (IR) increased the levels of Tau and Tau-p (exogenous and
endogenous) in both WT and KO cells (Fig. 3E, H, S30). We therefore concluded that lack
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of SIRT6 resulted in the stabilization of Tau protein and its increased phosphorylation. To
understand whether Tau stability and phosphorylation were ATM-dependent, we inhibited its
activity by caffeine treatment. Tau stability was SIRT6- and IR-dependent, but ATM-
independent, while GSK3 activation was ATM-dependent and IR-induced (Fig. 3H, S3N-
0).

SIRT6KO cells are more sensitive to apoptosis, prevented by GSK3 or ATM inhibition

Since SIRT6-deficient brains and cells present increased signs of DNA damage and
neurodegeneration, we predicted that S6KO cells are more sensitive to genotoxic damage.
Indeed, an increase in apoptotic cell number was detected in S6KO cells under basal
conditions and after IR (Fig. 4A, S4A-B), in line with our previous findings, however not all
SIRT6-deficient tissues were more sensitive to genotoxic damage (Toiber et al., 2013). We
therefore hypothesized that a specific protein within the brain proteome may be facilitating
this toxicity, and speculated that Tau is the key. As Tau-p is toxic to the cells, reducing its
phosphorylation could benefit S6KO cells. To achieve this, we treated the cells with lithium,
a GSK3 inhibitor (Fig. 4E). Interestingly, lithium treatment and SIRT6 re-expression both
rescued the sensitivity in S6KO cells, with concomitant reduction of Tau-p (Fig. 4D, F).
Moreover, ATM inhibition, which inactivates GSK3, also rescued S6KO cells (Fig. 4C).
Cells that were irradiated showed increased Tau levels as well as phosphorylation in WT
cells, suggesting that DNA damage triggers Tau stability and phosphorylation. SIRT6
catalytic mutant HY showed a dominant negative effect on Tau stability and phosphorylation
(in WT cells), leading to increased Tau levels and phosphorylation. On the other hand,
overexpression of WT-SIRT6 could rescue Tau (GFP) levels even in irradiated cells, while
phosphorylation was still higher after irradiation. Overall, this suggests that SIRT6 prevents
DNA damage-induced Tau stability and to a lesser extent its phosphorylation, suggesting
DNA damage has additional signaling on Tau-p (Fig. 4D). To confirm that GSK3
phosphorylation on Tau Ser199 was important for stability, we mutated Ser199 to Alanine or
Glutamate. Our results show a striking decrease in Tau stability in the phospho-mutants
S199A, but not in S199E, while S199E had an increase in the cleavage of Tau only in the
S6KO cells (Fig. 4G, S4C-F). Irradiation increased the levels of Tau WT and S199E, but not
a visible change in S199A. Treatment with proteasome inhibitor for a few hours increases
protein in the Tau S199A, pointing to degradation of the mutant (Fig. S4D). Last, SIRT6
managed to interact with GSK3 through IP, suggesting it could control its activation through
this interaction (Fig. S4G). Our studies indicate that lack of SIRT6 leads to DNA damage
signaling, increasing activity of ATM and GSK3, phosphorylating Tau, leaving neurons
more vulnerable to genotoxic insults.

SIRT6 is highly expressed in human brains but reduced in AD patients

To understand if reduced levels of SIRT6 in the brain are relevant for human disease, we
analyzed its levels in sporadic AD brain samples. We found a striking reduction in SIRT6 in
the temporal cortex of AD patients (Fig. 5A). In addition, we analyzed mRNA expression in
human datasets where we found SIRT6 reduction in temporal cortex and hippocampus (Fig.
5B), as well as incremented reduction with the increase in the severity of the disease stage
(Braak stages iii—v, iii—vi) (Fig. 5C). Interestingly, SIRT6 and PP2A regulatory subunit
(PPP2AR1A, the main Tau phosphatase) expression were positively correlated in normal
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brains, but this correlation was lost in AD brains (Fig. 5D). Our results indicate that reduced
SIRT®6 is indeed a feature of human AD.

SIRT6 may have different roles in distinct tissues, but the DNA damage in the brain was
striking, while other tissues were less affected (Mostoslavsky et al., 2006; Toiber et al.,
2013). To better understand the brain-specific SIRT6 functions we used publicly available
expression data and asked which genes in the brain are co-expressed with SIRTS, inferring
that co-expression is associated with co-functions. We took advantage of available data from
the ALLEN brain atlas (Hawrylycz et al., 2012) (Fig. 5E). We chose the top 2000 positively
or 2000 negatively correlated genes for pathway enrichment and their common transcription
factors. Not surprisingly, SIRT6 positively correlates with the regulation of gene expression
and cell cycle control (two of its known roles). However, when SIRT6 is not expressed
(negative correlation), categories related to apoptosis, disease and immune system were
enriched. Interestingly, cell cycle regulation was also correlated, which may be relevant
since several studies have shown aging and AD brains to re-enter the cell cycle —an
interesting phenomenon in which SIRT6 involvement needs further investigation (Arendt,
2012; Baji¢ et al., 2008; Fischer et al., 2012) (Fig. 5E).

Discussion

SIRT6 is a critical protein in the DNA repair process (Ghosh et al., 2015; Toiber et al., 2013;
Kaidi et al., 2010; Mao et al., 2011; McCord et al., 2009; Xu et al., 2015). Here we confirm
that the brains of brS6KO mice exhibit pathological marks related to DNA damage and
neurodegeneration, as well as behavioral defects. Moreover, SIRT6-deficient cells are
vulnerable to further DNA damage accumulation, making it a good model for accelerated
brain aging. Previous studies described a brain-specific SIRT6KO mouse (Schwer et al.,
2010), yet those studies did not explore genome stability and behavior. In our research we
focused on the role of SIRT6 in protecting the brain from increased DNA damage,
appearance of toxic Tau-p, and vulnerability to cell death. Our results indicate that SIRT6 is
critical for keeping the brain healthy by preventing DNA damage signaling.

Lack of SIRT6 leads to DNA damage and neurodegeneration

DNA damage accumulation is one of the most accepted theories of aging (L6pez-Otin et al.,
2013). In the brain, the presence of DNA damage correlates with age and with
neurodegeneration. However, what is the cause and what are the consequences is still
unclear. Our model strengthens the notion that DNA damage precedes neurodegeneration.
Our studies suggest that SIRT6 deficiency leads to accelerated DNA damage accumulation
and behavioral defects.

In our brS6KO model, SIRT6 is deleted starting at day 14-17 of embryonic development.
Therefore, it is still possible that some of the behavioral effects could be due to deregulation
of important pathways in brain formation. It is probable that SIRT6 has more than one role
in the brain, however, keeping genomic stability seems to be critical in preventing
neurodegeneration. These results are strengthened by our cellular model, where we show
that even at the cellular level lack of SIRT6 will lead to increased DNA damage
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accumulation, Tau stabilization/phosphorylation, and increased sensitivity to genotoxic
damage.

Lack of SIRT6 increases Tau phosphorylation and stability

brS6KO mice presented a behavioral phenotype similar to this of irradiated mice (where
DNA damage is clearly induced) as well as the behavioral defects of dementia models such
as AD. In addition, not all SIRT6-deficient tissues present the same sensitivity to DNA
damage, suggesting a brain-specific cause of the hypersensitivity. Remarkably, Tau was
hyperphosphorylated in SIRT6-deficient cells and brains, suggesting that this could be one
of the proteins increasing the toxicity in the brain. Tau was not only hyperphosphorylated,
but was also stabilized by lack of SIRT6 and DNA damage. It is possible that SIRT6 affects
Tau by two different mechanisms.

First, SIRT6 could be increasing the activity of GSK3 by constant activation of DNA
Damage repair signaling. We and others have shown that GSK3 can be activated upon DNA
damage (as in SIRT6KO brains or aging). Such chronic activation would lead to the
hypephosphorylation of various targets, such as Tau. Tau is phosphorylated at Ser199 by
GSK3, and our and others’ results show that this residue is essential for Tau stability (S199A
mutant is hardly expressed). In contrast, the phospho-mimic S199E is more stable, but
cleaved in S6KO cells, probably through caspase activation in S6KO cells. Interestingly,
SIRT®6 is able to bind GSK3, and GSK3 and ATM inhibitors rescued the S6KO cells. GSK3
has been shown to have important roles in AD toxicity and its inhibition is being tested as
potential therapeutic tool (Magbool et al., 2016; McCubrey et al., 2014).

Recently Tau was shown to be acetylated in various residues. While some acetylations were
important for Tau stability, others lead to its degradation. However, we did not see increased
Tau280ac, but reduced levels in SIRT6KO and IR samples (Fig. S4H), indicating that SIRT6
is not directly regulating this residue.

SIRT6 may be regulating protein stability through other acetylations, or mechanisms that
require further research. We see an increase in Tau protein, in S6KO cells as well as under
DNA damage, strengthening our hypothesis that Tau’s effect on the SIRT6KO model is
related to DNA damage. In our experiments, we separated the transcriptional regulation and
splice variants choice from the effect on stability by transfecting Tau-Emerald plasmid.
Therefore, using the same promoter, expressing the same cDNA show increased Tau in
S6KO and WT irradiated cells. Moreover, proteasome inhibition resulted in the same
amounts of Tau on both cell lines, suggesting it is being stabilized from degradation in the
absence of SIRT6/DNA damage signaling.

SIRT6 axis in the brain and Alzheimer’s disease

Aging is a major risk for a variety of diseases, among them neurodegeneration. Therefore,
common diseases such as AD, PD and other dementias may have a genetic cause or
predisposition, but the main mechanism must be more universal. People of different genetic
backgrounds have similar incidence of these diseases during aging, and DNA damage
accumulation could be the key. Our results show that SIRT6 is drastically reduced in AD
patients. Moreover, Jung et al. (2016) showed that the familiar AD model 5XFAD had
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reduced SIRTG6 levels, showing also reduction in AD samples, suggesting that SIRT6 may be
relevant for AD in familiar cases as well. SIRT6 is broadly expressed in the brain, therefore
we do not assume DNA repair is its unique role. We analyzed normal brain gene expression,
and found that SIRT6 is co-expressed with important pathways that regulate gene expression
and cell cycle. Moreover, transcription factors important for learning and differentiation such
as CREB1 and RORA may regulate SIRT6 expression. However, DNA damage
accumulation plays a critical role in brS6KO phenotype, confirmed also by our cellular
models, where development of differentiation could not be taken in account.

Overall, we found that SIRT6 depletion in the brain, which occurs during aging and in AD,
results in increased GSK3 activity, Tau-p, DNA damage-induced neurodegeneration and
behavioral defects, all of which might be linked to a brain-specific SIRT6-GSK3 axis. We
believe that this axis holds promises as a therapeutic target in neurodegeneration.

Experimental Procedures

Generation of SIRT6 Conditional KO Mice

Mice were created as in Sebastian et al. (2012). Mice were backcrossed for 3 generations
with C57BL6/J mice to obtain heterozygous mice that were 97% C57BL6/J background.
These mice were bred with C57BL/Nestin-Cre/J (Jackson Laboratories). All animals were
handled and experiments were conducted in accordance with procedures approved by the
Institutional Animal Care and Use Committee at the Massachusetts General Hospital in
accordance with NIH guidelines. 3-5 month old males and females were used in all
experiments.

Generation of SIRT6KO cells

SH-SY5Y cells were infected with lentivirus GeCKO system. Using 2 sgRNAs targeting
SIRT6: C2, GCTGTCGCCGTACGCGGACA,; C3, GCTCCACGGGAACATGTTTG; and
empty shRNA as a control. sgRNA was kindly donated by Aharoni’s lab. Cells were
selected by 2ug/ml puromycin for a week, followed by serial dilutions to a single-cell
colony.

Plasmids—mEm-MAPTau-N-10 was a gift from Michael Davidson (Addgene # 54155)
(Em-Tau); ApoAlert™,
Em-Tau point mutations—Quick change site directed mutagenesis.
TauS199A-F ATCGCAGCGGCTACAGCGCCCCCGGCTCCCCAG
TauS199A-R CTGGGGAGCCGGGGGCGCTGTAGCCGCTGCGAT
TauS199E-F ATCGCAGCGGCTACAGCGAACCCGGCTCCCCAG
TauS199E-R CTGGGGAGCCGGGTTCGCTGTAGCCGCTGCGAT

Statistics—For Behavioral analysis we used Prism 6.0. Analysis include two-way
ANOVA, followed by the post-hoc Bonferroni’s test. Latency analysis used the Log Rank
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Mantel-Cox test (See Supp. Table 1). Simple comparisons were assessed by unpaired two-
tailed Student’s t-tests. In all cases, significance was set at p< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SIRT6 deletion in the brain leads to increase signs of DNA damage
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A-B. IF and protein blot of brain sections of 4-month-old brS6KO or WT mice (WT n=4,
KO n=4) C. Apoptotic cells were labeled by TUNEL assay on brain slices. Positive cells per
image were counted (in pictures with similar number of cells) (WT n=5, KO n=5).
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Figure 2. SIRT6 brain-specific deletion elicits non-associative and associative learning deficits
A. S6KO enhances spontaneous locomotor activity over two consecutive days in the OF (60

min/session). B. brS6KO decreases vertical activity in the OF test on day 1. Lack of
difference on day 2 is due to decreased rearing events in Ctrl. C. S6KO decreases
immobility in the OF test on both days. D. S6KO does not alter innate anxiety in the OF on
day 1. Controls exhibit a significant decrease of time spent exploring the center but not
S6KO. E-F. S6KO increases the time and distance percent and number of entries in the
light-dark test (10 min session). G. S6KO markedly decreases freezing in the CFC
paradigm. See statistical analyses in supplementary Fig. 2.
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Figure 3. Lack of SIRT6 leads to increase in Tau stability and phosphorylation through GSK3

activation

A-B. IF and protein blot of brain sections of 4-month-old S6KO or WT mice (IF, WB: WT
n=4, KO n=4.) C-D. Protein blot of S6KO and WT brains or cells (SH-SY5Y). E-G
protein blots of SH-SY5Y S6KO and WT cells, transfected with Tau-emerald, before and
after IR (400 rad), or cells treated with proteasome inhibitor (MG132). H. Protein blots of
S6KO and WT cells treated with Caffeine.
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Figure 4. GSK3 inhibition and Tau-p reduction rescue S6KO from apoptosis, as well as re-
expression of WT SIRT6

A-C. Apoptotic cells detected by ApoAlert. SH-SY5Y cells were transfected with pCasp3-
sensor. A. treated with IR (400rad). Casp-3 activation lead to nuclear localization of GFP. B.
Rescue with SIRT6 WT. C. Cells were treated with caffeine for 24hr D. Protein blots of cells
that were transfected with GFP, SIRT6WT, SIRT6HY, with and without IR. E. Apoptosis
was measured in cells treated by Lithium 1mM for 50hr. Blot showing reduction in Tau-p G.
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Tau Ser199 mutants were transfected in SH-SY5Y cells +/-IR and collected 2hr after
treatment.
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Figure 5. SIRT6 reduction occurs in AD brains
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A. Protein blot for AD patients and controls (AD n=4, Ctrl n=4). B. Bioinformatic analysis
of Geo profile GDS4758 samples. C-D. SIRT6 and PP2A analysis using R2: Genomics
Analysis and Visualization. Datasets: Disease Alzheimer (Brain-ADRC) — Cotman — 253,
Disease Alzheimer — Salomon — 74 and Normal Brain (Core Transcript) Kang 1340. E.
Analysis of SIRT6 co-expression using the data in the Allen Human Brain Atlas, Allen
Institute for Brain Science. Positive and negative genes were then analyzed for pathway

enrichment in REACTOME database (http://www.reactome.org).
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For all figures: Error bars represent +SEM. * p<0.05, ** p<0.005, *** p<0.0005.
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