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Huntington’s disease is a fatal neurodegenerative disorder
caused by an expanded polyglutamine repeat in huntingtin
(HTT) protein. We previously showed that calorie restriction
ameliorated Huntington’s disease pathogenesis and slowed
disease progression in mice that model Huntington’s disease
(Huntington’s disease mice)!. We now report that overexpression
of sirtuin 1 (Sirtl), a mediator of the beneficial metabolic
effects of calorie restriction, protects neurons against mutant
HTT toxicity, whereas reduction of Sirtl exacerbates mutant
HTT toxicity. Overexpression of Sirtl improves motor function,
reduces brain atrophy and attenuates mutant-HTT-mediated
metabolic abnormalities in Huntington’s disease mice. Further
mechanistic studies suggested that Sirtl prevents the mutant-
HTT-induced decline in brain-derived neurotrophic factor
(BDNF) concentrations and the signaling of its receptor, TrkB,
and restores dopamine- and cAMP-regulated phosphoprotein,
32 kDa (DARPP32) concentrations in the striatum.

Sirtl deacetylase activity is required for Sirt1-mediated
neuroprotection in Huntington’s disease cell models. Notably,
we show that mutant HTT interacts with Sirtl and inhibits
Sirtl deacetylase activity, which results in hyperacetylation of
Sirtl substrates such as forkhead box O3A (Foxo3a), thereby
inhibiting its pro-survival function. Overexpression of Sirtl
counteracts the mutant-HTT-induced deacetylase deficit,
enhances the deacetylation of Foxo3a and facilitates cell
survival. These findings show a neuroprotective role for Sirtl
in mammalian Huntington’s disease models and open new
avenues for the development of neuroprotective strategies in
Huntington’s disease.

Alteration of cellular metabolism has a crucial role in the pathogen-
esis of Huntington’s disease?~4, raising the possibility of developing
therapeutic interventions in Huntington’s disease that activate meta-
bolic defenses. Sirtl is an evolutionarily conserved protein with

A full list of author affiliations appear at the end of paper.

NAD*-dependent deacetylase activity that participates in cellular
metabolism®. Sirtl has neuroprotective roles in models of neurode-
generative diseases®. Whether Sirtl has a protective role in mam-
malian Huntington’s disease remains unknown, however, as results
from lower organisms such as Caenorhabditis elegans’ and Drosophila
melanogaster® are contradictory.

To determine the role of Sirtl in mammalian Huntington’s disease
models, we took advantage of a Sirt] transgenic mouse model in which
the expression of Sirt1 is driven by a prion protein promoter®. Mice in
this model strongly overexpress Sirtl in the brain (Fig. 1a), although
we also observed detectable concentrations of the Sirtl transgene
in peripheral tissues (Fig. 1b). As the first step in our experiment,
we crossed these Sirtl transgenic mice with N171-82Q Huntington’s
disease mice that have progressive phenotypes that resemble those in
humans with Huntington’s disease!>1°. Sirtl overexpression signifi-
cantly delayed the onset and slowed the progression of motor deficits
in Huntington’s disease mice (Fig. 1¢) without decreasing mutant
HTT concentrations (Supplementary Fig. 1a). To determine whether
improved motor function correlated with the progression of the neuro-
pathological process, we performed an in vivo structural magnetic
resonance imaging (MRI) analysis'!. We detected significant atrophy
in the striatum (P < 0.05) and neocortex (P < 0.05) of N171-82Q
Huntington’s disease mice, which resembled the neuropathologi-
cal changes seen in human Huntington’s disease. Overexpression
of Sirtl significantly attenuated the magnitude of brain atrophy
(Fig. 1d-f). These results show that increased expression of Sirtl
attenuates neurodegeneration and improves motor function in
N171-82Q Huntington’s disease mice.

Having shown that overexpression of Sirtl is protective in a
Huntington’s disease mouse model expressing an N-terminal mutant
HTT fragment (fragment HD model), we then aimed to confirm
these effects of Sirtl in a Huntington’s disease mouse model express-
ing full-length mutant HTT (full-length HD model). BACHD mice
have motor deficits and Huntington’s disease-like brain pathology
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Figure 1 Sirtl improves the motor function and attenuates brain
atrophy in N171-82Q Huntington’s disease mice and in BACHD 1,400 — 22 120
mice. (a) Sirtl expression in different brain regions of Sirtl mice. ,200 100 **

+, Sirtl transgenic mice; —, littermate WT controls. (b) The Sirtl
transgene (HA tagged) was detected by antibodies to HA in different
tissues. (c) Motor performance in an accelerating rotarod. Data are
mean +s.e.m. n=15. *P < 0.05 compared to WT mice; **P < 0.05
compared to the Huntington’s disease mice by two way analysis of
variance (ANOVA). (d) Representative MRI images. Scale bars,

120 um. (e,f) Quantification of brain volumes by structural MRI

in 16-week-old N171-82Q Huntington’s disease mice. Data are
mean = s.e.m. n=5. *P< 0.05 compared to WT mice; **P < 0.05
compared to Huntington’s disease mice by ANOVA followed by
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Scheffé’s post-hoc analysis. (g) Motor performance in an accelerating rotarod. Data are mean + s.e.m. n=15. *P < 0.05 compared to WT mice;
**P < 0.05 compared to BACHD mice by two way ANOVA. (h) Rearing frequency in an open field assay in 15-month-old BACHD mice. Data are
mean +s.e.m. n=15. (i,j) Brain volumes measured by MRI in 15-month-old BACHD mice. Data are mean £s.e.m. n=5. *P < 0.05 compared to
WT mice; **P < 0.05 compared to BACHD mice by ANOVA followed by Scheffé’s post-hoc analysis (h—j).

relatively earlier than mice from other available full-length
Huntington’s disease models'?!3. Overexpression of Sirt1 significantly
attenuated motor deficits (Fig. 1g,h) without decreasing the expres-
sion of mutant HTT (Supplementary Fig. 1b). Brain atrophy was
partially ameliorated by Sirtl overexpression (Fig. 1i,j), suggesting
that Sirt1 also attenuates neurodegeneration in BACHD mice.

We previously showed that N171-82Q Huntington’s disease mice
have metabolic abnormalities that are attenuated by calorie restric-
tion!. Therefore, we examined whether Sirtl could modulate meta-
bolic alterations in Huntington’s disease mice. Overexpression of Sirtl
significantly (P < 0.05) attenuated hyperglycemia (Supplementary
Fig. 2a), improved glucose tolerance (Supplementary Fig. 2b,c)
and attenuated weight loss in N171-82Q Huntington’s disease mice
(Supplementary Fig. 2d). To determine whether the attenuation of
weight loss was a result of the effect of Sirtl on food intake, energy
expenditure or both, we used Oxymax metabolic cages to measure
energy expenditure continuously for a week and monitored daily
food intake, and we found that Sirt1 counteracted the negative effect
of mutant HTT on food intake (Supplementary Fig. 2e) but did not
affect energy expenditure (Supplementary Fig. 2f). Notably, insulin
concentrations did not differ between N171-82Q Huntington’s dis-
ease mice and wild-type (WT) control mice (315.4 £51.5 pgml~! in
WT mice compared to 308.9 £ 34.4 pg ml~! in Huntington’s disease
mice (mean * s.e.m.), n = 10), but Huntington’s disease mice had
hyperglycemia, suggesting insulin resistance in these mice. As insu-
lin resistance constitutes a metabolic stressor that may contribute

to the neurological phenotype, we next examined the role of Sirtl
on insulin concentrations. Sirtl overexpression did not alter insulin
concentrations in control mice (318.6 + 83.7 pg ml~! in mice over-
expressing Sirtl compared to 315.4 £ 51.5 pg ml~! in WT mice (mean
+s.e.m.), n = 10) but did substantially reduce insulin concentrations
in Huntington’s disease mice (308.9  34.4 pg ml~! in Huntington’s
disease mice compared to 149.1 + 6.8 pg ml~! in Huntington’s disease
mice overexpressing Sirtl (mean * s.e.m.), n = 10). Sirtl decreased
insulin concentrations and attenuated hyperglycemia in Huntington’s
disease mice, indicating that Sirtl improves insulin sensitivity in
these mice. To determine whether overexpression of Sirtl in brain,
pancreas or both contributes to this effect, we examined the Sirtl
transgene expression pattern. Whereas the Sirt1 transgene is highly
expressed in various brain regions (Supplementary Fig. 3a), we
detected very low expression of it in the pancreas (Supplementary
Fig. 3b). Although these results suggest a central action for Sirtl in
mediating metabolic rescue, the effects of Sirtl on the pancreas can-
not be completely ruled out.

Notably, Sirtl overexpression did not extend life span in N171-82Q
Huntington’s disease mice (with an average life span of 152+ 7 d in 19
Huntington’s disease mice compared to 157 + 6 d in 26 Huntington’s
disease mice overexpressig Sirtl (mean *s.e.m.)). Similar findings have
been noted in other studies of mice that model Huntington’s disease, in
which reductions in neuropathology and improvements in motor func-
tion or normalization of glucose concentrations were observed in the
absence of life span extension!4~17. In addition, Sirtl overexpression
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(p-TrkB) in immortalized striatal cells expressing
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mutant HTT-expressing cells transfected with Sirtl (HD-Sirt1). (f) Quantification of p-TrkB concentraitons from a densitometry analysis of the western
blots. n= 3. At the top are the results as ratio of p-TrkB to B-actin; at the bottom are the results as ratio of p-TrkB to total TrkB. (g) Quantification of
total TrkB concentraitons. n = 3. All data are mean + s.e.m. *P < 0.05 compared to WT mice; **P < 0.05 compared to Huntington’s disease mice by

ANOVA followed by Scheffé’s post-hoc analysis (a—g).

did not alter aggregation of mutant HTT (Supplementary Fig. 4), sug-
gesting that aggregation of this mutant protein does not have a major
role in the neuroprotective effects of Sirtl in our models. Although
Jeong et al. report that Sirtl attenuates brain atrophy in R6/2 mice,
suggesting a neuroprotective effect of Sirtl, they also saw increased
survival and decreased aggregation of mutant HT'T after overexpres-
sion of Sirt1 in R6/2 mice!8. Notably, we showed that N171-82Q mice
develop hyperglycemia and insulin resistance, which was not seen in
their R6/2 model. There is a complicated relationship between insulin
signaling and neurodegeneration. Whereas some reports suggest that
reduced insulin signaling is protective in the central nervous system'®,
others suggest the opposite!®. Further studies will be required to deter-
mine the relationship between insulin resistance and survival in our
model. However, we emphasize that the combined data of both studies
show Sirtl-mediated striatal neuroprotection indicated by reduced
striatal atrophy in two different fragment models and in a full-length
mouse model of Huntington’s disease, strongly suggesting a neuro-
protective role for Sirtl in Huntington’s disease.

Next we determined the molecular basis underlying neuroprotec-
tion by Sirtl in Huntington’s disease. Huntington’s disease mice are
severely impaired in their ability to regulate the physiological state
of striatal neurons through dopamine?’. DARPP32 is a fundamental
component of the dopamine signaling cascade?’?2, and Huntington’s
disease pathology is marked by extensive loss of medium spiny neu-
rons that have high expression DARPP32; therefore, DARPP32 can
serve as a marker of neuronal loss as well as of neuronal dysfunc-
tion in Huntington’s disease?*24. We observed a significant reduc-
tion of DARPP32 concentrations in both the N171-82Q and BACHD
mouse models (Fig. 2a,b), which is consistent with findings from
other Huntington’s disease mouse models?°. Notably, Sirt1 restored
DARPP32 concentrations in both the N171-82Q and BACHD
Huntington’s disease mouse models (Fig. 2a,b), suggesting that Sirt1
may protect striatal neurons against mutant HTT by preservation of
DARPP32 concentrations.

Our previous study suggests that calorie restriction increases BDNF
concentrations, thereby protecting neurons from the effects of mutant
HTT!. Reduced BDNF concentration contributes to striatal dysfunction

and degeneration, and an increase in BDNF concentration is neuro-
protective in Huntington’s disease?>. BDNF signaling in the brain
also has a crucial role in regulating glucose metabolism?®. BDNF is
required for the normal expression of DARPP32 (ref. 27). BDNF con-
centrations were significantly decreased in our fragment Huntington’s
disease model mice, whereas overexpression of Sirtl markedly
restored BDNF concentrations in the fragment HD model (Fig. 2¢,d).
In addition, we found that total TrkB and phospho-TrkB concentra-
tions were significantly decreased in a striatal cell line containing
mutant HTT (Fig. 2e,f). However, overexpression of Sirt] maintained
the concentration of phospho-TrkB but not total TrkB (Fig. 2e-g).
These experiments suggest that Sirt1-mediated restoration of BDNF
concentrations and of its prosurvival signaling might be a mechanism
for Sirtl neuroprotection in Huntington’s disease.

Because our data suggest that overexpression of Sirtl has neuro-
protective effects in Huntington’s disease models, we next sought to
determine the role of endogenous Sirtl in mutant-HT T-induced tox-
icity. We showed that complete knockdown of Sirt1 led to cell death
in the absence of mutant HTT (data not shown), suggesting a role for
Sirtl in neuronal survival. Partial knockdown of Sirt1 (Fig. 3a) that
was not toxic at baseline led to exacerbation of mutant-HT T-induced
toxicity in differentiated PC12 cells inducibly expressing a mutant
N-terminal HTT fragment (Fig. 3b). Together, these results indicate
that endogenous Sirt1 has a neuroprotective role and that deficiency
of Sirtl in neurons increases the toxicity of mutant HT'T.

Next, we asked whether Sirtl deacetylase activity is required for its
neuroprotection in Huntingtons disease. We used a PC12 cell model
in which inducible expression of mutant HTT caused cell toxicity?®.
We introduced Sirtl expression by retroviral transduction (Fig. 3¢,d).
Overexpression of Sirtl significantly reduced mutant-HT T-induced
toxicity, as indicated by a decrease in lactate dehydrogenase (LDH)
release (Fig. 3e) and an increase in AlamarBlue reduction (Fig. 3f).
The deacetylase-deficient Sirt] mutant (H363Y)2° completely eliminated
the neuroprotective effects of Sirtl in this cellular model (Fig. 3e.f),
showing that Sirt1 deacetylase activity is required for neuroprotection.

As a deacetylase, Sirtl is known to deacetylate and modulate the
activity of key transcription factors, for example, PGC-10. (ref. 30),
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Figure 3 Ablation of endogenous Sirtl exacerbates mutant HTT toxicity,
and the deacetylase activity of Sirtl is required for its neuroprotection

in a cell model of Huntington’s disease. (a,b) Reduction of Sirtl
exacerbates mutant-HTT-induced toxicity in a PC12 cell model inducibly
expressing mutant HTT. Sirtl protein concentrations were reduced by
siRNAs (25 nM) (a), and reduction of Sirtl concentration increased
mutant-HTT-induced toxicity (b). Data are mean + s.d. from three
independent experiments. *P < 0.05 compared to the corresponding
doxycycline-positive (Dox(+)) group; **P < 0.05 compared to the scramble
RNA-treated doxycycline-negative (Dox(-)) group by ANOVA followed by
Scheffé’s post-hoc analysis. (c,d) Overexpression of Sirtl or deacetylase-
defective Sirtl (H363Y) was introduced by retrovirus infection into a
PC12 cell model inducibly expressing mutant HTT. Expression of

Sirtl was confirmed by immunostaining (c) and western blot analysis (d).
Scale bars, 50 um. (e,f) Mutant HTT expression was induced by
withdrawal of doxycycline in nerve growth factor-differentiated PC12
cells. Overexpression of Sirtl rescued mutant HTT-induced cell toxicity,
indicated by reduction of LDH release (e) and AlamarBlue reduction (f)
were measured. OD, optical density. Data are mean + s.e.m. from three
independent experiments. *P < 0.05 compared to the corresponding
Dox(+) group; **P < 0.05 compared to the vector-transfected Dox(-)
group by ANOVA followed by Scheffé’s post-hoc analysis.

p53 (ref. 31) and Foxo3a32. Foxo3a is highly expressed in adult brain,
and recent work indicates that Foxo3a has key roles in neuronal
survival under both basal and disease conditions3*-3°. We detected
an interaction between Sirtl and Foxo3a in mouse brain (Fig. 4a).
Notably, the concentrations of Foxo3a in Huntington’s disease mouse
brains and in striatal cells containing mutant HT'T were significantly
lower compared with those in wild-type control mouse brains or cells
expressing normal HTT (Fig. 4b,c). Concentrations of acetylated
Foxo3a that were significantly increased in cells containing mutant
HTT (Fig. 4d) returned to baseline levels with overexpression of Sirt1
(Fig. 4e). In addition, overexpression of Sirt1 restored Foxo3a concen-
trations in the striatum of Huntington’s disease mice (Fig. 4b) and in
striatal cells containing mutant HTT (Fig. 4c). To examine whether
Foxo3a contributes to the neuroprotection by Sirtl in Huntington’s
disease, we used an immortalized striatal cell model. Cells contain-
ing mutant HTT were more vulnerable to serum withdrawal com-
pared to cells containing normal HT'T, as indicated by reduced ATP
concentrations (Fig. 4f and Supplementary Fig. 5a). Sirtl protected
cells against mutant HT'T, as indicated by a recovery of ATP con-
centrations (Fig. 4f). We further confirmed the neuroprotection of
Sirtl in cortical neurons transiently transfected with mutant HTT
(Supplementary Fig. 6). Notably, reduction in the concentration of
Foxo3a by RNAi knockdown compromised the protective effect of
Sirtl in striatal cells expressing full-length mutant HTT (Fig. 4g),
suggesting that expression of Foxo3a is at least in part required for
Sirtl-mediated neuroprotection.

Having shown that Foxo3a partially mediates the neuroprotection
by Sirtl in the striatal cell model of Huntington’s disease, we asked
whether restoring Foxo3a concentrations could protect cells from
mutant HTT. Although restoring Foxo3a concentrations preserved
ATP (Supplementary Fig. 5b), coexpression of Foxo3a and Sirt1 did
not have an additive effect on ATP (Supplementary Fig. 5¢). Next we
examined a possible link between Foxo3a concentrations and mutant
HTT-induced deficits of DARPP32 and BDNFE. In the striatal cell
model of Huntington’s disease, overexpression of Foxo3a increased
the concentrations of BDNF and DARPP32, whereas knockdown of
Foxo3a further decreased DARPP32 concentrations (Supplementary
Fig. 7a-c), suggesting that Foxo3a deficiency may contribute, either
directly or indirectly, to mutant HT T-induced abnormalities in BDNF
and DARPP32.
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On the basis of these observations, we hypothesized that mutant HTT
may influence Sirtl deacetylase activity and thereby increase acetyla-
tion of its substrates. To examine this possibility, we first tested whether
Sirtl was able to interact with mutant HT'T. Coimmunoprecipitation
analyses revealed that Sirt] interacted with mutant HT T (Fig. 4h). We
then measured Sirt1 deacetylase activity. Using a specific antibody that
detects acetylated p53 at Lys382, we found increased acetylation of
p53 in HEK293 T/17 cells containing mutant HT'T compared to cells
containing WT HTT, suggesting that the mutant HT'T interfered with
Sirt1 deacetylase activity (Fig. 4i). In support of this notion, acetylated
p53 was also increased in Huntington’s disease mouse brains, whereas
overexpression of Sirtl led to decreased acetylation of p53 (Fig. 4j).
Together, these experiments show that mutant HTT inhibits the
deacetylase activity of Sirtl and that overexpression of Sirtl partially
corrects the hyperacetylation of Sirtl substrates.

In conclusion, we show a neuroprotective role for Sirtl in cell
and mouse models of Huntington’s disease. Using both fragment
and full-length HT'T transgenic mouse models, we found that Sirt1
partially prevents neurodegeneration and ameliorates metabolic
abnormalities in Huntington’s disease mouse models. These results
are in agreement with the accompanying paper, in which Sirt1-
mediated neuroprotection was observed in an R6/2 Huntington’s
disease mouse model'®, From a mechanistic standpoint, our data
suggest that Sirtl may regulate the activity of multiple targets, such
as Foxo3a, DARPP32, BDNF and p53, to mediate neuroprotection
in Huntington’s disease models. Previous work showed that BDNF
induces DARPP32 expression in medium spiny striatal neurons?’.
Our data also suggest that Foxo3a regulates DARPP32 and BDNF
expression. Notably, we show that Sirtl activity is inhibited by
mutant HTT and that overexpression of Sirtl overcomes this
inhibition and regulates the acetylation of its substrates. Although
we examined a subset of Sirtl substrates in our models, it is
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Figure 4 Sirtl counteracts mutant-HTT-induced hyperacetylation of Foxo3a and p53 and protects cells against mutant-HTT-mediated energy deficits
in both mouse and cell models of Huntington’s disease. (a) Coimmunoprecipitation in mouse brains. (b) Foxo3a concentrations in striatum of 14-week-old
mice. Data are mean £s.e.m. n=4. *P < 0.05 compared to WT mice; **P < 0.05 compared to Huntington’s disease mice by ANOVA followed by
Scheffé’s post-hoc analysis. (c) Foxo3a concentrations in striatal cells expressing WT HTT (STHdh®7/Q7 ' wHTT) or mutant HTT (STHdh®111/QL11 "mHTT)
transfected with vector (Vec) and mutant-HTT-expressing cells transfected with SirtI (mHTT-Sirtl). Data are mean + s.e.m. from three independent
experiments. *P < 0.05 compared to wHTT-Vec cells; **P < 0.05 compared to mHTT-Vec cells by ANOVA followed by Scheffé’s post-hoc analysis.

(d) Acetylated Foxo3a concentrations were quantified from three individual samples. *P < 0.01 compared to wHTT cells by Student’s t tests.

(e) Deacetylated Foxo3a in striatal cells. STHdhQL11/Q111 ce||s were transfected with vector (Con) or Sirtl. Acetylated-lysine, Ac-K. (f) ATP
concentrations were measured by HPLC ultraviolet detection in an immortalized striatal cell model of Huntington’s disease from the indicated groups.
Data are mean £ s.e.m. n= 3. *P < 0.05 compared to wHTT cells; **P < 0.05 compared to mHTT-Vec cells by ANOVA followed by Scheffé’s post-hoc
analysis. (g) ATP concentrations were measured in the striatal cells transfected with scramble RNA, Foxo3a siRNA or Foxo3a siRNA and Sirtl cDNA.
The top image indicates Foxo3a protein content after the indicated transfection. Data are mean + s.e.m. from three independent experiments. *P < 0.05
compared to scrambled RNA-transfected cells. *P < 0.05 compared to scrambled RNA-treated cells by ANOVA followed by Scheffé’s post-hoc analysis.
(h) Immunoprecipitation (IP) was conducted with antibody to Sirtl in BACHD mouse cerebral cortex, and membranes were probed with MW1 antibody

(top) that specifically recognizes mutant HTT, or antibody to Sirtl (bottom). (i) p53 deacetylation at Lys382 was detected in HEK 293T/17 cells
cotransfected with Sirtl and the indicated HTT cDNAs. Three independent experiments were performed, and a representative blot is shown. (j) Acetyl
p53 and total p53 concentrations in the cerebral cortices of 18-week-old mice.

possible that inhibition of Sirtl deacetylation by mutant HTT
affects other unknown or known substrates. Indeed, Jeong et al.
identified CREB regulated transcription coactivator 1 (TORCI)
as a previously unknown target of Sirtl deacetylase that regulates
transcription of BDNF!8, PGC-1a is also a substrate of Sirtl and
has been previously implicated in Huntington’s disease patho-
genesis®®~38. Tt will be interesting to examine whether TORC1
is upstream of other Sirtl targets, such as p53 and Foxo3a, and
whether Sirtl1 directly deacetylates several substrates in normal and
diseased brain. Nonetheless, our data indicate that at least one of
these substrates, Foxo3a, has a key role in mediating Sirtl neuro-
protection. Foxo3a has been also shown to control insulin sensi-
tivity and influence energy metabolism3®4°. Thus, modulation of
Foxo3a by Sirtl may also affect alterations in energy metabolism
observed in Huntington’s disease models.

Based on these results, we suggest that pharmacological targeting of
Sirt1 to enhance its deacetylase activity may provide a new therapeutic
opportunity for Huntington’s disease. Small compounds with Sirtl
activation activity have been shown to be beneficial in experimental

animals prone to metabolic diseases?!, and development of Sirtl
activators with high specificity and bioavailability may also be a
promising approach for the treatment of Huntington’s disease.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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Mice. We maintained N171-82Q Huntington’s disease mice expressing
N-terminal fragment HTT with a 82-polyglutamine repeat by breeding Huntington's
disease males with C3B6F1 females (Taconic). As we reported previously, there
are significant gender-dependent phenotype differences; therefore, we used all
male N171-82Q mice for the study. BACHD mice expressing full-length mutant
HTT were bred in an FVB background, and we used both male and female
BACHD mice for the study. We obtained DNA from tails of the offspring of
N171-82Q and BACHD mice for determination of the genotype and for CAG
repeat size determination by PCR assay, which was performed by the Laragen
genotyping service. The Sirt! transgenic mouse line (line 1)° was generated by
the overexpression of the hemagglutinin-tagged (HA tagged) Sirt] transgene
driven by the mouse prion protein promoter (PrP). The Sirt] transgene (HA
tagged) was constructed by inserting a 2.3-kb fragment of mouse Sirt] cDNA
into the vector carrying the mouse PrP promoter after eliminating three NotI
sites without changing the SIRT1 amino acid sequence and after adding the HA
tag to the 3" end of the SirtI coding sequence. The PrP-Sirt1-HA transgene was
linearized, purified and microinjected into C57BL/6] x CBA hybrid blastocysts in
the Washington University Mouse Genetic Core Facility. We identified transgenic
mice by PCR genotyping using tail DNA. Transgenic mice were backcrossed to
C57BL/6 mice (Jackson Laboratories) for 6-7 generations before being imported
to Johns Hopkins University. Nontransgenic littermates were used as controls. We
generated mice by crossing Sirt1 heterozygotes with Huntington’s disease hetero-
zygotes to produce four genotypes: WT mice, Sirt1 transgenic mice, Huntington's
disease mice and double transgenic mice (Sirt1/HD) for the current study. We
housed the mice in groups of 3-5 mice with access to food and water ad libitum
and a 12-h light and dark cycle. All animal protocols were approved by
Institutional Animal Care and Use Committee at Johns Hopkins University.

In vivo MRI acquisition. We performed in vivo MRI studies on a horizontal 9.4-T
magnetic resonance scanner (Bruker Biospin, Billerica) with a triple-axis gradient
and an animal imaging probe. The scanner was also equipped with a physiologi-
cal monitoring system (with an electrocardiogram and monitoring of respiration
and body temperature). Mice were anesthetized with isoflurane (1%) together
with oxygen and air at a 1:3 ratio using a vaporizer and a facial mask. We used a
40-mm diameter birdcage coil for the radiofrequency transmitter and receiver.
Temperature was maintained by a heating block built into the gradient system. We
monitored respiration through the entire scan. We acquired images with a three-
dimensional T2-weighted fast spin echo sequence with the following parameters:
echo time (TE)/repetition time (TR) = 40/700 ms, resolution = 0.1 mm x 0.1 mm X
0.1 mm, echo train length = 4, number of average = 2 and flip angle = 40°. Mice
recovered quickly once the anesthesia was turned off, and all mice survived the
50-min imaging sessions. The imaging resolution and contrast were sufficient
for automatic volumetric characterization of the mouse brains and substructures.
The detailed image analysis was described in our previous study'!.

ELISA analysis of BDNF protein concentrations. We quantified BDNF protein
concentrations with a commercially available kit (Chemicon). Briefly, we proc-
essed samples by acidification and a subsequent neutralization. Wells of 96-well
plates were coated with antibody to BDNE. Samples (300 ug of protein) were
added to triplicate wells, and serial dilutions of BDNF standard (0-500 pg ml™!)
were added to the wells to generate a standard curve. We washed the wells
five times with washing buffer, and after addition of streptavidin enzyme and
substrate, reactions were stopped by adding 100 pl of HCI stop solution. We
measured the absorbance at 450 nm using a plate reader. We determined the
concentrations of BDNF in each sample in triplicate and used the average of
the three values as the value for that mouse.

Inducible PC12 cells’ expression of mutant HTT and the cell toxicity assay.
PC12 cells inducibly expressing mutant HTT were generated as previously
described?®. We maintained cells in the presence of doxycycline (200 ng ml™!),
and the medium was changed every 48 h. Sirt1 siRNA or a retrovirus contain-
ing Sirt1 was introduced after cells attached to the plate, and we measured cell
toxicity and viability at 72 h after induction of mutant HTT. A Cytotoxicity
Detection Kit (Roche) was used for the measurement of LDH. We used
AlamarBlue reduction for the cell viability assay.

Sirtl deacetylase activity. For the p53 deacetylation assay, we co-transfected
HEK T/17 cells with Sirt] and HTT480-17Q or HTT480-68Q and treated the
cells with 500 nM trichostatin A (TSA) to inhibit class I and class Il HDACs
and 100 UM etoposide to induce the expression of endogenous p53 for 6 h.
At 24 h after transfection, we harvested cells and analyzed for p53 acetylation
by western blotting with antibody to acetylated p53 at Lys382.

Immunoprecipitation. We analyzed acetylated Foxo3a concentrations using
immunoprecipitation with antibody to Foxo3a followed by western blotting
with antibody to acetyl lysine. We obtained cell extracts by incubating with
10 mM nicotinamide, 1 uM TSA and 500 uM H,O, for 1 h and lysing in
Radioimmunoprecipitation assay (RIPA) buffer (Sigma) containing deacetylase
inhibitors (10 mM nicotinamide and 1 uM TSA), protease inhibitors and phos-
phatase inhibitors (Sigma). Foxo3a was immunoprecipitated with antibody to
Foxo3a (1:2,000; Sigma). We detected the concentrations of total Foxo3a and
acetylated Foxo3a using antibody to Foxo3a or monoclonal antibody to acetyl
lysine (1:1,000 dilution). For the Foxo3a and Sirtl interaction assay, we lysed
mouse striatal samples in RIPA buffer (Sigma) containing protease inhibitors
(Sigma). We immunoprecipitated tissue lysates using antibody to Foxo3a for
12 h and then washed extensively with RIPA buffer, and probed membranes
with antibody to Sirt1 (1:10,000; Upstate) or antibody to Foxo3a.

Western blot analysis. We separated solubilized proteins by SDS-PAGE and
transferred them to a nitrocellulose membrane. We incubated the membrane
with primary antibodies (Bcl-X|, 1:200, Santa Cruz; Sirt1, 1:10,000, Upstate;
DARPP32, 1:2,000, Chemicon; p-TrkB, 1:100, Santa Cruz; Foxo3a, 1:2,000,
Sigma; and B-actin, 1:5,000, Sigma). We then exposed the membrane for 1 h
to horseradish peroxidase-conjugated secondary antibody (1:3,000; Jackson
ImmunoResearch Labs Inc.) and visualized the proteins by using a chemilu-
minescence-based detection kit (ECL kit; Amersham).

Nucleotide extraction and HPLC assay. Conditionally immortalized stri-
atal cell lines expressing wild-type HTT (STHdhQ”/?7) or mutant HTT
(STHdhQUV/Q1) cells, which were a gift from M. MacDonald at Harvard
Medical School, were used in this study. We cultured cells in DMEM (Gibco)
supplemented with 4% FBS (HyClone), 2 mM L-glutamine (Mediatech Inc.)
and 100 units ml~! penicillin and 100 units ml~! streptomycin (Mediatech Inc.).
We grew the cells at 33 °C in a humidified atmosphere containing 5% CO,. We
measured ATP concentrations by HPLC analysis with ultraviolet detection.
Briefly, the cell pellets (about one million cells) were washed twice in cold PBS
(pH 7.4). We extracted nucleotides with 50 ul of ice-cold acetonitrile followed
by 150 pul of cold water followed by centrifugation at 14,000¢ for 10 min at
-2 °C. We transferred the supernatant fraction into a new 1.5-ml tube, which
was kept on ice, and the solvent was partially evaporated with N, for 15-20 min
to remove the acetonitrile. We solubilized the cell pellets and analyzed the
protein content using the bicinchoninic acid protein assay kit (Pierce). We per-
formed an HPLC analysis on a Shimadzu system using a SCL-10A VP system
controller and ZORBAX 3.5-uum SB-C18 column (4.6 nm x 150 mm) with flow
rate of 0.8 ml per min. The samples were analyzed using an isocratic mobile
phase consisting of 0.05 mol 1"! NH,H,PO, (pH 5.7) and an injection volume
of 20 ul. The detection wavelength was set at 257 nm. We used HPLC-grade
nucleotide standards to calibrate the signals, and the recovery rate exceeded
90% for ATP, ADP and AMP. We quantified all data using LCsolution software
(Shimadzu) and normalized the ATP concentrations by protein content.

Statistical analyses. We used two-way (genotype and age) repeated ANOVA
to calculate differences in longitudinal behavioral results and body weight data
and one-way or two way ANOVA with a Scheffé post hoc test to calculate the
differences in all other data among the groups. All the cell culture experiments
were repeated independently at least three times. The significance between
groups was determined using an ANOVA followed by post-hoc analysis between
two groups. Data were analyzed with SSIGMASTAT version 3.1 software.

Additional methods. Detailed methods, including the mutant HT'T inclusion
assay, blood glucose measurement, energy expenditure, behavioral tests and
the survival study are described in the Supplementary Methods.
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