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Tissue-specific deregulation of selected HDACs
characterizes ALS progression in mouse models:
pharmacological characterization of SIRT1 and SIRT2
pathways

C Valle1,2, I Salvatori2,3, V Gerbino2,3, S Rossi2,3, L Palamiuc4,5, F René4,5 and MT Carrı̀*,2,3

Acetylation homeostasis is thought to play a role in amyotrophic lateral sclerosis, and treatment with inhibitors of histone
deacetylases has been considered a potential and attractive therapeutic approach, despite the lack of a thorough study of this
class of proteins. In this study, we have considerably extended previous knowledge on the expression of 13 histone
deacetylases in tissues (spinal cord and muscle) from mice carrying two different ALS-linked SOD1 mutations (G93A-SOD1 and
G86R-SOD1). We have then focused on class III histone deacetylases SIRT1 and SIRT2 that are considered relevant in
neurodegenerative diseases. SIRT1 decreases in the spinal cord, but increases in muscle during the progression of the disease,
and a similar expression pattern is observed in the corresponding cell models (neuroblastoma and myoblasts). SIRT2 mRNA
expression increases in the spinal cord in both G93A-SOD1 and G86R-SOD1 mice but protein expression is substantially
unchanged in all the models examined. At variance with other sirtuin modulators (sirtinol, AGK2 and SRT1720), the well-known
SIRT1 inhibitor Ex527 has positive effects on survival of neuronal cells expressing mutant SOD1, but this effect is neither
mediated by SIRT1 inhibition nor by SIRT2 inhibition. These data call for caution in proposing sirtuin modulation as a target for
treatment.
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Accumulating evidence indicates that altered acetylation
homeostasis has a determinant role in the pathogenesis of
amyotrophic lateral sclerosis (ALS), a late-onset neurode-
generative disorder characterized by progressive muscle
atrophy and paralysis because of the death of upper and
lower motoneurons.1

Acetylation is controlled by two classes of enzymes with
opposite function: histone acetyltransferases (HATs) and
histone deacetylases (HDACs). During neurodegeneration,
the levels of acetylation in neurons are decreased globally2,3

as a consequence of an imbalance in the acetylation
apparatus because of general loss of HATs.4–6 Once the
balance is disturbed and the HAT/HDAC ratio shifts in favor of
HDAC in terms of availability and enzymatic functionality, an
altered transcription profile is observed, typically represented
by the repression of pro-survival molecules and the derepres-
sion of several pro-apoptotic gene products.2,3 Thus, in the
past decade, the use of HDAC inhibitors has been considered
a potential and attractive therapeutic approach.5,7–11

In mammals, 18 HDACs have been identified and classified
based on cofactor dependency and sequence similarity. Two
families have been described: the ‘classical’ HDACs with 11

members that require Zn2þ for deacetylase activity, and the
sir2-related HDACs called Sirtuins (silent information regu-
lator (SIRT)) with 7 members that require NADþ as cofactor.

Up to date, little is known about the involvement of the
individual HDAC isoforms in ALS onset and progression and a
thorough survey of all isoforms has never been carried out.

Previous work on post-mortem ALS brain and spinal cord
specimens indicates a reduction of HDAC11 mRNA and
increased HDAC2 levels.12

A crucial role of muscle HDAC4 and its regulator microRNA-
206 was suggested in the G93A-SOD1 mouse model of ALS13

and, more recently, it has been observed that HDAC4 mRNA
and protein levels in muscle are greater in patients with rapidly
progressive ALS, and this negatively influences reinner-
vation.14 These studies strongly suggest a negative role of
muscle HDAC4 upregulation on the reinnervation process.

The role of HDAC6 is still debated, possibly because it
catalyzes multiple reactions.15 An in vitro interaction between
TDP-43 and HDAC6 has been demonstrated, suggesting that
the lack of activity of HDAC6 induced by TDP-43 may be a
pathogenic factor in ALS.16 More recently, Taes et al.17

reported that the deletion of HDAC6 in an ALS mouse model
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significantly extends survival and maintains motor axon
integrity without affecting disease onset. This protective effect
is associated with increased a-tubulin acetylation. However, it
has also been reported that HDAC6 knockdown increases
mutant Cu–Zn superoxide dismutase (SOD1) aggregation in
cultured cells and mutant G93A-SOD1 can modulate HDAC6
activity and increase tubulin acetylation.18

Some experimental evidence for a role of Sirtuins in ALS is
also available. SIRT1 overexpression protects neurons
against toxicity induced by mutant G93A-SOD1 in both
cultured neurons and mouse brain.19 SIRT1 is upregulated
in the spinal cord of mutant G37R-SOD1 mice,19 in the cortex,
hippocampus, spinal cord and thalamus of G93A-SOD1
transgenic mice20 and in spinal neurons from post-mortem
patient samples,21 whereas it is reduced in primary motor
cortex.21 Deletion of SIRT2 fails to affect the disease course,
and also does not modify a-tubulin acetylation in the G93A-
SOD1 mouse,17 whereas SIRT3 protects against mitochon-
drial fragmentation and neuronal cell death induced by mutant
SOD1.22

Thus, the proposed neuroprotective/neurotoxic role of
Sirtuins still remains debated.21

With the aim to better understand whether specific HDAC
isoforms play a major role in ALS onset and progression and
whether their modulation may rescue the ALS phenotype, in
this work we analyzed the specific expression pattern of all
HDACs in spinal cord and muscle from two ALS transgenic
mice models (G93A-SOD1 and G86R-SOD1) and in neuronal
and muscle cell cultures expressing mutant SOD1.

Only a few HDACs showed an altered expression profile in
ALS tissues and therefore we focused our interest on the most
extensively studied SIRT1 and on treatment with its known
modulators.

Results

Expression of selected HDAC isoforms is modulated
during progression of the disease in mice. In order to get
a complete picture of known HDACs in the course of ALS, we
have performed an extended analysis of the expression of all
HDACs by real-time PCR (RT-PCR) on mRNA extracted
from the spinal cord of two well-characterized models for
mutant SOD1-linked ALS. Both G93A-SOD1 and G86R-
SOD1 transgenic mice essentially recapitulate the human
form of the disease, although with a difference in age of onset
and survival (see Materials and Methods). In this paper, we
report data on all the 11 canonical class I–II–IV isoforms and
two class III Sirtuins (SIRT1 and SIRT2). We have not been
able to monitor SIRT4–7, possibly because of their low level
of expression. Data on SIRT3 are the subject of a separate
paper (C Valle et al., manuscript in preparation). In the spinal
cord, mRNA expression of most HDACs is not grossly
affected (Supplementary Figure S1) during the course of the
disease in both mice strains compared with age-matched
nontransgenic littermates, with the notable exception of
HDAC5 and SIRT1 that clearly decrease during progression
and HDAC11 and SIRT2 that clearly increase in this tissue
during progression of the disease (Figure 1). As observed in
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Figure 1 Expression of selected mRNAs coding for HDACs in the spinal cord of ALS mice. The cDNAs obtained from total RNA extracted from spinal cord of G93A-SOD1
(dark bars) and G86R-SOD1 (light bars) transgenic mice and their nontransgenic littermates were analyzed by quantitative RT-PCR to assess mRNA expression of HDAC5,
HDAC11,SIRT1 and SIRT2. Analysis was performed at different stages of disease starting from early presymptomatic to end stage. The mRNA levels from control mice are set
as 1. Results were obtained from at least three different mice from each stage and are expressed as the ratio between the average of values, normalized to the average values
of two different housekeeping genes, from nontransgenic and transgenic mice. *Po0.05 with respect to nontransgenic mice of the same age; #Po0.05 with respect to
presymptomatic or early symptomatic transgenic mice for G93A-SOD1 genotype, and with respect to presymptomatic or symptomatic transgenic mice for G86R-SOD1
genotype
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western blot analysis from the same tissue, this trend is
conserved at the level of immunoreactive protein for HDAC5,
HDAC11 and SIRT1, although changes are slightly delayed
in the course of the disease, whereas SIRT2 protein level is
not significantly altered (Figures 2a–d and Supplementary
Figure S2). Furthermore, expression of mutant SOD1 does
not change the localization of SIRT1, which is mainly nuclear,
and of SIRT2, which is mainly cytosolic, as in nontransgenic
mice (Figure 2e). Interestingly, the expression pattern of
SIRT1 and SIRT2 is not conserved in the muscle (tibialis
anterior) from G93A-SOD1 transgenic mice, where SIRT1

increases and SIRT2 is not changed during the disease
(Figures 3a and b).

The trend observed in mice tissues is reproduced quite
faithfully in both corresponding cell models examined. In
differentiated neuronal cells expressing mutant SOD1, protein
levels are again decreased for HDAC5 and SIRT1 and
increased for HDAC11 (Figures 4a and b). However, upon
expression of mutant SOD1, there are no changes in the
acetylation state of SIRT1 main targets p53 and PGC1a
(Figures 4a, c and d) or main target of SIRT2 tubulin
(Figure 4a). Moreover, expression of mutant SOD1 does not
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Figure 2 HDAC protein expression in spinal cord of ALS mice. (a) Western blot analysis of 30 mg of total protein extract from spinal cord of transgenic (þ ) and
nontransgenic (� ) G93A-SOD1 mice from symptomatic (123d) to end stage (155d) of disease using antibodies against HDAC5 and HDAC11, b-actin as a loading control and
SOD1 to confirm genotypes. hSOD1 indicates exogenous human SOD1, and mSOD1 is endogenous mouse SOD1. (b and c) Same as (a) but starting from early symptomatic
stage of disease (113d) using antibodies against SIRT1 and SIRT2. Total brain protein extract was used to confirm tissue specificity. (d) Densitometric analysis of data from
n¼ 4 G93A-SOD1 and n¼ 4 nontransgenic mice from different experiments. *Po0.05 and **Po0.01 with respect to nontransgenic mice of the same age; ##Po0.01 with
respect to symptomatic transgenic mice. (e) Western blot analysis of cytosolic (cyt) and nuclear (nuc) protein extract from late symptomatic (145 days) G93A-SOD1
(G93A) and nontransgenic (� ) mice using antibodies against SIRT1 and SIRT2. Fractions were controlled for the presence of the nuclear marker lamin B and the cytosolic
marker SOD1
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change the localization of these proteins as in differentiated
SH-SY5Y cells, HDAC5, HDAC11 and SIRT1 are mainly
nuclear whereas SIRT2 is cytosolic, as in control cells
(Figure 4e). In addition, SIRT1 increases in C2C12 muscle
cells expressing G93A- SOD1 (Figures 5a and b) where, at
variance with SH-SY5Y cells, p53 is a target of SIRT1 (see
below).

Modulation of sirtuins and protection from cell damage.
SIRT1 is considered a pro-survival protein,23 whereas the
role of SIRT2 is still not clearly established.23 Based on the
results reported above, we further investigated whether
known inhibitors or activators of SIRT1 are able to mimic
the effects of G93A mutant SOD1 or to revert its toxicity in
neurons. To this aim, we treated differentiated SH-SY5Y
cells expressing Wt or mutant G93A-SOD1 with AGK2
(SIRT2 inhibitor), Ex527 (SIRT1 inhibitor), SIRTinol (SIRT1
and SIRT2 inhibitor) and SRT1720 (SIRT1 activator)
(Figure 6a).

As shown in Figure 6, only Ex527 is able to restore viability
in neuronal cells infected with viral vectors coding for the
mutant protein (Figure 6b) and to prevent caspase-3 activa-
tion in a dose-dependent manner (Figure 6c). SIRTinol, which
similarly to Ex527 efficiently inhibits SIRT1 activity, has no
positive effect in preventing toxicity by mutant SOD1 and
SRT1720, which efficiently increases SIRT1 activity, neither
affects basal viability nor modulates SOD1 toxicity.

G93A-SOD1 toxicity is not mediated by p53 acetylation
state or by IRS-2/Ras/ERK1/2 pathway. Overall, the above
results suggest that Ex527 counteracts mutant SOD1 toxicity
in neuronal cells independently from SIRT1 inhibition.

Indeed, by western blot analysis we could neither detect
significant differences in the level of acetylated p53 (SIRT1
direct target) nor in the level of Erk1/2 and phospho-Erk1/2 in
SH-SY5Y cells (Figures 7a and b). At the same time, the
level of acetylated tubulin also remains unchanged (Figures
7a and b). Furthermore, the MEK1/2 inhibitor SL327, which is
known to act immediately upstream of ERK1/2 in the IRS-2/
Ras/Erk1/2 pathway, does not protect SH-SY5Y cells from
G93A-SOD1 toxicity (Figure 7c). Similar results were
obtained with MEK inhibitor UO126 (not shown). Interest-
ingly, p53 is a target of SIRT1 acetylation in C2C12 cells
(Figures 7d and e) but not in SH-SY5Y cells.

That the protective effect of Ex527 is independent from
SIRT1 inactivation is further demonstrated by results reported
in Figure 8. Constitutive overexpression of SIRT1 in SH-SY5Y
cells (Figures 8a and b) efficiently increases SIRT1 activity
(Figure 8c) but is not able to protect cells from mutant SOD1
toxicity in terms of viability (Figure 8d), caspase-3 activation
(Figure 8e) and PARP cleavage (Figures 8f and g).

Discussion

The use of HDAC inhibitors has been repeatedly suggested
as a potential and attractive therapeutic approach for ALS
treatment. However, in our opinion, the results in the literature
and in this work should be pondered critically before any
clinical attempt.

This consideration arises from the following observations:
(1) The pattern of expression of the various HDAC isoforms

is not conserved between spinal cord and muscle of ALS
mice. This suggests that systemic administration of any
known modulator of these enzymes would have conflicting
outcomes in different tissues and possibly bring no benefit to
patients.

(2) Current knowledge of HDAC activity is still incomplete.
For instance, data in this work suggest that p53 is not a
molecular target of SIRT1 in neuronal cells, whereas it is
SIRT1 dependent in muscle cells, at least in culture conditions
where there is no neuron–muscle cross-talk. This implies that
HDAC targets may be different in different cell types or tissues
and may reflect a different role of these proteins in specific cell
types, where they may exert a protective role or contribute to
increase toxicity from the expression of G93A-SOD1. This is
in line with a recent report17 that tubulin is not a major target of
SIRT2 in the nervous system.

(3) Current knowledge of HDAC modulators is still
incomplete. Based on the observation that SIRT1 is down-
regulated during progression of the disease in spinal cords of
ALS mice, in this work we have focused on the possibility to
activate SIRT1 as a neuroprotective strategy.

SIRT1 mediates heterochromatin formation through dea-
cetylation of histones H1, H3 and H4,24,25 and is also involved
in the acetylation of nonhistone proteins, mainly transcription
factors or coactivators, including p53, FOXOs, PGC1a, p73,
BCL6 and others.26–28 Because of its ability to deacetylate a
variety of substrates, SIRT1 is considered an important
regulatory key in a broad range of physiological functions,
including tumorigenesis,29 metabolism,30 aging31 and
neurodegeneration.32–34
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We analyzed the effects of different activators/inhibitors on
SH-SY5Y cells infected with adenoviral vector coding for
G93A-SOD1. Unexpectedly, SIRT1 inhibitor Ex527 is the only
drug that is able to rescue the ALS phenotype in the neuronal
cells expressing the mutant protein. Ex527 was originally
described as a compound inhibiting the activity of SIRT1 in
nanomolar concentration (and SIRT2 at micromolar concen-
trations). However, SIRTinol, which similarly to Ex527
efficiently inhibits SIRT1 activity, and AGK2, which inhibits
SIRT2 activity, have no positive effect in this model.
Furthermore, the beneficial effect of Ex527 seems to be
independent of the known SIRT1 pathway in these cells
and overexpression of SIRT1 per se does not counteract

mutant SOD1 toxicity. Interestingly, SRT1720 efficiently
increases SIRT1 activity without affecting basal viability or
modulating SOD1 toxicity. This supports that SIRT1 is not a
pro-survival protein in the ALS context.

Finally, Ex527 efficiently stimulates p53 acetylation in
muscle cells where SIRT1 is increased by mutant SOD1
expression whereas it has no effect on the same target in
neuronal cells (Figure 7).

Overall, these data suggest that SIRT1 inhibitor Ex527 has
other, previously unappreciated and possibly tissue-specific
properties that should be further investigated. Understanding
the mechanisms underlying the neuroprotective effects of
Ex527 on neurons may offer new perspective to develop
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Figure 4 Protein expression patterns of HDAC5, HDAC11, SIRT1 and SIRT2 in differentiated human SH-SY5Y neuroblastoma cells. SH-SY5Y cells were uninfected (Ctrl)
or infected with adenoviral vectors coding for wild-type SOD1 (Wt) or G93A-SOD1 (G93A). (a) Western blot analysis of 20mg of cell lysate using antibodies against HDAC5,
HDAC11, SIRT1, SIRT2, p53-Ac and Ac-tubulin. b-Actin was used as loading control, SOD1 as infection control, and P-53 and tubulin to monitor the acetylation rate.
(b) Densitometric analysis of n¼ 3 experiments as in (a). Values significantly different from relative controls are indicated with **,##Po0.01. (c and d) Western blot analysis to
detect PGC1a and p53 acetylation, respectively, in the immunoprecipitate with anti Ac-lysine antibody. In the lower panel, 5% of input is shown. (e) Immunolocalization of
HDAC5, HDAC11, SIRT1 and SIRT2. Panels show typical images observed in n¼ 3 independent experiments. Scale bar: 5mm
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innovative strategies for treating ALS and neurodegenerative
disorders.

Materials and Methods
Antibodies and reagents. The antibodies used in this study are:
anti-HDAC1, anti-HDAC2, anti-SIRT2 and anti-PGC1 rabbit polyclonal (Santa
Cruz Biotechnology, Dallas, TX, USA); anti-HDAC3, anti-HDAC6 and anti-lamin B
goat polyclonal (Santa Cruz Biotechnology); anti-HDAC4 mouse polyclonal (Santa
Cruz Biotechnology); anti-HDAC5 and anti-HDAC11 rabbit polyclonal (Abcam,
Cambridge, UK); anti-HDAC7 rabbit polyclonal (Novus Biologicals, Littleton, CO,
USA); anti-HDAC8 and anti-HDAC9 mouse monoclonal (Novus Biologicals); anti-
HDAC10 rabbit polyclonal (Millipore, Burlington, MA, USA); anti-SIRT1 (mouse
specific), anti-acetylated-lysine, anti-cleaved-PARP, anti-ERK1/2 and anti-Phos-
pho-ERK1/2 rabbit polyclonal (Cell Signaling Technology, Beverly, MA, USA); anti-
SIRT1 clone 10E4 mouse monoclonal (Millipore); anti-SIRT1 rabbit polyclonal
(Millipore); anti-acetyl-p53 rabbit monoclonal (Millipore); anti-p53 mouse mono-
clonal (Abcam); anti-tubulin, anti-acetyl-tubulin and anti-b-actin mouse monoclonal
(Sigma-Aldrich, St. Louis, MO, USA); anti-SOD1 rabbit polyclonal (Enzo Life
Science, Plymouth Meeting, PA, USA); anti-rabbit, anti-mouse and anti-goat
peroxidase-conjugated secondary antibody (Amersham, Pittsburgh, PA, USA);
and anti-rabbit, anti-mouse FITC or Cy3-conjugated secondary antibody
(Sigma-Aldrich). All antibodies were used at the dilution recommended by the
manufacturer’s instructions.

AGK2, Ex527, Sirtinol, SRT1720 and SL327 were from Tocris Bioscience
(Bristol, UK); all of them were resuspended in an appropriate volume of DMSO and
kept stored at � 801C before use.

All reagents used, unless otherwise specified, were from Sigma-Aldrich.
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SIRT1 and SIRT2. SOD1 was used to control genotype, b-actin as loading control.
(b) Densitometric analysis of n¼ 3 experiments as in (a). Values significantly different
from relative controls are indicated with **Po0.01; n.s. indicates values that do not
differ significantly
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Figure 6 Effect of SIRT1 and SIRT2 modulation in differentiated SH-SY5Y cells. (a) SIRT1 activity was measured by a fluorometric assay on 40mg of total protein extract
from either uninfected (Ctrl) and cells infected with adenoviral vectors coding for Wt-SOD1 (Wt) and G93A-SOD1 (G93A) treated with one of the following: 15mM AGK2, 3mM
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experiments is given. Values significantly different from the relative controls are indicated with *Po0.05 with respect to Ctrl and ##Po0.01 with respect to DMSO-treated cells
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Animals. All animal procedures have been performed according to the
European Guidelines for the use of animals in research (86/609/CEE) and
the requirements of Italian and French laws (D.L. 116/92, Directive 2010/63/EU).
The ethical procedure has been approved by the Animal welfare office,
Department of Public Health and Veterinary, Nutrition and Food Safety, General
Management of Animal Care and Veterinary Drugs of the Italian Ministry of Health
(Application number 32/08 of 7 July 2008; Approval number 744 of 9 January
2009) and the regional ethics committee CREMEAS 35 (approval number
AL/01/20/12). All the experiments were performed by authorized investigators.

All animals have been raised and crossed in the indoor animal house in a 12 h
light/dark cycle in a virus/antigen-free facility with controlled temperature and
humidity and have been provided with water and food ad libitum.

G93A-SOD1 mice B6.Cg-Tg(SOD1 G93A)1Gur/J were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA) and were on C57BL/6J background. In
our animal house, these mice have an onset of disease at 113±6 days (determined
as previously described35) and survival of 156±8 days.

G86R-SOD1 mice were initially obtained from Jon W Gordon (NewYork, NY, USA).
In our animal house, these mice have an onset of disease at 90±4 days and
survival of 108±5 days.

Mice compared in this study were all littermates and housed together to minimize
environmental factors. Mice were genotyped using PCR protocols from
The Jackson Laboratory or as previously described.36 At the indicated time, mice
were anesthetized with 40þ 5 mg/kg ketamine–xylazine, killed and dissected for
the different experiments. All efforts were made to minimize suffering.

For the staging of the disease of transgenic mice we relied on previous studies
from our laboratories.5,35,37

Cell culture, adenoviral infection and plasmid transfection.
Human neuroblastoma cells (SH-SY5Y, from European Collection of Cell Cultures,
Salisbury, UK) and murine myoblasts (C2C12, either untransfected or transfected
for the inducible expression of G93A-SOD1, a kind gift of Dr A Musarò) were
grown in DMEM-Glutamax (Invitrogen, Carlsbad, CA, USA) supplemented with
10% FCS (Invitrogen) at 371C in an atmosphere of 5% CO2 in air.

Where specified, SH-SY5Y cells were subjected to a differentiation protocol as
previously described.38 Briefly, cells plated at the density of 25� 103 cells/cm2 were
washed with PBS and differentiated in DMEM-Glutamax supplemented with 1% N-2
(Invitrogen) without serum by the addition of 10 mM retinoic acid for 3 days, after
which with 100 ng/ml brain-derived neurotrophic factor was added to the medium
and cells were kept for 3 more days in culture.

Myogenic differentiation of C2C12 cells at B80% cell confluence was obtained
by substituting the medium with fresh medium supplemented with 2% horse serum
(EuroClone, Milan, Italy) to induce expression of mutant SOD1 under the myosin
heavy chain promoter.39,40

Construction of recombinant adenoviruses expressing Wt-SOD1 as well as
G93A-SOD1 was carried out in a previous work.37 Infection of SH-SY5Y cells was
carried out for 1 h in OPTIMEM (Invitrogen); after removal of the virus, cells were
subjected to the differentiation protocol and grown for the indicated period of times
before being used for further experimental manipulations.
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Human cDNA coding for SIRT1 (accession number AF083106) was cloned by
reverse transcription-PCR from human SH-SY5Y neuroblastoma cell cDNA using the
forward primer 50-AAAAAGCTTATGGCGGACGAGGCGGCC-30 and the reverse
primer 50- TTTCTCGAGCTATGATTTGTTTGATGGATAG-30. The resulting PCR

fragment was inserted into HindIII/XhoI restriction sites of pcDNA3 (Invitrogen). Plasmid
construction was verified by automated sequencing. Transfection for either transient or
stable expression of SIRT1 was obtained with Lipofectamine Plus reagent (Invitrogen)
according to the manufacturer’s instructions.
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For stable expression, after selection with 400mg/ml G418 (Gibco BRL, Grand
Island, NY, USA), B25 clones were isolated independently and analyzed in
western blot with anti-SIRT1 antibodies. Three clones were chosen for equivalent
expression of SIRT1 proteins and used for further analysis. All the clones analyzed
gave consistent results and data from one clone are shown.

Conditions for treatments with Sirtuins modulators are given in the Figure
legends. All drugs were added to the culture medium starting from infection/
differentiation protocol and were maintained in all medium changes. Medium with or
without experimental drugs was replaced every 3 days.

RNA extraction, reverse transcription and RT-PCR. Total RNA was
extracted from spinal cord and muscle of transgenic mice and their nontransgenic
littermates at different stages of disease using TRIzol reagent (Invitrogen). The
SuperScript III First-Strand reverse transcription system (Invitrogen) was used to
synthesize cDNA, with 1 mg of total RNA and random hexamers, according to the
manufacturer’s instructions. Appropriate negative controls were included (without
reverse transcriptase) to determine the presence of genomic DNA contamination.
Samples with genomic contamination were treated with DNase I, Amp Grade
(Invitrogen) following the manufacturer’s instructions.

RT-PCR analysis was performed on custom-designed plates from Roche (Hilden,
Germany). Each well contained primers (see Table 1) and probes (UPL (Universal
Probe Library) probe) specific for the genes of interest (all canonical HDACs and SIRT1
and SIRT2) designed to pair up within regions to be amplified. Each test was performed
in duplicate. As a control for the efficiency of reverse transcription and RNA quality,
some wells were prepared with specific oligonucleotides designed to amplify the 30, 50

and central regions of the template; in order to exclude genomic contamination,
untranscribed RNA samples were loaded in two wells as negative controls. As
housekeeping genes we chose b-actin and glucose-6-phosphate dehydrogenase
(G6pdx); both were used for normalization of each sample through the dedicated
software (see below). Finally, two wells contained the specific reagents for the human
SOD1 in order to have a further control of mice genotype. RT-PCR was performed on
G93A-SOD1, G86R-SOD1 and the corresponding nontransgenic control littermate
mice. The plates were sealed with a sheet of adhesive plastic and the reaction was
carried out in the thermal cycler LightCycler 480 (Roche).

Data analysis was made using LightCycler 480 SW1.5 software (Roche) and the
subsequent analysis to make a comparison of different plates was made using
LightCycler 480 Multiple Plate Analysis software (Roche).

Tissue homogenates and cell lysis. Total tissue homogenates were
obtained by mechanical dissociation using a Teflon manual homogenizer for 30 s
in ice in RIPA buffer (50 mM Tris-HCl, pH 8.0, 1% Triton X-100, 0.25%
Na-deoxycholate, 0.1% SDS, 250 mM NaCl, 5 mM EDTA and 5 mM MgCl2)
containing a 1 : 1000 dilution of protease inhibitor cocktail (Sigma-Aldrich). For
tibialis anterior homogenates, samples had been previously incubated for 30 min in
0.25% Trypsin/EDTA (Invitrogen) at 371C.

Cell lysates were obtained by resuspending pelleted cells in RIPA buffer.
A clear supernatant was obtained by centrifugation of tissue homogenates or cell

lysates at 17 000� g for 10 min and protein content was determined using the
Bradford protein assay (Bio-Rad, Hercules, CA, USA). Nuclear and cytosolic

fractions from spinal cord were obtained using a low-salt buffer (10 mM Hepes, pH
7.4, 42 mM KCl, 5 mM MgCl2, 0.5% CHAPS, 1 mM DTT, 1 mM PMSF and 1 mg/ml
leupeptin) to homogenate samples; homogenates were then centrifugated at
2000� g for 10 min, supernatants were collected and analyzed as cytosolic
fractions in western blot with antibodies anti-SOD1, whereas pellets were lysed in
high-salt buffer (50 mM Tris-HCl, pH 7.5, 400 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.5% Nonidet-P40, 10% glycerol, 2 mM DTT, 1 mM PMSF, protease inhibitor
cocktail (Sigma-Aldrich)) for 30 min on ice. Nuclear lysates were then centrifuged at
20 000� g, supernatants were collected and analyzed in western blot with
antibodies anti-lamin B.

Immunoblot analysis. Protein samples were resolved on SDS-polyacryla-
mide gels and transferred to Hybond-P PVDF membranes (Amersham). Membranes
were blocked for 1 h in TBS, 0.1% Tween 20 and 5% non-fat dry milk, followed by
an overnight incubation with primary antibodies (see Materials and Methods) diluted
in the same buffer. After washing with 0.1% Tween in Tris-buffered saline, the
membrane was incubated with peroxidase-conjugated secondary antibody for 1 h,
and then washed and developed using the ECL chemiluminescent detection system
(Roche). Densitometric analyses were performed using ImageJ software program
(National Institutes of Health, Bethesda, MD, USA; http://imagej.nih.gov/ij/) and
normalized against the signal obtained by reprobing the membranes with mouse
anti-b-actin or anti-tubulin. The apparent molecular weight of proteins
was determined by calibrating the blots with prestained molecular weight markers
(Bio-Rad Laboratories, Richmond, CA, USA).

Immunofluorescence analysis. Cell cultures were grown on poly-L-lysine-
coated glass slides, fixed in 4% paraformaldehyde for 10 min at room temperature,
subsequently permeabilized with 0.1% Triton X-100 for 8 min and washed in PBS.
Cells were blocked for 30 min in 2% horse serum in PBS and incubated for 1 h at
371C with primary antibodies followed by fluorescein- or Cy3-conjugated secondary
antibodies. After rinsing in PBS, cells were counterstained with 1mg/ml Hoechst 33342
and examined with a Zeiss LSM 510 Confocal Laser Scanning Microscope.
Fluorescence images were processed using ZEN 2009 (Carl Zeiss, Milan, Italy) and
Adobe Photoshop software (Adobe, San Jose, CA, USA).

Immunoprecipitation. Cell lysis was performed in RIPA buffer as described
above, protein content was determined using Bradford protein assay (Bio-Rad)
and 500mg of lysates were incubated at 41C for 2 h with a rabbit polyclonal anti-
acetyl-lysine antibody diluted 1 : 100. The immunocomplexes were collected by
binding to protein A-Agarose beads (Roche), followed by three washes with lysis
buffer and then directly resuspended in Laemmli sample buffer 1� .

Biochemical assays. Caspase 3 activity was measured with a TruePoint
Caspase 3 assay kit (PerkinElmer, Waltham, MA, USA), according to the
manufacturer’s instructions. Cell viability was assessed by a colorimetric assay
using the 3(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay (CellTiter 96 Aqueous One Solution Assay, Promega,
Madison, WI, USA) according to the manufacturer’s instructions. Absorbance at
490 nm was measured in a multilabel counter (Victor3-V, PerkinElmer).

Table 1 List of primers and probes used for Real Time PCR

Target Forward primer (50–30) Reverse primer (50–30) UPL probe number

Mm|Hdac1 TGGTCTCTACCGAAAAATGGAG TCATCACTGTGGTACTTGGTCA 73
Mm|Hdac2 AAAGGAGCAAAGAAGGCTAGG GTCCTTGGATTTGTCTTCTTCC 94
Mm|Hdac3 TTCAACGTGGGTGATGACTG TTAGCTGTGTTGCTCCTTGC 32
Mm|Hdac4 CACACCTCTTGGAGGGTACAA AGCCCATCAGCTGTTTTGTC 53
Mm|Hdac5 GAGTCCAGTGCTGGTTACAAAA TACACCTGGAGGGGCTGTAA 105
Mm|Hdac6 CGCTGTGTGTCCTTTCAGG CAGATCAATGTATTCCAGGCTGT 17
Mm|Hdac7 CCATGGGGGATCCTGAGT GCAAACTCTCGGGCAATG 71
Mm|Hdac8 GGTGATGAGGACCATCCAGA TCCTATAGCTGCTGCATAGTCAA 5
Mm|Hdac9 TTGCACACAGATGGAGTGG GGCCCATAGGAACCTCTGAT 32
Mm|Hdac10 TTCCAGGATGAGGATCTTGC ACATCCAATGTTGCTGCTGT 60
Mm|Hdac11 GACGTGCTGGAGGGAGAC AAAACCACTTCATCCCTCTTCA 26
Mm|Sirt1 TCGTGGAGACATTTTTAATCAGG GCTTCATGATGGCAAGTGG 104
Mm|Sirt2 CAAGGAAAAGACAGGCCAGA GCCTTCTTGGAGTCAAAATCC 10
Mm|Actb AAGGCCAACCGTGAAAAGAT GTGGTACGACCAGAGGCATAC 56
Mm|G6pdx CAGCGGCAACTAAACTCAGA TTCCCTCAGGATCCCACAC 53
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The activity of SIRT1 was measured using the SIRT1 Fluorescent Activity Assay Kit
(Enzo Life Science) according to the manufacturer’s instructions using a fluorescent
emission at 460 nm with excitation at 360 nm.

Statistical analysis. All data are expressed as means±S.D. of nZ3
independent experiments. One-way analysis of variance (ANOVA) followed by
Student’s t-test was used for statistical evaluations. Values significantly different
from the relative control are indicated with an asterisk, and values significantly
different from another group are indicated with a hash. The level of significance
was chosen as Po0.05.
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