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Histone Deacetylase 6 Inhibition Compensates for the
Transport Deficit in Huntington’s Disease by Increasing

Tubulin Acetylation
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A defect in microtubule (MT)-based transport contributes to the neuronal toxicity observed in Huntington’s disease (HD). Histone
deacetylase (HDAC) inhibitors show neuroprotective effects in this devastating neurodegenerative disorder. We report here that HDAC
inhibitors, including trichostatin A (TSA), increase vesicular transport of brain-derived neurotrophic factor (BDNF) by inhibiting
HDACS, thereby increasing acetylation at lysine 40 of a-tubulin. MT acetylation in vitro and in cells causes the recruitment of the
molecular motors dynein and kinesin-1 to MTs. In neurons, acetylation at lysine 40 of a-tubulin increases the flux of vesicles and the
subsequent release of BDNF. We show that tubulin acetylation is reduced in HD brains and that TSA compensates for the transport- and
release-defect phenotypes that are observed in disease. Our findings reveal that HDAC6 inhibition and acetylation at lysine 40 of
a-tubulin may be therapeutic targets of interest in disorders such as HD in which intracellular transport is altered.
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Introduction

Huntington’s disease (HD), a devastating neurodegenerative dis-
order characterized by cognitive and motor deficits, is caused by
an abnormal polyglutamine (polyQ) expansion in the
N-terminal part of the huntingtin protein (htt) (MacDonald et
al., 2003). Recent studies have identified an altered microtubule
(MT)-dependent transport of organelles in HD (Gunawardena et
al., 2003; Szebenyi et al., 2003; Gauthier et al., 2004; Lee et al.,
2004; Trushina et al., 2004). Using fast three-dimensional (3D)
videomicroscopy and biochemical approaches, we previously
demonstrated that htt associates with molecular motors and ac-
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tivates the MT-dependent transport of vesicles containing brain-
derived neurotrophic factor (BDNF) (Gauthier et al., 2004).
Wild-type (WT) htt enhances the velocity of the vesicles and
reduces the amount of time they spend not moving (pausing
time). In HD, in which the htt contains the polyQ expansion, the
intracellular transport of BDNF-containing vesicles is altered,
resulting in reduced trophic support of neurons and their death.
We reasoned that it should be possible to use fast 3D videomi-
croscopy to screen for compounds able to restore intracellular
transport.

Currently, there is no treatment available for HD patients,
although several studies in yeast, Drosophila, mammalian cells,
and mice have identified compounds of therapeutic interest.
Among these compounds are histone deacetylase (HDAC) inhib-
itors such as suberoylanilide hydroxamic acid (SAHA) and tri-
chostatin A (TSA), which have shown neuroprotective effects by
inhibiting the HDACI1 enzyme (Butler and Bates, 2006). These
drugs are not specific for a given HDAC and act on other HDACs,
such as HDAC6 (Haggarty et al., 2003). Unlike other HDACs,
HDACS is a cytoplasmic enzyme that interacts with and deacety-
lates M T's in vitro and in vivo (Hubbert et al., 2002; Matsuyama et
al., 2002; Zhang et al., 2003). Acetylation is associated with stable
MTs, although this relationship is not clear-cut. Some studies
have shown that acetylation enhances MT stability (Hubbert
et al., 2002; Matsuyama et al., 2002), whereas others have
suggested that acetylation occurs only on stable and not dy-
namic MTs, but the acetylation itself does not stabilize MTs
(Haggarty et al., 2003).
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Interestingly, a recent report indicates that a-tubulin acetyla-
tion at lysine 40 of Tetrahymena thermophila enhances the re-
cruitment of the molecular motor kinesin-1 to MTs and pro-
motes anterograde transport of the kinesin-1 cargo JNK (c-Jun
N-terminal kinase)-interacting protein (JIP1) in differentiated
neuronal cells (Reed et al., 2006), suggesting a possible link be-
tween HDACS6 inhibition and the stimulation of MT-dependent
trafficking of vesicles. Given that MT-dependent vesicular trans-
port is altered in HD and that HDAC inhibitors show a neuro-
protective effect, we tested whether MT acetylation could regu-
late vesicular transport and compensate for the observed
transport deficit in HD. We report that HDAC inhibitors that
selectively enhance tubulin but not histone acetylation lead to the
stimulation of MT-dependent transport of BDNF and prevent
the alteration observed in HD mutant cells. We show that this
effect is specific to HDAC6 inhibition and to the acetylation of
a-tubulin at lysine 40. We demonstrate in vitro that purified cy-
toplasmic dynein and recombinant kinesin-1 bind more effec-
tively to acetylated MTs. Enhancing MT acetylation leads to the
recruitment of molecular motors kinesin-1 and cytoplasmic dy-
nein to MTs thereby stimulating anterograde and retrograde
transport. We show that this increased transport leads to the
enhancement of the anterograde flux of vesicles and the subse-
quent release of BDNF in the normal and pathological condi-
tions. Our data provide strong evidence for a functional role of
MT acetylation on vesicular transport. Furthermore, we identify
drugs that could restore the transport deficit in HD.

Materials and Methods

Statistical analyses. Statview 4.5 software (SAS Institute, Cary, NC) was
used for statistical analyses. All data herein described were performed in
duplicate or triplicate. Data are expressed as means * SEM. Statistical
analyses may be found in the supplemental material (available at
WWW.jneurosci.org).

DNA constructs. Constructs encoding BDNF, BDNF-enhanced green
fluorescent protein (eGFP), end-binding protein 3 (EB3)-eGFP,
HDACS, inactive HDAC6 (HDAC6m1lm?2), mCherry-a-tubulin, htt-
480-17Q, and htt-480-68Q, were described previously (Haubensak et
al., 1998; Saudou et al., 1998; Seigneurin-Berny et al., 2001; Stepanova et
al,, 2003; Shaner et al., 2004). The mCherry-c-tubulin lysine 40 to ala-
nine mutation (K40A) construct with the mutation at the acetylation site
was generated by QuikChange site-directed mutagenesis (Stratagene, La
Jolla, CA) using the WT mCherry-a-tubulin plasmid as a nonmutated
parental template and complementary oligonucleotides containing the
desired mutation (5'-GATGCCAAGTGACGCGACAATTGGGGGAG-
GAG-3").

Antibodies. The polyclonal antibodies used were the following: anti-
detyrosinated tubulin (AB3201; Millipore, Bedford, MA), anti-
tyrosinated tubulin (Amersham Biosciences, Piscataway, NJ), anti-GFP
(Millipore), anti-HDAC6 (Seigneurin-Berny et al., 2001), anti-histone
H3, and anti-acetylated histone H3 (Cell Signaling, Boston, MA). The
monoclonal antibodies used were the following: anti-htt (2166), anti-
kinesin heavy chain (KHC; clone H2), and anti-dynein intermediate
chain (DIC; clone 74.1; Millipore); anti-a-tubulin (clone DM1A), anti-
a-tubulin (clone DM1A)-FITC conjugated antibodies, anti-acetylated
tubulin, anti-B-tubulin cyanine 3 (Cy3)-conjugated antibodies (Sigma,
St. Louis, MO); anti—plSOGl“Ed, anti-EB1, anti-KIF3A (BD Bioscience,
San Jose, CA); and anti-KHC (SUK4; Covance Research Products, Berke-
ley, CA) (Ingold et al., 1988). The monoclonal antibody anti-acetylated
a-tubulin (Zymed, San Francisco, CA) was conjugated to Alexa Fluor
488 using the Alexa Fluor monoclonal antibody labeling kit (Invitrogen,
Eugene, OR). Anti-mouse and anti-rabbit secondary antibodies conju-
gated to Alexa Fluor 488, Alexa Fluor 555, and Alexa Fluor 647 were
purchased from Invitrogen. Anti-mouse and anti-rabbit secondary anti-
bodies conjugated to HRP were purchased from Jackson Immuno-
Research (West Grove, PA).
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Cytoplasmic dynein purification. Cytoplasmic dynein from bovine
brain tissue was purified and isolated from dynactin as described previ-
ously (Bingham et al., 1998), except that the homogenization buffer in-
cluded 45 nm okadaic acid. The purified dynein was diluted in 45%
glycerol and stored at —20°C. Absence of any significant contamination
from dynactin was established through SDS-PAGE and Western
blotting.

Cell culture, transfection, and drug treatments. Mouse striatal cells de-
rived from WT htt (WT striatal cells, +/+) mice and from Hdh?'%
knock-in (109Q/109Q) mice, HEK293 cells, Cos7 cells, and primary cor-
tical neurons were prepared and cultured as described previously (Xia et
al., 1996; Trettel et al., 2000; Humbert et al., 2002; Gauthier et al., 2004).
HEK293 cells were transfected by the calcium phosphate technique. Pri-
mary cortical neurons were transfected as described previously (Xia et al.,
1996) or electroporated with the rat neuron Nucleofector kit according
to the supplier’s manual (Amaxa Biosystems, Cologne, Germany). Fors-
kolin (10 mm; Sigma) and IBMX (100 wMm; Sigma) were added to the
culture 5 h after transfection. Neuronal cells were transfected for 4 h with
small interfering RNA (siRNA) htt or the corresponding scrambled RNA
(19 nucleotides of RNA plus TT) 1 d before BDNF-eGFP transfection.
The siRNA sequence targeting mouse htt (siRNA-htt) corresponds to the
coding regions 185-206 (GenBank accession number XM 132009). The
siRNA sequence targeting mouse or rat KIF5B (kinesin-1) corresponds
to the coding region 1215-1233 (GenBank accession number XM
341638). The siRNA sequence targeting human KIF3A (kinesin-2) cor-
responds to the coding region 1633-1651 (accession number XM
007054). The scrambled RNA htt have the same nucleotide composition
as the siRNA-htt but lack a significant sequence homology to any other
gene (Gauthier et al., 2004). Transfected or untransfected cells were
treated with various HDAC inhibitors: TSA (100 nm, 1 uM, or 5 uM for
cell biology and biochemistry, respectively; Sigma), SAHA (2 um; Coger,
Paris, France), MS-275 (HDACI inhibitor; 3 uwm; Alexis Biochemicals,
Lausen, Switzerland), or tubacin (6 um) (Haggarty et al., 2003) for 4 h;
sodium phenylbutyrate (NaPB; 10 mm; Alexis Biochemicals) for 4 or
16 h; and taxol (100 nwm; Sigma) for 1 h. Treatment with DMSO (Sigma)
was used as a control.

Cell extracts, immunoblotting experiments, and MT preparation. Cells
were lysed 1-4 h after drug treatment with 1% Triton lysis buffer (160
mu NaCl, 50 mm HEPES, 2.5 mm MgCl,, 1.5 mm CaCl,, 2.5 mm KCl, and
1% Triton X-100, pH 7.4, containing 1 mm PMSF, 2 ug/ml aprotinin, 2
pg/ml leupeptin, 2 ug/ml pepstatin). The extracts were sonicated and
centrifuged at 11,000 X g (15 min; 4°C). Proteins (1-20 pg) were loaded
onto SDS-PAGE and subjected to Western blot analysis.

MTs were depolymerized on ice for 15 min, and the reaction was
centrifuged at 10,000 X g for 15 min at 4°C as described previously
(Goldstein et al., 1986). MTs in the supernatant (S) were polymerized at
33°C for 30 min by addition of GTP (1 mM final) and taxol (20 u™ final;
Sigma). Polymerized MTs were pelleted by centrifugation at 10,000 X g
for 45 min. After centrifugation, 1 ul of 2% SDS buffer was added to the
S, and the pellet (P) was resuspended in 1% SDS buffer, heated 5 min at
100°C, and sonicated before loading. The same volume of each fraction
was analyzed by Western blot.

Brain tissues. Tissues (striatum) were obtained from the Harvard Brain
Tissue Resource Center (HBTRC; Belmont, MA): three controls (sam-
ples 1-3), one HD grade 3 (HD3; sample 4) patient, and one HD grade 4
(HD4; sample 5) patient. Striatal postmortem samples correspond, re-
spectively, to brain numbers 4741, 4744, 4751, 4797, 4640 as numbered
by the HBTRC. Samples were homogenized in NP-40 lysis buffer and
cleared by centrifugation at 6000 X g (15 min; 4°C). Western blot analysis
was performed on 30 ng (acetylated a-tubulin) or 1 ug (total tubulin) of
total extracts.

BDNF immunoenzyme assays. BDNF assays were performed on corti-
cal neurons 48 h after electroporation with BDNF and WT or polyQ-htt
constructs. To measure transport-dependent release, cells were depolar-
ized (treatment for 20 min with DMEM containing high K™ (30 mm
CaCl,, 30 mm NaCl, 28 mm KCl), treated 30 min with DMEM, washed,
and depolarized again (second depolarization, K2). For TSA treatment,
cells were maintained in TSA (1 uMm) during all of the steps. The amount
of BDNF was measured in S fractions and cell lysates using the BDNF
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Emax Immunoassay System (Promega, Charbonnieres, France) as de-
scribed previously (Gauthier et al., 2004).

MT binding assays. Three micrograms of purified tubulin (Cytoskele-
ton, Denver, CO) were polymerized in PEM buffer (100 mwm PIPES, pH
6.7, 1 mm EGTA, 1 mm MgCl,) in the presence of 200 uM taxol (Sigma)
and 1 mm GTP (Sigma) for 30 min at 37°C. MTs were pelleted at 20,000 X
g for 30 min, resuspended in PEM buffer containing 20 um taxol, 1 mm
GTP, and 50 mm NaCl, and then sheared with a 25 ga needle (Ligon et al.,
2006). MT's were acetylated in vitro by addition of 1% anhydride acetic
acid (AA) for 10 min at 37°C (Piperno and Fuller, 1985). Acetylated and
unacetylated MTs were then incubated with either 50 ng of recombinant
kinesin (Cytoskeleton) or 30 ng dynein for 10 min at 37°C in the presence
of 50 um AMP-PNP (5’-adenyly-limidodiphosphate). MTs were finally
pelleted onto a 12 mm coverslip precoated with poly-p-lysine (BD Bio-
science) at 27,000 X g for 15 min (Evans et al., 1985), fixed, and visualized
by immunofluorescence.

MTs containing the WT mCherry-a-tubulin or K40A construct were
purified by two successive rounds of depolymerization/repolymerization
from transfected and TSA-treated (1 um) HEK293 cells as described for
MT preparation, except that all of the procedures were performed in the
presence of 5 um TSA to maintain MT acetylation and 10 mm ATP to
remove endogenous motors. MTs were resuspended in PEM buffer, po-
lymerized, incubated with recombinant motors, and pelleted as de-
scribed above. mCherry-a-tubulin was visualized using the anti-GFP
antibody. Absence of binding of endogenous kinesin-1 and cytoplasmic
dynein on polymerized MTs was verified by immunostaining.

Immunofluorescence experiments. Neurons and cells were grown on
glass coverslips, transfected with various constructs of HDAC6 or of
mCherry-a-tubulin, and fixed in anhydrous methanol at —20°C for 5
min and incubated with anti-tubulin, anti-acetylated-tubulin, anti-
HDACS, or anti-acetylated histone H3 antibodies. To visualize molecu-
lar motors along MTs, the cell fixation protocol was adapted from
Vaughan et al. (1999). Briefly, cells were incubated for 1 min in PBS at
room temperature and fixed in anhydrous methanol at —20°C for 5 min
and incubated with anti-DIC, anti-KHC, and anti-p150 ¢'“*? antibodies.
In the case of double labeling with two mouse monoclonal antibodies,
cells were first fixed and incubated with the primary antibodies anti-
kinesin, anti-DIC, or anti-p150 Glued o ntibodies, then cells were washed
with 0.1% PBS/BSA and incubated with the anti-mouse secondary anti-
bodies conjugated with Alexa Fluor 488 and 555. Cells then underwent a
second fixation (anhydrous methanol at —20°C for 5 min) and were
incubated with FITC-conjugated anti-a-tubulin or Cy3-conjugated
anti-B-tubulin antibodies. For in vitro experiments, pelleted MTs were
fixed with either 4% paraformaldehyde in PHEM buffer for 20 min or
anhydrous —20°C methanol for 5 min and incubated, respectively, with
anti-KHC or anti-DIC antibodies. Pictures were captured with a 3D
deconvolution imaging system as described previously (Gauthier et al.,
2004).

Videomicroscopy experiments. Videomicroscopy experiments were
done 2-3 d after transfection. The cells were cotransfected with BDNF-
eGFP and various constructs of HDAC6, mCherry-a-tubulin, or the
corresponding empty vectors with a DNA ratio of 1:4 and treated as
described above. Live videomicroscopy was performed using an imaging
system detailed previously (Gauthier et al., 2004). Cells were grown on a
glass coverslip that was mounted in a Ludin chamber. The microscope
and the chamber were kept at 33°C for striatal cells and 37°C for neurons
and Cos7 cells. Stacks of 11 images with a Z step of 0.3 um were acquired
with a 100X PlanApo numerical aperture 1.4 oil immersion objective
coupled to a piezo device. Images were collected in stream mode using a
CoolSnap HQ camera (Roper Scientific, Trenton, NJ) set at 2 X 2 bin-
ning with an exposure time of 50—150 ms (frequency of 2 s). All stacks
were treated by automatic batch deconvolution using the point spread
function of the optical system. All dynamic parameters of intracellular
transport are from data that were typically obtained for each condition
from two to three independent transfections with a total of ~2000—8000
measures in 11-40 independent cells.

Image processing and data analyses. For videomicroscopy experiments,
projections, animations, and analyses (tracking and colocalizations)
were generated using Image] software (written by W. Rasband at the
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National Institutes of Health and available at http://rsb.info.nih.gov/ij/).
Dynamics were characterized by tracking positions of eGFP vesicles in
cells as a function of time with an especially developed plug-in (http://
rsb.info.nih.gov/ij/plugins/track/track.html). During tracking, the Car-
tesian coordinates of the centers of vesicles were used to calculate dy-
namic parameters (velocity, pausing time, directionality). The threshold
for null displacement corresponds to one pixel over the time interval (i.e.,
129 nm/2 s = 4 pum/min). For two-color videomicroscopy, an additional
midplane on the z-axis was captured in the red channel for every stack
completed in the GFP channel. Time projections were generated as fol-
lows. After binarization and erosion of the deconvolved images, a
composite-projected merge of the 31 frames of the experiment was next
generated by continuously substracting the previous frame, thus display-
ing only the differences between adjacent frames. This time projection
allows one to visualize the paths followed by vesicles over the recording
time (1 min) (Toomre et al., 1999).

The flux in one direction ® ;. was calculated by expressing, for each
neuron, the summed individual-traveled distances in this direction d,,
multiplied by the mean of velocity in the same direction vy;,, divided by
the number of vesicles moving in this direction ng4;,, according to the
following:

Sid; X Vg
o Mgix

The quantification of the portion of MT-associated proteins (MAPs)
signal associated to MTs, was achieved by creating a binary mask from
the MT image. First, a Gaussian filter with a five-pixel radius was used to
smooth the original image. To get rid of the uneven background, a 3D
top-hat filter was then applied, usinga 5 X 5 X 2 pixel kernel. The MT
image was further binarized using the overall minimum gray level value
of the full stack as a threshold. M T gray level value was set to one, whereas
the surrounding background pixels were set to zero to obtain the mask
image. Finally, the mask was dilated by 5 X 5 pixels to ensure the retrieval
of all of the dots of the MAPs associated to MTs in the remainder of the
process. The image of MAP signal on MTs was obtained by multiplying
the latter and the MAP image. The resultant image was then subtracted to
the original MAP image to retrieve the image of the MAP signal excluded
from the MTs. Quantifications were expressed as the quotient of the
overall MAP signal associated to the MTs and the overall MAP signal. All
processes were automated using macros written for ImageJ extended by a
homemade plug-in for 3D top-hat filtering (all homemade Image]J plug-
ins are available on request at fabrice.cordelieres@curie.u-psud.fr).

Linescan analyses. MT intensity profiles were obtained using MT pro-
filer, a homemade plug-in to the open-source software Image]. A defined
rectangular region of interest was placed around the MT, one of the
shortest-bound touching the MT plus tip. The connected maximum
intensity path was retrieved in 3D, starting from the tip. Fluorescence
signal was then quantified along this path. For quantification of motor
recruitment on MT and in vitro experiments, results were expressed as
the density of fluorescence (sum of motor intensity along the path di-
vided by the length of MT) and were normalized to control. Ten single
MTs per cell (10 cells) were chosen randomly for quantification.

Results

TSA and SAHA increase BDNF intracellular transport and
compensate for the trafficking deficit in HD

To test the hypothesis that HDAC inhibitors may regulate vesic-
ular transport, we analyzed the dynamics of BDNF-containing
vesicles using fast 3D videomicroscopy followed by deconvolu-
tion (Gauthier et al., 2004). Indeed, the control of intracellular
dynamics of BDNF-containing vesicles is of particular impor-
tance in HD. BDNF is actively transported in corticostriatal-
projecting neurons and released in the striatum (Altar et al.,
1997) where it acts as a prosurvival factor for the striatal neurons
that are particularly vulnerable in HD (Saudou et al., 1998; Ba-
quetetal., 2004). The cellular localization, processing, and secre-
tion of mature BDNF-eGFP are indistinguishable from those of
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Figure1. TSAand SAHA stimulate vesicular transport of BDNF and rescue transport defectin HD Cells. A, B, WT (+/+) and 109Q/109Q cells transfected with BDNF-eGFP were treated for 4 h with

DMSO0 (0.1%, CT), TSA (1 pum), or SAHA (2 wm) and analyzed by videomicroscopy. A, The displacement of BDNF vesicles is reduced in 109Q/109Q compared with +/+ cells as shown by 3D
reconstruction of the first time point (Ty), time projection of moving structures over the 1 min experiment, and visualization of 10 paths followed by individual vesicles (Tracks). The altered BDNF
transportin 109Q/109Q cells (CT) is restored by treating cells with TSA. B, Analysis of the distribution of vesicular velocities shows a marked increase in the number of vesicles that have a low velocity
in 109Q/109Q cells compared with +/+ cells. The distribution of velocities in TSA-treated 109Q/109Q cells is similar to the distribution in +/+ cells. Filled bars correspond to nonmoving and
low-moving vesicles, and open bars correspond to high-speed moving vesicles. (~E, WT (+/+) and 109Q/109Q cells transfected with BONF-eGFP were treated for 4 h with DMSO (0.1%, control,
(T), TSA (1 um), SAHA (2 um), or NaPB (10 mm) and analyzed by videomicroscopy. Dynamics were quantified by the use of three parameters: the mean velocity of vesicles (€), their pausing time (D),
and the percentage of static vesicles (E). Dashed lines correspond to the control values. N.S., Not significant. *p << 0.05; **p < 0.01; ***p < 0.001.

endogenous BDNF (Haubensak et al., 1998; Hartmann et al.,
2001; Kohara et al., 2001).

We investigated the effect of HDAC inhibition in the normal
and the HD pathological situations by using cell lines derived
from striatal precursor cells of knock-in mice in which a CAG
expansion was inserted into the endogenous mouse htt gene
(Trettel etal., 2000). These cell lines carry either two copies of WT
htt (WT striatal cells, +/+) or two copies of mutant htt (homozy-
gous HD mutant cells, 109Q/109Q). We transfected WT and HD
mutant cells with BDNF-eGFP and monitored the movement of
BDNF-containing vesicles by acquiring 3D time-series images
(Fig. 1 A). Individual vesicles were then tracked by measuring the
x, ¥, and z coordinates of the vesicles over time. Visualization of
the paths of 10 individual vesicles randomly selected in WT and
109Q/109Q cells revealed a significant reduction in the displace-
ment of BDNF vesicles in the HD situation (Fig. 1A). As reported
previously (Gauthier et al., 2004), analysis of velocity distribution
demonstrated a significant loss of rapidly moving vesicles in HD
mutant cells compared with WT cells [32.7% for control (CT)
+/+ vs 15.5% for CT 109Q/109Q] (Fig. 1B). We next treated
cells with TSA and found that TSA treatment increased the per-
centage of high-velocity vesicles in the WT cells and restored the
distribution of velocities in 109Q/109Q cells (40.8% for TSA
+/+ vs 32.7% for CT +/+ and 33.6% for TSA 109Q/109Q vs

15.5% for CT 109Q/109Q) (Fig. 1 A,B) (supplemental videos 1-3,
available at www.jneurosci.org as supplemental material) back to
that of the WT situation, indicating that TSA rescues the alter-
ation of transport in HD cells. We next determined the mean
vesicle velocity of moving vesicles between two pauses and the
percentage of pausing time of vesicles (time spent by the vesicles
without moving). These two parameters are particularly relevant
to reflect changes in transport efficiency. In 109Q/109Q cells, the
velocity and the pausing time of BDNF vesicles were significantly
different than those of +/+ cells (Fig. 1C,D). TSA treatment
rescued vesicular transport by significantly increasing the veloc-
ity and decreasing the pausing time of BDNF-containing vesicles.
We also analyzed the movement of all of the vesicles that are
present in cells by calculating the mean percentage of colocaliza-
tion of vesicles between two successive time points (Manders et
al,, 1992). A high level of colocalization indicates that vesicles are
not moving (static vesicles). The percentage of static vesicles was
significantly reduced by TSA treatment both in +/+ and 109Q/
109Q cells (Fig. 1E). Finally, TSA treatment did not obviously
modify the distribution of BDNF relative to intracellular markers
of the secretory pathway, excluding the possibility that BDNF
could be transferred to other types of organelles having different
dynamics (data not shown). Together, these results demonstrate
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Figure 2.  TSA stimulates vesicular transport of BDNF through an htt-independent mecha-
nism. WT (+/+) cells were transfected with BDNF-eGFP and siRNA directed against mouse htt
(siHtt) or scramble RNA (scRNA) 1 d before BDNF-eGFP transfection. A, Total extracts were
analyzed by Western blot for htt and cc-tubulin levels. B, C, Cells were treated for 4 h with DMSO
(0.1%, CT) or TSA (1 wm) and analyzed by videomicroscopy. Dynamics were quantified by the
use of the mean velocity of vesicles per cell (B) and their pausing time (C). Dashed lines corre-
spond to the control values. N.S., Not significant. *p << 0.05; **p << 0.01; ***p < 0.001.

that TSA stimulates transport of BDNF and rescues the intracel-
lular transport defect in HD mutant cells.

We next analyzed the effects of other HDAC inhibitors, such
as SAHA and NaPB, on BDNF vesicular dynamics (Fig. 1C-E).
Whereas TSA and SAHA significantly increased BDNF transport
in +/+ and 109Q/109Q cells, NaPB had no significant effect.
Statistical analyses revealed that TSA and SAHA stimulated trans-
port of BDNF and rescued the intracellular transport defect in
HD mutant cells to a similar extent (supplemental material, avail-
able at www.jneurosci.org).

The stimulatory effect of SAHA and TSA on transport is
independent of htt

It has been demonstrated previously by us and other groups that
WT htt directly regulates transport. Indeed, increasing htt levels
through its overexpression increases transport efficiency,
whereas reducing the levels through RNA interference (RNAi)
reduces transport efficiency (Gunawardena et al., 2003; Gauthier
et al., 2004). To analyze whether TSA and SAHA could act di-
rectly on htt to promote vesicular trafficking, we studied the ef-
fect of these drugs in cells containing low levels of htt (Fig. 2).
Striatal +/+ cells were transfected with BDNF-eGFP and either
siRNA directed against htt or the corresponding scrambled RNA.
As expected, cells with reduced htt levels (Fig. 2A) showed re-
duced BDNF vesicle velocity and increased pausing time com-
pared with cells transfected with control RNA (Fig. 2 B, C). How-
ever, TSA (and SAHA; data not shown) increased BDNF vesicular
transport to similar extents in both conditions, showing that the
enhanced BDNF transport induced by these drugs does not de-
pend on htt (Fig. 2 B,C). Thus, TSA and SAHA stimulate BDNF
trafficking through an htt-independent mechanism.

SAHA and TSA increase tubulin acetylation

Although HDACs have been widely described to control the acet-
ylation state of histones acting as transcription activators or re-
pressors (Taddei et al., 2005), they also deacetylate cytoplasmic
proteins including tubulin (Hubbert et al., 2002; Matsuyama et
al., 2002; Zhang et al., 2003). Because BDNF transport is MT
dependent (Gauthier et al., 2004), we assessed the acetylation
state of a-tubulin in our assay. We treated striatal +/+ cells with
TSA, SAHA, and NaPB and used immunofluorescence to analyze
the acetylation state of a-tubulin (Fig. 3A). We used histone H3
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as a control. The three HDAC inhibitors increased the levels of
acetylation of histone H3. However, only TSA and SAHA affected
tubulin acetylation. We obtained the same results from immuno-
blotting extracts of treated WT cells: SAHA and TSA increased
histone H3 and tubulin acetylation, whereas even after 16 h of
treatment, NaPB increased only the acetylation of histone H3,
not the acetylation of a-tubulin (Fig. 3B). In conclusion, these
results indicate that only those HDAC inhibitors that increase
tubulin acetylation also increase BDNF transport, suggesting that
tubulin acetylation may play a role in the regulation of intracel-
lular transport.

TSA increases BDNF intracellular transport and tubulin
acetylation through an HDAC6-dependent mechanism
HDAGC:s are divided into three subfamilies: class I, II, and III
(Drummond et al., 2005). TSA and SAHA inhibit class I and II
HDAC:s, whereas NaPB only inhibits class I HDACs. Therefore,
TSA and SAHA may affect transport through a class II protein. Of
the class I HDACs, HDACS is unique, being located only in the
cytoplasm and having a tubulin deacetylase activity (Hubbert et
al., 2002; Matsuyama et al., 2002; Zhang et al., 2003). TSA may
thus affect transport specifically through HDAC6 inhibition.
Therefore, we analyzed by immunofluorescence (Fig. 3C) and
immunoblotting (Fig. 3D) the effects on WT cells of two HDAC
inhibitors, tubacin and MS-275, which specifically inhibit
HDACG6 and HDACI, respectively (Haggarty et al., 2003; Hu et
al., 2003). Tubacin and MS-275 had opposite effects: tubacin
increased the acetylation of tubulin but not of histone H3,
whereas MS-275 increased the acetylation of histone H3 but not
of tubulin. These results in striatal cells are consistent with pre-
vious studies in NIH 3T3 cells (Haggarty et al., 2003), demon-
strating that HDAC6 preferentially deacetylates tubulin over hi-
stone H3. We next analyzed the effect of tubacin and MS-275 on
BDNF transport. We found that tubacin increased the velocity of
BDNE vesicles (Fig. 3E) and reduced their pausing time (Fig. 3F),
whereas MS-275 had no effect. We conclude that tubacin, which
is a specific inhibitor of HDACS, preferentially increases tubulin
acetylation and stimulates intracellular transport.

To further demonstrate the involvement of HDACS in the
TSA-mediated effect on transport, we overexpressed WT
HDAC6 (HDAC6WT) or HDAC6mIm2, an HDAC6 mutant
having no deacetylase activity (Seigneurin-Berny et al., 2001), in
striatal cells. We next treated the cells with TSA and analyzed by
immunofluorescence the level of acetylation of a-tubulin in
transfected and untransfected cells. A threshold concentration of
100 nM of TSA was sufficient to enhance significantly the acety-
lation of a-tubulin (Fig. 3G) and to stimulate vesicular transport
(Fig. 3H,I). As described previously (Matsuyama et al., 2002),
overexpression of HDAC6WT, but not of HDAC6m1m?2, inhib-
ited the acetylation of MTs that is induced by TSA. This also
demonstrates that tubulin acetylation induced by TSA is because
of the inhibition of the deacetylase activity of HDACS6. In agree-
ment, only high concentrations of TSA are able to overcome the
effect of increased HDACS activity to induce tubulin acetylation
in the HDAC6WT-overexpressing cells (data not shown; Mat-
suyama et al., 2002). We then compared the dynamics of BDNF
vesicles between HDACO6WT and HDAC6mlm?2 transfected
cells. Strikingly, we found that the stimulatory effect of TSA on
BDNF transport was lost in cells expressing HDAC6WT (Fig.
3H,I). However, in cells overexpressing the mnonactive
HDAC6m1m2 mutant, the TSA-induced increase in BDNF ves-
icle velocity and decrease in pausing time were not affected com-
pared with untransfected cells. Together, these results show that
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TSA and SAHA acetylate MTs and stimulate vesicular transport of BDNF through an HDAC6-dependent mechanism. A, B, WT (+/+) cells were treated for 4 h with DMSO (0.1%, control,

(T), TSA (1 jum), SAHA (2 um), and NaPB [10 mw (4, B, left) or for 16 h (B, right)] and analyzed by immunofluorescence () or Western blot (B) for the presence of acetylated tubulin, c-tubulin,
acetylated histone H3, and histone H3. ¢, WT (+/+) cells were treated for 4 h with DMSO (0.1%, CT), tubacin (6 wm), and MS-275 (3 uum) and stained for a-tubulin, acetylated histone H3,
and acetylated tubulin. D, Extracts from WT cells treated for 4 h with DMSO (0.1%, CT), MS-275 (3 um), or tubacin (6 M) were processed by Western blot and analyzed for acetylated tubulin,
a-tubulin, acetylated histone H3, and histone H3. E, F, WT (+/+) cells transfected with BDNF-eGFP were treated as in D and analyzed by videomicroscopy. G, Untransfected cells and cells
transfected with HDACGWT or HDAC6m1m2 were treated with DMSO (0.1%, CT) and TSA (100 nm) for 4 h and immunostained with anti-HDAC6 and anti-acetylated tubulin antibodies. HDAC6WT or
HDAC6m1m2 transfected cells are labeled with an asterisk. H, I, Striatal cells were cotransfected with BDNF-eGFP and with HDAC6WT, HDAC6m1m2, or the corresponding empty vector (pcDNA3),
treated with DMSO (0.1%, CT) and TSA (100 nw) for 4 h, and analyzed by videomicroscopy. Dashed lines correspond to the control values. N.S., Not significant. *p << 0.05; **p << 0.01; ***p << 0.001.

TSA-induced activation of BDNF transport is mediated, at least
in part, through the inhibition of HDAC6 deacetylase activity.

Tubulin acetylation correlates with enhanced transport but
not with MT stability

We next considered how TSA, HDACS6 inhibition, and the sub-
sequent increased acetylation of tubulin could contribute to in-
creased intracellular transport. Acetylation has been associated
with stable MTs. Therefore, we first analyzed the effect of TSA
and tubacin on MT growth in striatal cells using M T EB3 coupled
to eGFP. EB3 is a neuron-specific “plus-end” binding protein of

the EB1 family, whose dynamics reflect the plus-end MT poly-
merization rate (Stepanova et al., 2003). As a positive control, we
used taxol, a potent stimulator of MT stabilization. Low concen-
trations of taxol reduced the MT polymerization rate (supple-
mental Fig. 1A, available at www.jneurosci.org as supplemental
material). However, neither TSA nor tubacin significantly af-
fected the MT polymerization rate, suggesting that acetylation
has no detectable effect on polymerization. Also, TSA had no
effect on the localization of endogenous EB1 (supplemental Fig.
2 A, available at www.jneurosci.org as supplemental material).
Because these approaches give only an indirect value of MT po-
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Table 1. Effect of HDAC inhibition on microtubule dynamics and stability
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treatment, suggesting that MT acetylation

Polymerizationrate ~ Depolymerizationrate  (atastrophe

has little or no effect on MT dynamics.
Finally, we also assessed by immuno-

Rescue
frequency (min~—")

(em/min) (m/min) frequency (min ")
WT (T(n=T11) 13.536 = 0.776 13.448 = 0.811 2.77 = 0.134
TSA (n = 48) 12.108 = 0.862 11.776 = 0.86 2.935 £ 0.138
K40A  (T(n=106)  12.224 £ 0.522 14.819 *+ 1.027 2.937 = 0.115

fluorescence and immunoblotting analy-

2.726 = 0.136 . S
2,898 + 0138 ses the levels of tubulin detyrosination.
2.779 + 0.12 Detyrosination occurs after MT assembly

MT dynamics are not affected by acetylation. MT dynamic parameters in Cos7 cells transfected with WT mCherry-ce-tubulin or mCherry-ce-tubulin K40A and

treated or not with TSA (1 ) were determined by tracking the MT tips.

and is considered a marker of MT stability
(Westermann and Weber, 2003). We
found that unlike taxol, TSA and tubacin

A B c D E did not affect tubulin detyrosination (sup-
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Figure 4.

kinesin (KHC) from the MT tips in CT (blue) and after TSA (1 wm; red) treatment.

lymerization, we aimed to analyze the effect of increased tubulin
acetylation on other MT dynamic parameters. We used Cos7 cells
because these cells contain all of the machinery required for tu-
bulin acetylation and, in contrast to neuronal cells, have a large
and flattened cytoplasm as well as a low density of MTs. These
cells were transfected with mCherry-a-tubulin (Shaner et al.,
2004) and treated or not with TSA. Monitoring the dynamics of
mCherry-a-tubulin in transfected cells allowed the analysis of the
polymerization and depolymerization of MTs at a single MT level
as well as the determination of rescue and catastrophe frequen-
cies. These parameters are defined as the transitions between de-
polymerization and repolymerization phases (rescue) and be-
tween repolymerization and depolymerization phases
(catastrophe). We tracked MT tips and found that the rates of MT
polymerization and depolymerization were not affected by the
presence of TSA (Table 1). Also, we observed no significant dif-
ferences in the rescue and catastrophe frequencies after TSA

ol
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Inhibition of tubulin deacetylation increases the recruitment of motor complex proteins on MTs. A-C, WT (+/+)
cells were transfected with BDNF-eGFP and siRNA directed against scramble RNA (scRNA), kinesin 2 (siKin2), or kinesin 1 (siKin1)
1 d before BDNF-eGFP transfection. A, Total extracts were analyzed by Western blot for kinesin-1 (KHC), kinesin-2 (KIF3A), and
a-tubulin. B, €, Cells were analyzed by videomicroscopy. Dynamics were quantified by the use of the mean velocity of vesicles per
cell (B) and their pausing time (€). D, MT polymerization experiments were performed from WT cells treated for 4 h with DMSO
(0.5%, control, CT) or TSA (5 um), and analyzed for the presence of kinesin (KHC), dynactin (p150 "), dynein (DIC), htt,
acetylated tubulin, and a-tubulin in S and P fractions using whole-cell extract (WCE). E, Quantitative assessment of the optical
density of kinesin (KHC), dynactin (p150 ), dynein (DIC) expressed as (S/MT P)ys/(S/MT P) ratios. Results were normalized
to 1.*p < 0.05; ***p < 0.001. F, WT (+/+) cells were treated for 4 h with DMSO (0.1%, CT) or TSA (1 um), fixed, and stained
for tyrosinated tubulin (green) and dynein (DIG; red) or kinesin (KHC; red). Insets correspond, respectively, to a 1.5 and 3 X
enlargement of the black and white and colorimages. G, Representative linescan analyses of the distributions of dynein (DIC) and

oy, taxol had no significant effect on vesicle
velocity and pausing time (supplemental
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1 | Fig. 1 D, E, available at www.jneurosci.org

o370 hd as supplemental material). Together, these
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complexes to MTs

We have shown previously that BDNF
transport is under the control of the
retrograde dynein/dynactin complex
(Gauthier et al., 2004). However, the mo-
lecular motor leading to anterograde
transport of BDNF vesicles is unknown.
Recent studies have suggested an associa-
tion between kinesin-1 and HAP1 (Hun-
tingtin-associated protein 1) (McGuire et
al., 2006). Using an RNAi approach, we
tested the effect of lowering the levels of
kinesin-1 and -2 on BDNF trafficking. We
found that BDNF transport was reduced in cells treated with
siRNA directed against kinesin-1 but not in cells treated with
siRNA directed against kinesin-2 (Fig. 4 A—C). This suggests that
the BDNF vesicular transport depends on the anterograde motor
kinesin-1 but not on kinesin-2. Our findings are in agreement
with the involvement of conventional kinesin-1 in the antero-
grade transport of the BDNF receptor TrkB (Yano and Chao,
2004) and with the recent study showing the importance of kine-
sin-1 in the in vivo transport of BDNF in retinal cells (Butowt and
von Bartheld, 2007).

Given that acetylation of MTs, and not their stabilization,
correlates with increased transport and the observation that the
MT-based transport of BDNF involves the dynein/dynactin
(Gauthier et al., 2004) and kinesin-1 motor complexes, led us to
hypothesize that MT acetylation could regulate the binding of
these motor complexes to MTs. Therefore, we analyzed the asso-
ciation of dynein/dynactin and kinesin-1 to MTs under TSA
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treatment using biochemical approaches.
MTs from striatal +/+ cells treated or not
with TSA were depolymerized and centri-
fuged to isolate the soluble fraction con-
taining free tubulin and soluble proteins
(Fig. 4 D). This fraction was subjected to a
subsequent polymerization and sedimen-
tation. We obtained two fractions: the sol-
uble proteins in the S and the polymerized
MTs and MAPs in the P. Under TSA treat-
ment, we observed a statistically signifi-
cant increase in the association of KHC,
p150 ™ dynactin subunit, and DIC to
MTs (Fig. 4D, E).

We next analyzed by immunofluores-
cence the distribution of DIC and KHC on
tyrosinated MTs in the absence or pres-
ence of TSA (Fig. 4 F). As expected, we ob-
served that KHC was associated with
punctate structures along the MTs and
that the levels of DIC were higher at the
plus ends of polymerizing MTs. When WT
cells were treated with TSA, the recruit-
ment of these proteins to MTs was clearly
increased (Fig. 4 F, insets). Notably, we ob-
served an increased association of these
motor proteins along the entire length of
the MTs. In support, we also observed an
increased recruitment of the p150©ued
subunit of dynactin (supplemental Fig.
2 A, available at www.jneurosci.org as sup-
plemental material). In contrast, the local-
ization and intensity of EB1, an MT poly-
merizing plus-end tracking protein, was
not affected by TSA treatment. We quan-
tified the recruitment of the motor pro-
teins to MTs by creating a binary mask
from the MT image. Analysis of >30 cells
(three independent experiments) per condition revealed a statis-
tically significant increase in the association of DIC, KHC, and
p150 ™ but not EBI to the MTs (DIC: 122.0% with respect to
CT, unpaired t test, t,,, = —2.757, p = 0.008; KHC: 131.6% with
respect to CT, unpaired ¢ test, t,5) = —3.311, p = 0.0014) (sup-
plemental Fig. 2 A, available at www.jneurosci.org as supplemen-
tal material).

As an anti-tyrosinated tubulin antibody stains dynamic MTs,
we further confirmed the increased binding of DIC, KHC, and
p150 ™4 to the total pool of MTs using an anti-a-tubulin anti-
body. We quantified the recruitment of the proteins to the MTs
by performing 3D linescan analyses on individual MTs. Single
MTs were identified using a-tubulin staining, and a line follow-
ing the MT structure was generated automatically using an Im-
age] plug-in (Fig. 4G). The level of recruitment was expressed as
the pixel intensity over the MT length and normalized to control.
Again, data from two independent experiments revealed a statis-
tically significant increase in the recruitment of DIC, kinesin, and
p150"*? but not EB1 (DIC: 153.2% with respect to CT, un-
paired ¢ test, t(;5,) = —3.226, p = 0.0015; KHC: 231.0% with
respect to CT, unpaired ¢ test, t,,) = —4.022, p < 0.0001) (sup-
plemental Fig. 2 B, available at www.jneurosci.org as supplemen-
tal material). Interestingly, analysis of individual linescans reveals
an increase in binding along the entire length of the MTs (Fig.
4G). Altogether, our results show that increasing tubulin acetyla-
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In vitro binding of molecular motors to MTs is enhanced

by acetylation

To investigate whether the increased recruitment of cytoplasmic
dynein and kinesin-1 depends directly on the acetylation of MTs,
we tested the in vitro binding of purified motor components di-
rectly on polymerized MTs. Purified tubulin was polymerized
into MTs that were next chemically acetylated using AA as de-
scribed previously (Piperno and Fuller, 1985). Acetylated MTs
were pelleted onto coverslips and analyzed by immunostaining.
We found that AA treatment induced acetylation at lysine 40 of
a-tubulin and had no obvious effect on the length of the MTs or
on the level of their detyrosination (supplemental Fig. 3, available
at www.jneurosci.org as supplemental material).

Having created a system for the acetylation of MTs in vitro, we
assessed the binding of kinesin-1 and cytoplasmic dynein to these
acetylated M Ts, using methods described previously (Ligon et al.,
2006). For kinesin-1, we used a recombinant protein that corre-
sponds to the human KHC motor domain and binds effectively
to MTs (Wada et al., 2000). To assess the binding of dynein to
MTs, we purified cytoplasmic dynein from bovine brain tissue
(Bingham et al., 1998). Absence of any significant contamination
from dynactin was established through SDS-PAGE and Western
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blotting (data not shown). Polymerized MTs were chemically
acetylated and incubated with either recombinant KHC or puri-
fied dynein and pelleted onto coverslips. Consistent with previ-
ous studies (Wada et al., 2000; Mallik et al., 2005), we observed in
the control condition a binding of KHC and dynein (Fig. 5). We
next determined the binding of both KHC and cytoplasmic dy-
nein after tubulin acetylation and observed a marked increase in
the recruitment of motors to the acetylated MTs. We quantified
the fluorescence intensity of molecular motors along MTs by
performing linescan analyses on 60-150 individual MTs. The
increase in the binding of KHC and dynein to acetylated MTs was
statistically significant (data from two independent experiments;
KHC: 262.5% with respect to CT, unpaired t test, ,34) = —3.394,
p = 0.0009; DIC: 358.8% with respect to CT, unpaired ¢ test,
te7y = —3.923, p = 0.0002). We conclude that tubulin acetyla-
tion leads to the direct recruitment of the molecular motors cy-
toplasmic dynein and kinesin-1 on MTs.

Mutation of the acetylation site in tubulin inhibits acetylation
and reduces recruitment of motor complex proteins and
BDNF transport

To unequivocally establish that MT acetylation promotes the at-
tachment of motor complex proteins to MTs and subsequently
the efficiency of transport, we generated a K40A mutant in
mCherry-a-tubulin because mutation of this lysine of a-tubulin
in T. thermophila and in Chlamydomonas reinhardtii results in
decreased acetylation of tubulin (Kozminski et al., 1993; Gaertig
etal., 1995). This mCherry-a-tubulin K40A mutant was correctly
incorporated into the MTs as shown by immunofluorescence
(Fig. 6A), and videomicroscopy experiments did not reveal any
differences in the MT dynamics parameters compared with the
WT mCherry-a-tubulin (Table 1). However, the ability of this
mutant to be acetylated after TSA treatment was lost compared

mCherry
“a-dubilin

Endogenous
alubulin |
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Tubulin acetylation at lysine 40 regulates intracellular transport. A, WT (+/+) cells transfected with WT mCherry-
a-tubulin or with mCherry-a-tubulin K40A were treated with DMSO (0.1%, control, CT) or TSA (1 ) for 4 h, fixed, and
immunostained for acetylated tubulin. B, HEK 293 cells were transfected and treated as in A and analyzed by immunoblotting for
acetylated- and total-ce-tubulin. €, D, WT (+/+) cells were cotransfected with BDNF-eGFP and with WT mCherry-ce-tubulin or
with mCherry-a-tubulin K40A, treated with DMSO (0.1%, CT) or TSA (1 wm) for 4 h, and analyzed by videomicroscopy. Dashed
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with the WT mCherry-a-tubulin as dem-
onstrated by immunofluorescence (Fig.
6A) and Western blotting analyses (Fig.
6B). We next analyzed the consequences
of the K40A mutation on the dynamics of
BDNF vesicles by performing two-color
3D videomicroscopy on striatal cells trans-
fected with BDNF-eGFP and with the WT
or the K40A form of mCherry-a-tubulin
(Fig. 6C,D) (supplemental videos 4-7,
available at www.jneurosci.org as supple-
mental material). In control conditions in
which cells show a low level of acetylation,
we observed a small reduction of BDNF
transport in cells expressing the mCherry-
a-tubulin  K40A construct. However,
whereas TSA significantly increased BDNF
transport in 'WT mCherry-a-tubulin-
expressing cells, the ability of TSA to in-
crease BDNF transport was lost in
mCherry-a-tubulin K40A-expressing cells
showing that the stimulatory effect of TSA
requires acetylation of tubulin at lysine 40
(supplemental videos 4-7, available at
www.jneurosci.org as  supplemental
material).

Because TSA treatment increases the
association of dynein/dynactin and
kinesin-1 to MTs, we determined in vitro
the recruitment of motors to MTs that
contain either an intact lysine 40 or a lysine mutated into an
alanine. We transfected HEK293 cells with WT mCherry-a-
tubulin or K40A constructs, treated the cells with TSA (1 um),
and then purified the MTs by two successive rounds of depoly-
merization/polymerization in the presence of TSA and high ATP
concentration. These conditions led to the removal of most, if not
all, motors from the MTs (data not shown). The purified MT
fraction was next repolymerized, incubated with either recombi-
nant KHC or purified dynein, and analyzed as above except that
quantifications were expressed as a kinesin (or dynein) intensity/
mCherry-a-tubulin intensity/MT length ratio. Quantification of
motors on MTs revealed a statistically significant reduction in the
binding of both KHC and dynein when lysine 40 was mutated
(data from two independent experiments; KHC: 35.8% with re-
spect to wild type, unpaired ¢ test, t,,) = 5.214, p << 0.0001;
dynein: 33.7% with respect to wild type, unpaired ¢ test, (5, =
5.416, p < 0.0001). Altogether, our in vitro experiments demon-
strate that MT acetylation on lysine 40 increases motor recruit-
ment to MTs.

WT K404
CT TSA CT TSA

acatylated tubulir
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MT acetylation is altered in HD patients and is enhanced by
TSA in neurons

To assess the physiological relevance of our findings to HD, we
determined the level of tubulin acetylation in postmortem striatal
samples from grade 3 and 4 HD patients. Strikingly, we found a
dramatic decrease in the level of acetylated-a-tubulin in HD pa-
tients compared with control individuals (Fig. 7A). The total lev-
els of a-tubulin were not changed, further demonstrating a spe-
cific decrease of tubulin acetylation in HD.

We next tested whether HDAC inhibitors are able to increase
acetylation levels in cortical neurons. Indeed, postmitotic differ-
entiated neurons have stable MTs and a high level of acetylation.
However, TSA treatment still led to a significant increase in the
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acetylation of MTs as confirmed both by
immunostaining approaches and by im-
munoblotting analyses (Fig. 7B,C). TSA
had a similar capacity to induce MT acet-
ylation in neurons as in other cell types
such as Cos7 cells and WT or mutant stri-
atal cells (supplemental Fig. 4A, available
at www.jneurosci.org as supplemental ma-
terial). We also analyzed the effect of TSA
on the distribution of BDNF-eGFP vesi-
cles in cortical neurons and found, as for
striatal cells, no significant changes in the
localization of BDNF vesicles (supplemen-
tal Fig. 4 B, available at www.jneurosci.org
as supplemental material).

Acetylation at Lys40 of tubulin enhances
bidirectional transport in

cortical neurons

We next investigated the effect of lysine 40
mutation on both MT acetylation and
transport in neurons. Whereas TSA treat-
ment led to a significant increase of tubu-
lin acetylation when neurons express the
WT mCherry-a-tubulin, TSA was unable
to induce acetylation in neurons that ex-
press mCherry-a-tubulin K40A (Fig. 7D).
We then analyzed anterograde and retro-
grade transport of BDNF-eGFP in neurites
of cortical neurons, because we observed
that TSA induced the recruitment to MTs
of both anterograde and retrograde mo-
tors in vitro and in cells. TSA treatment
significantly increased intracellular trans-
port of vesicles in both directions to the
same extent (Fig. 7E, F). Additional anal-
yses revealed that none of the transport
values were significantly affected by
the overexpression of WT mCherry-a-
tubulin (data not shown). Strikingly, we
found that the capacity of TSA to increase
transport in either direction was lost when
a-tubulin cannot be acetylated at lysine 40
(Fig. 7E,F).

We next determined the net flux of
BDNF vesicles in both anterograde and
retrograde directions. We found that MT
acetylation at lysine 40 induced a signifi-
cant increase in the net flux in both direc-
tions. This effect was abolished when
a-tubulin cannot be acetylated at lysine 40
(Fig. 7G). Together, we conclude that TSA
mediates its stimulatory effect on BDNF
transport in neurons through the acetyla-
tion of a-tubulin at lysine 40.

MT acetylation in neurons promotes
release of BDNF in HD
To analyze the physiological consequences

of an increased transport in primary neurons, we electroporated
primary cultures of cortical neurons with constructs encoding
BDNF and N-terminal fragments of htt that contain the first 480
amino acids with 17Q or 68Q and determined the capacity of
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Figure 7.  Tubulin acetylation at lysine 40 stimulates bidirectional transport and rescues BDNF release in HD. A, Acetylated
tubulinlevels are decreased in the brain of HD patients. Protein extracts are prepared from whole striatum of CT (samples 1-3) and
HD individuals (HD grade 3, sample 4; HD grade 4, sample 5) and analyzed by immunoblotting for acetylated and total ce-tubulin.
B, C, Cortical neurons were treated with DMSO (0.1%, CT) or TSA (1 wm) for 4 h and analyzed by immunofluorescence (B) and
immunoblotting (C) for the presence of acetylated tubulin. D, Cortical neurons were transfected with WT mCherry-c-tubulin or
mCherry-a-tubulin K40A, treated for 4 h with DMSO (0.1%, CT) or TSA (1 ), and analyzed by immunofluorescence for the
presence of mCherry-a-tubulin (red) and acetylated tubulin (green). E, F, Cortical neurons were cotransfected with BDNF-eGFP
and either WT mCherry-ce-tubulin or mCherry-c-tubulin K40A, treated for 4 h with DMSO (0.1%, CT) or TSA (1 ), and
anterograde and retrograde vesicular movements in neurites were analyzed by videomicroscopy. Dotted lines correspond to the
control values. G, TSA treatment increases anterograde and retrograde flux in a lysine 40-dependent manner. H, Cortical neurons
were electroporated with BDNF and either htt-480 —17Q or htt-480 — 68Q and treated for 4 h with DMSO (0.1%, CT) or TSA (1 um).
Transport-dependent BDNF release after a second KCl-induced depolarization is expressed as a K2/lysate ratio. N.S., Not signifi-
a@nt. *p < 0.05; *p < 0.01; ***p < 0.001.

neurons to release BDNF when treated with TSA. The 480
N-terminal fragment of htt is as efficient as the full-length htt in
promoting intracellular transport (data not shown). We first de-
polarized neurons to release the pool of vesicles present at the
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membrane and performed a K2 30 min after the first one to
release the vesicles that had been transported to the plasma mem-
brane (Gauthier et al., 2004). The quantity of BDNF released
during the K2 normalized to the BDNF content in neuronal ly-
sates reflects transport-dependent release of BDNF. This value
was decreased when MTs are depolymerized (Gauthier et al.,
2004). As described previously (Gauthier et al., 2004), htt that
contains the polyQ expansion released a lower amount of BDNF
compared with WT htt (Fig. 7H). However, TSA induced a sta-
tistically significant increase in the release of BDNF in neurons
expressing either WT or polyQ htt. Our results show that by
acetylating MTs at lysine 40, TSA promotes axonal transport and
the release of BDNF from neurons. Furthermore, TSA is efficient
at restoring the disrupted BDNF transport and release in disease,
making it of therapeutic interest in HD.

Discussion
We demonstrate here that HDAC inhibitors increase MT-
dependent transport by the inhibition of HDAC6. This inhibition
leads to increased acetylation of lysine 40 of a-tubulin and the
subsequent recruitment of kinesin-1 and dynein/dynactin to the
more acetylated MTs. Our results are in agreement with a recent
study by Verhey et al. (Reed et al., 2006) that demonstrated a role
for the acetylation at Lys40 of a-tubulin in T. thermophila in the
regulation of kinesin-1 binding to MTs. a-Tubulin acetylation at
Lys40 was found to enhance kinesin-1 motility along MTs in
vitro. In cells, MT acetylation induced an increase in the transport
of JIP1. In particular, pharmacological inhibition of HDACS in
neurons led to the redirection of kinesin-1 transport of JIP1 to the
tips of the neurites. Our study shows that, in addition to the
recruitment of kinesin-1, MT acetylation also leads to the recruit-
ment of the retrograde motor dynein. Analysis of the dynamic
properties of BDNF-containing vesicles revealed that MT acety-
lation stimulates not only anterograde but also retrograde trans-
port, suggesting a general role for MT acetylation in the stimula-
tion of intracellular dynamics through the recruitment of both
anterograde and retrograde motors. A general role for MT acet-
ylation is also supported by the observations that not only trans-
port of cargo proteins such as JIP1 but also of BDNF-containing
vesicles is enhanced when MTs are acetylated. In support, we also
found that stimulation of vesicular transport was not restricted to
BDNF-containing vesicles as intracellular dynamics of lysosomes
and of VSV-G, a glycoprotein from the vesicular stomatitis virus,
which can be used to follow vesicular transport in the secretory
pathway, were also enhanced by TSA treatment (data not shown).
How does acetylated tubulin recruit molecular motors? Ac-
cording to cryoelectron microscopy and 3D reconstruction of
intact MTs, lysine 40 is located in the lumen of the MT (Nogales
et al,, 1998). The increased binding in vitro of dynein and
kinesin-1 to acetylated MTs (present study and Reed et al., 2006)
suggests that motors are directly recruited to acetylated MTs.
Therefore, one possible explanation for how acetylation could
lead to an increased binding of motor proteins is that acetylation
could change the conformation of MTs to a form with higher
affinity for motors. In agreement, several studies focusing on the
binding of kinesin-1 to MTs have demonstrated a change in the
conformations between plain MTs and MT-kinesin complexes,
suggesting that MTs might regulate intracellular transport
through modulations of their core structure (Krebs et al., 2004;
Skiniotis et al., 2004). A similar mechanism could occur for the
dynein/dynactin complex. In support, dynein and kinesin-1
share an overlapping binding site on MTs (Mizuno et al., 2004).
We show that HDAC inhibitors that enhance tubulin acetyla-
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tion compensate for the transport deficit in striatal cells that con-
tain a pathological polyQ expansion in the htt protein. In partic-
ular, using various parameters to assess intracellular transport
(mean velocity, pausing time, percentage of static vesicles, and
processivity), we show that treatment of HD cells with TSA and
SAHA almost completely restore BDNF transport values to the
control situation. Although the transport of mitochondria is not
altered in HD striatal cells (Gauthier et al., 2004), we observed
defects in the transport of small vesicles, such as lysosomes, sug-
gesting an impairment in the transport of other organelles than
BDNF in HD (data not shown). Interestingly, the beneficial effect
of HDACS inhibition is also not restricted to BDNF-containing
vesicles because TSA treatment enhances transport of lysosomes
and of secretory vesicles such as VSV-G-labeled organelles.
Therefore, HDAC6 inhibition, by acting on a wide population of
organelles whose transport is altered in disease, could have a
larger and more efficient therapeutic effect.

As shown in this study and by Verhey et al. (Reed et al., 2006),
this mechanism is relevant in neurons because HDAC6 inhibi-
tion in primary cultures of neurons results in an effective MT
acetylation and stimulates axonal transport. Indeed, tubacin
treatment of hippocampal neurons enhances anterograde trans-
port of JIP1 to the tips of neurites (Reed et al., 2006). We show
here that MT acetylation stimulates both anterograde and retro-
grade transport of BDNF-containing vesicles in the neurites of
cortical neurons. Finally, we found that TSA treatment leads to
BDNEF release in cortical neurons expressing polyQ htt. Together
with our previous observations demonstrating an impairment in
the axonal transport and subsequent release of BDNF vesicles in
cortical neurons expressing polyQ htt, this adds to the rationale
that HDACS6 inhibition could be an effective therapeutic strategy
in HD.

HDACG6 was reported previously to participate in the clear-
ance of misfolded ubiquitinated proteins in cells by promoting
dynein/retrograde dependent transport of such proteins to the
centrosome (Kawaguchi etal., 2003). PolyQ-containing proteins,
such as htt, also accumulate into aggregates of misfolded proteins
that are actively transported to the centrosome to be degraded by
the ubiquitin-proteasome system (UPS) or through autophagic
degradation when the UPS is impaired (Ravikumar et al., 2002;
Ciechanover and Brundin, 2003; Qin et al., 2003; Iwata et al.,
2005). Interestingly, efficient autophagic degradation of polyQ-
containing peptides is dependent on HDAC6, dynein, and MT-
dependent transport (Webb et al., 2004; Iwata et al., 2005; Ravi-
kumar et al., 2005). Here, we dissected the mechanism by which
tubulin acetylation enhances intracellular transport along MTs.
We believe this HDAC6-dependent mechanism to be distinct
from those involved in the clearance of misfolded aggregates for
several reasons. First, whereas this transport is a dynein/
retrograde-dependent transport to the centrosome, TSA stimu-
lates anterograde and retrograde transport. Second, we show that
HDACS6 inhibition increases transport both in WT cells and in
primary cultures of neurons. These experiments were performed
independently of the pathological context. Third, in experiments
using mutant cells that recapitulate the genetic situation observed
in HD patients, no microscopically visible aggregates could be
detected (data not shown). Finally, we show that HDAC6 inhibi-
tion rescues intracellular transport in the pathological situation.
These experiments are close to the physiological conditions be-
cause full length WT and mutant htt are present in striatal cells at
endogenous levels and do not involve the overexpression of short
polyQ-htt fragments that are highly susceptible to aggregate
formation.
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Inhibition of tubulin deacetylases other than HDAC6 could
also be of interest in an HD context. In particular, the NAD+-
dependent sirtuin 2 (SIRT2) HDAC shows some substrate pref-
erence for tubulin peptides compared with histone peptides, and
SIRT2 knockdown through siRNA results in tubulin hyperacety-
lation (North etal., 2003). It will be interesting, when available, to
test whether selective SIRT2 inhibitors are able to stimulate in-
tracellular transport.

HDAC inhibitors, such as SAHA, TSA, and NaPB, exhibit
neuroprotective effects by inhibiting the HDACI1 enzyme (Butler
and Bates, 2006). Here we show that some of these drugs could
also protect neurons in HD by promoting the intracellular trans-
port of BDNF through the inhibition of HDAC6 and subsequent
tubulin acetylation. Our results support the strategy of combin-
ing drugs that allow an effective inhibition of the enzymes of both
HDACI and HDACS6 families.

Our results validate the use of 3D fast videomicroscopy to
screen for compounds able to restore intracellular transport in
HD neurons. We show here that the increased acetylation of MTs
induced by HDACS inhibitors can act as a general mechanism to
regulate MT-based transport. Therefore, our finding may also
have implications for other neurodegenerative disorders, such as
Alzheimer’s disease (AD), in which intracellular transport is al-
tered (Kamal et al., 2001; Pigino et al., 2003; Stokin et al., 2005).
Indeed, the analysis of postmortem brain samples from AD pa-
tients revealed reduced a-tubulin acetylation in neurons with
neurofibrillary forms of tau (Hempen and Brion, 1996; Saragoni
et al., 2000).
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