° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

Published in final edited form as:
J Neurochem. 2008 September ; 106(5): 2119-2130. doi:10.1111/j.1471-4159.2008.05564.x.

Histone deacetylase 6 interacts with the microtubule-associated
protein tau

Huiping Ding?, Philip J. Dolan?, and Gail V. W. Johnson:2
1 Department of Cell Biology, University of Alabama at Birmingham, Birmingham, AL 35294, USA

2 Department of Anesthesiology, University of Rochester Medical Center, Rochester, NY 14642,
USA

Abstract

Histone deacetylase 6 (HDACS), a unique cytoplasmic deacetylase, likely plays a role in
neurodegeneration by coordinating cell responses to abnormal protein aggregation. Here we
provide in vitro and in vivo evidence that HDACSG interacts with tau, a microtubule-associated
protein that forms neurofibrillary tangles in Alzheimer’s disease (AD). This interaction is
mediated by microtubule binding domain on tau and SE14 domain on HDACG. Treatment with
tubacin, a selective inhibitor of tubulin deacetylation activity of HDACS, did not disrupt HDACS6-
tau interaction. Nonetheless tubacin treatment attenuated site-specific tau phosphorylation, as did
shRNA-mediated knockdown of HDACG. Proteasome inhibition potentiated HDAC6-tau
interaction and facilitated the concentration and co-localization of HDACS6 and tau in a perinuclear
aggresome-like compartment independent of HDACG tubulin deacetylase activity. Furthermore,
we observed that in AD brains the protein level of HDAC6 was significantly increased. These
findings establish HDACS as a tau-interacting protein and as a potential modulator of tau
phosphorylation and accumulation.
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Introduction

Histone deacetylase 6 (HDACS) is a unique member of class Il HDACs (Verdin et al. 2003).
Unlike other HDACs, HDACS6 has two complete catalytic deacetylase domains which
largely determine its diverse substrates. In the cytoplasm where it is primarily localized,
HDAC6 modulates both microtubule-dependent and actin-dependent cell motility by
regulating the acetylation levels of a-tubulin and cortactin, an F-actin-binding protein
(Hubbert et al. 2002, Zhang et al. 2003, Matsuyama et al. 2002, Zhang et al. 2007),
respectively. Besides cytoskeleton proteins, HDACG also associates with and deacetylates
heat shock protein 90 (Hsp90). HDACS6 deficiency results in hyperacetylation of Hsp90 and
disruption of Hsp90-dependent maturation of client proteins (Kovacs et al. 2005, Murphy et
al. 2005, Bali et al. 2005). HDACS also forms a complex with protein phosphatase 1 (PP1).
Dissociation of the complex induced by the HDAC inhibitor trichostatin A (TSA) results in
increased PP1-Akt association and decreased Akt phosphorylation (Brush et al. 2004, Chen
et al. 2005).
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In addition to its deacetylation activity, HDACS also plays a key role in communicating with
the ubiquitin network through its unique C-terminal binder of ubiquitin zinc finger (BUZ),
which is necessary and sufficient for binding polyubiquitin (Hook et al. 2002, Seigneurin-
Berny et al. 2001, Boyault et al. 2006). By binding to both the microtubule-associated
dynein motor and polyubiquitylated misfolded proteins, HDACS is able to facilitate
transportation and concentration of protein aggregates to the aggresome, thus helping cells
cope with abnormal accumulation of misfolded proteins (Kawaguchi et al. 2003).
Furthermore, HDACSG induces heat shock proteins to protect cells against potentially
cytotoxic protein aggregation (Boyault et al. 2007b). Taken together, through different
protein complexes, HDACS6 performs crucial functions in modulating a variety of cell
signaling pathways and cell responses to stress.

Aberrant protein aggregation is a common feature shared by many neurodegenerative
diseases, and recent studies have suggested that HDAC6 might be a key element in this
process. HDACG6 was found concentrated in the Lewy bodies of Parkinson’s disease (PD)
which are characterized by aggregated a-synuclein (Kawaguchi et al. 2003). In cell culture,
the association of HDACG6 with polyubiquitylated mutant DJ-1, a protein involved in an
early-onset form of PD, promoted the formation of DJ-1 containing aggresomes upon
proteasome inhibition (Olzmann et al. 2007). Autophagic clearance of aggregated huntingtin
in a neuronal cell model of Huntington’s disease (HD) required the presence of HDACS,
which recruited autophagic degradation machineries to inclusion bodies (Iwata et al. 2005).
Interestingly, in a Drosophila model for a polyglutamine disease, HDACG6 rescued
degeneration associated with proteasome impairment by mediating the autophagic
degradation pathway (Pandey et al. 2007). Thus, HDACG6 appears to be an essential protein
in coordinating the sequestration of protein aggregates and their clearance in
neurodegeneration. However, the potential role of HDACSG in Alzheimer’s disease (AD) has
not yet been examined.

AD tau pathology includes neurofibrillary tangles (NFTSs), dystrophic neurites and neuritic
threads that are mainly composed of abnormally accumulated hyperphosphorylated
microtubule-associated protein tau (Kosik et al. 1986, Grundke-Igbal et al. 1986). Tau is
predominantly expressed in neurons where its primary function is to promote tubulin
polymerization and microtubule stability (Johnson & Bailey 2002). Hyperphosphorylation
of tau has been suggested to impair its ability to bind and stabilize microtubules, and
promote tau self-assembly and aggregation (Alonso et al. 1994, Alonso et al. 2001).
Although many proteins such as protein kinases and phosphatases have been implicated in
the development of tau pathology, the diverse functions of HDACG6 and the connection
between tau and microtubules led us to examine whether HDACS also interacts with tau and
thus could be involved in regulating tau pathology.

Here we report that HDACS interacts with tau in vitro, in situ and in human brain tissues,
thus defining tau as an HDACS interacting protein. Inhibition of HDACG attenuated tau
phosphorylation at T231, a critical site in regulating tau function (Cho & Johnson 2004).
However, inhibition of HDACS did not disrupt HDACB6-tau interaction nor did it hinder the
perinuclear accumulation of tau upon proteasome inhibition. Furthermore, we show that the
protein level of HDACS6 in AD brain is significantly increased compared with normal brain.

Materials and Methods

Constructs, reagents and antibodies

pcDNA3.1(—)-tau containing human tau with four microtubule binding repeats but without
exon 2 and 3 has been described previously (Cho & Johnson 2003). For C-terminal V5
tagged tau constructs, full-length tau and truncated fragments 1-372 (N+RD), 244-441 (RD
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+C), 1-243 (N), 244-372 (RD) were amplified and subcloned to pcDNA3.1/V5-HisA
(Invitrogen, Carlsbad, CA, USA). For tau expression in bacteria, tau was subcloned to
pGEX-6P-2 vector (Amersham Biosciences, Piscataway, NJ, USA) with glutathione S-
transferase (GST) tagged to the N-terminus of tau (Ding et al. 2006). pMH-HDACS6 was
generated by subcloning the full-length coding region of HDAC6 cDNA from pCMV-
HDACS6 (Origene, Rockville, MD, USA) to pMH vector with a C-terminal HA tag (Roche,
Indianapolis, IN, USA). Truncated HDAC6 1-1091 (ABUZ) and 1-840 (CD) were
amplified and cloned into the pMH vector. Catalytically inactive HDAC6 (dm) was
generated by introducing H216 A/H611A double mutations using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA). Tubacin and niltubacin were
kindly provided by Dr. Stuart L. Schreiber (Harvard University, Cambridge, MA, USA).
TSA and MG132 were from Sigma (St. Louis, MO, USA) and Calbiochem (San Diego, CA,
USA), respectively. The following tau antibodies were used in this study: the mouse
monoclonal antibody Tau5 (from Dr. L. Binder) (Carmel et al. 1996) and a rabbit polyclonal
tau antibody (Dako, Carpinteria, CA, USA) which are both phospho-independent tau
antibodies; and the phospho-dependent monoclonal tau antibodies including PHF-1 (from
Dr. P. Davies) for phosphorylated S396/S404 (Otvos et al. 1994); AT180 (Pierce, Rockford,
IL, USA) for phosphorylated T231 (Goedert et al. 1994, Hoffmann et al. 1997); 12E8 (from
Dr. P. Seubert) for phosphorylated S262 (Seubert et al. 1995). HA antibody HA-7 (Sigma)
was used in immunoprecipitation and immunocytochemistry; HA antibody HA.11
(Covance, Emeryville, CA, USA) was used in immunoblotting. The rabbit polyclonal
HDACS6 antibody H-300 was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Other
antibodies used include anti-V5 (Invitrogen), anti-GST (Roche), anti-actin (Millipore,
Billerica, MA, USA), anti-a-tubulin B-5-1-2 and anti-acetylated a-tubulin 6-11B-1 (Sigma).

Cell lines and transfection

Human embryonic kidney cells (HEK) and HEK cells stably expressing tau (HEK-tau) were
grown at 37°C in DMEM/F-12 medium (Cellgro, Manassas, VA, USA) supplemented with
5% FBS (HyClone, Logan, UT, USA), 2 mM L-glutamine, 10 U/ml penicillin and 100 U/ml
streptomycin (Cellgro, Manassas, VA, USA). HEK-tau cells stably expressing shRNA for
HDACS6 were established by transfecting pRS vector containing HDAC6 shRNA (Origene)
into HEK-tau cells and selecting with 1 pg/ml puromycin (Sigma). The immortalized mouse
cortical neuronal cell line CN1.4 expressing tau (CN-tau) (Krishnamurthy & Johnson 2004)
was maintained at 33°C in DMEM supplemented with 8% FBS, 2 mM L-glutamine, 10 U/
ml penicillin, 100 U/ml streptomycin and 50 ug/ml hygromycin B (Roche). CN-tau cells
were treated with 1 ug/ml doxycycline (Roche) for 48 h to induce tau expression. For
transfection, Effectene Reagent was used according to the manufacturer’s instructions
(Qiagen, Valencia, CA, USA).

Cell lysis and immunoblotting

Cells were collected in lysis buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1% NP-40, 1
mM EDTA, 1 mM NaF, 1 mM NazgVOy4, 1 mM PMSF and 1 pg/ml of leupeptin, aprotinin
and pepstatin), incubated on ice for 20 min and centrifuged at 10,000 g for 10 min at 4°C.
Protein concentrations were determined using the bicinchoninic acid assay (Pierce). Equal
amounts of proteins were diluted with 2 x protein loading buffer (0.25 M Tris-Cl pH 6.8, 2%
SDS, 5 mM EDTA, 5 mM EGTA, 10% glycerol, 25 mM dithiothreitol and 0.01%
bromophenol blue), incubated in a boiling water bath for 5 min, separated on SDS-
polyacrylamide gels, transferred to nitrocellulose membrane and immunoblotted.

Brain tissue homogenization

Postmortem frozen cerebral cortical and hippocampal tissues from AD (3 females, 3 males
aged 76 * 2.9 years), age-matched normal control brains (two females, 5 males aged 69 +
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5.1 years) and one young normal brain (CTL-Y) were obtained from the Neuropathology
Core Laboratory at the University of Alabama at Birmingham (UAB). The CTL-Y case was
used as an internal control for comparing protein intensities on different blots. The
postmortem intervals for the AD and control cases were 6.1+1.2 h and 13.3+4.6 h,
respectively. The Brain tissues were homogenized in glass tissue grinders with
homogenization buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 0.1% Tween-20, 10%
glycerol, 1 mM EDTA, 1 mM NaF, 1 mM NazVOy4, 1 mM PMSF and 1 pg/ml of leupeptin,
aprotinin and pepstatin), and incubated on ice for 30 min (Gandhi et al. 2006). The
unhomogenized pellet was discarded after centrifuging at 3,000 g for 5 min at 4°C and the
supernatant was saved as total homogenate. The protocol was approved by UAB
Institutional Review Board for Human Use.

Co-immunoprecipitation

Dynabeads M-280 sheep anti-mouse 1gG (Invitrogen) were washed twice in PBS pH 7.4
containing 0.1% BSA, followed by incubation with appropriate primary antibody overnight
at 4°C with gentle shaking. After washing three times in PBS containing 0.1% BSA, the
primary antibody conjugated Dynabeads were further incubated with 150 pg cell lysate or
500 pg human brain homogenate at 4°C for 3 h with gentle shaking, followed by washing
five times in PBS containing 300 mM NaCl and 0.5% NP-40 for cell lysate
immunoprecipitation or in homogenization buffer for brain homogenate
immunoprecipitation. Proteins attached to Dynabeads were eluted with 2 x protein loading
buffer, boiled for 5 min, subjected to SDS-PAGE and blotted with antibodies for tau and
HDACS.

GST pull-down assay

The recombinant GST and GST-tau fusion proteins were expressed in E. coli strain
BL21(DE3) after induction overnight with 0.3 mM IPTG at 16°C, followed by bacteria lysis
in PBS containing 1% Triton X-100 and brief sonication (Ding et al. 2006). Glutathione
sepharose 4B were incubated with crude bacterial lysate containing GST and GST-tau for 2
h at 4°C with gentle shaking, and then washed three times in PBS, followed by incubation
with HEK cell lysate expressing HDAC6-HA for 2 h at 4°C with gentle shaking. After
washing five times in PBS containing 300 mM NaCl and 0.5% NP-40, proteins were eluted
with 2 x protein loading buffer, boiled for 5 min, subjected to SDS-PAGE and blotted with
antibodies for HA and GST.

Immunocytochemistry

Cells were washed with PBS, fixed in 4% paraformaldehyde for 30 min at room temperature
and permeabilized in 0.5% Triton X-100 in PBS for 5 min. After washing cells with PBS,
cells were incubated in blocking buffer (4% BSA in PBS) for 90 min followed by incubation
with primary antibodies diluted in blocking buffer for 90 min. After washing with PBS, cells
were incubated with fluorescent dye-labeled secondary antibodies diluted in blocking buffer
for 90 min. Nuclei were stained with DAPI in PBS for 10 min. Slides were washed with
PBS and mounted with mounting medium (Thermo Scientific, Waltham, MA, USA). Images
were captured with an AxioCamMR3 camera (Zeiss Corp., Thornwood, NY, USA)
connected to a Zeiss Axio Observer D1 microscope with an EC Plan-Neofluor 40X/1.3 oil
M27 objective and exported in TIFF format using AxioVision software. Brightness and
contrast were adjusted with Zeiss LSM image browser. For quantification, at least nine
fields of each slide were randomly selected and the percentage of cells with perinuclear
accumulated tau was counted. At least two hundred cells transfected with tau in each group
were counted.
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Immunohistochemistry

Formalin-fixed and paraffin-embedded hippocampal sections from two AD brains and two
age-matched control brains were obtained from the Department of Neuropathology at the
University of Rochester Medical Center (URMC). Sections were deparaffinized in
Histoclear (Electron Microscopy Sciences, Hatfield, PA) twice for 10 min each, then
rehydrated sequentially in isopropanol three times for 5 min each and in running water and
deionized water for 5 min each. Antigen retrieval was achieved by heating sections
immersed in 10 mM sodium citrate buffer pH 6.0 containing 0.05% Tween-20 for 30 min in
a steamer, followed by cooling down for 20 min. After three 5-min rinses in PBS with
0.05% Tween-20, sections were incubated in blocking buffer (1% BSA, 2% goat serum,
0.1% Triton X-100 and 0.05% Tween-20 in PBS) at room temperature for 2 h, and then with
primary antibodies diluted in PBS with 1% BSA at 4°C for 40 h. Sections were rinsed three
times in PBS with 0.05% Tween-20 and incubated with fluorescent dye-labeled secondary
antibodies diluted in PBS at room temperature for 2 h, followed by nuclear staining with
DAPI for 10 min. After three 5-min rinses in PBS with 0.05% Tween-20, sections were
mounted with mounting medium. Images were captured with an AxioCamHR camera
connected to a Zeiss Axio Observer D1 microscope with an Achroplan 20X/0.45 Ph2
objective and exported in TIFF format using AxioVision software. Brightness and contrast
were adjusted with Zeiss LSM image browser.

Statistic analysis

Results

Tau phosphorylation and immunoprecipitation ratios (Figures 4, 5) were analyzed using
one-way ANOVA, followed by post hoc t tests. Comparisons of perinuclear tau inclusion
formation (Figure 6) and HDAC protein expression in patient samples (Figure 7) were
performed using Student’s t test, and values were considered significantly different when
p<0.05.

HDACSG6 interacts with tau

To determine whether HDACS interacts with tau, co-immunoprecipitation experiments were
carried out using lysates from HEK cells that were transiently transfected with tau and
HDAC6-HA. HDAC6-HA was immunoprecipitated by an anti-HA antibody and the co-
precipitates were probed for tau. Immunoprecipitates from cells transfected with tau alone
were used as negative controls. As shown in Figure 1A, tau co-immunoprecipitated with
HDACS6-HA, suggesting that tau may interact with HDACSG. This interaction was confirmed
by an in vitro GST pull-down assay. In this assay, lysates from HEK cells transiently
transfected with HDAC6-HA were incubated with GST or GST-tau conjugated glutathione
beads and proteins pulled down were immunoblotted with antibodies for HA and GST. As
shown in Figure 1B, HDAC6-HA could only be pulled down by GST-tau but not GST
alone. To examine whether the HDACG6-tau interaction occurs in vivo, homogenates from
frozen cerebral cortical and hippocampal tissues from AD brains and age-matched normal
brains were immunoprecipitated with the Tau5 antibody. The co-precipitates were probed
for HDACG. As expected, there was an increased amount of tau of high molecular weight
immunoprecipitated from AD brains, consistent with the abnormal accumulation and
hyperphosphorylation of tau in AD (Grundke-Igbal et al. 1986, Kosik et al. 1986).
Interestingly, HDACG6 co-immunoprecipitated with tau in control and AD cerebral cortex as
well as AD hippocampus (Figure 1C). Furthermore, immunohistochemistry was performed
on brain sections from AD patients and age-matched controls to examine the distribution of
tau and HDACSG. As shown in Figure 1D, tau and HDACS6 partially co-localized in neurons
in the CA3 areas of both control and AD hippocampus. Together, the data demonstrate that
tau and HDACS interact with each other in vitro, in cells and in human brain tissue.
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The SE14 domain of HDACG6 binds the RD domain of tau

The diverse functions of HDACS are determined by its unique structure. The two catalytic
domains at the N-terminus confer its deacetylase activity towards not only histones in the
nucleus but also a-tubulin, cortactin and Hsp90 in the cytoplasm (Hubbert et al. 2002, Zhang
et al. 2007, Kovacs et al. 2005). The BUZ domain at the C-terminus is able to bind to
polyubiquitin (Hook et al. 2002), and the Ser/Glu tetradecapeptide repeat domain (SE14)
between the second catalytic domain and the BUZ domain was found to be involved in
retaining HDACSG in the cytoplasm (Bertos et al. 2004). To identify the domain necessary
for HDACG6-tau interaction, we made HA tagged HDACS deletion constructs that either lack
the BUZ domain (ABUZ) or only contain the catalytic domains (CD). The catalytically
inactive double mutant H216 A/H611A (dm) was also included to test whether the
deacetylase activity is required for the interaction (Figure 2A). These constructs together
with tau were co-transfected into HEK cells followed by co-immunoprecipitation assays.
We found that tau co-immunoprecipitated with full-length HDAC6, ABUZ but not CD alone
(Figure 2B). Thus, the SE14 domain but not the BUZ domain is required for HDACS6 to
interact with tau, whereas the catalytic domains alone are not sufficient for the interaction.
Tau also co-immunoprecipitated well with the catalytically inactive mutant (dm) (Figure
2B), suggesting that the deacetylase activity of HDACS is not required for HDAC6-tau
interaction.

Considering that the BUZ domain mainly binds to the polyubiquitin portion of
polyubiquitylated proteins (Hook et al. 2002), the dispensability of this domain in HDACG6-
tau interaction indicates that HDACS interacts with tau via a particular domain on tau
independent of the polyubiquitin chain. Therefore, to define the interacting domain on tau,
we made V5 tagged tau constructs that lack either the C-terminus (N+RD) or N-terminus
(RD+C), or only contain the N-terminus (N) or microtubule-binding repeat domain (RD)
(Figure 2C). In co-immunoprecipitation assays, full-length tau, N+RD or RD alone co-
immunoprecipitated with HDACS6, whereas the N-terminus (amino acids 1-243) alone did
not efficiently co-precipitate with HDACG6 (Figure 2D), suggesting that the RD (amino acids
244-372) is necessary and sufficient for mediating HDACG6-tau interaction. However, the C-
terminus (amino acids 373-441) of tau appeared to attenuate the interaction of tau with
HDACS as there was a slight increase in co-immunoprecipitated N+RD compared with full-
length tau, and the RD+C did not co-immunoprecipitate with HDAC6 compared with RD
alone (Figure 2D).

Inhibition of HDACG6 does not disrupt HDAC6-tau interaction but attenuates tau
phosphorylation at T231

TSA treatment or catalytic inactivation of HDACG blocks its interaction with PP1 (Brush et
al. 2004). To test whether TSA has a similar effect on HDACS6-tau interaction, HEK cells
were transfected with tau and HDAC6-HA and treated with TSA followed by co-
immunoprecipitation. The increase of acetylated a-tubulin confirmed efficient inhibition of
HDACS activity by TSA. However, unlike the HDACG6-PP1 interaction which is disrupted
by TSA treatment, the HDACG6-tau interaction was not impaired by TSA as tau co-
immunoprecipitated well with HDACSG even in the presence of TSA (Figure 3). Since TSA
inhibits not only HDACSG but also other HDACS, tubacin, a specific inhibitor of the tubulin
deacetylase activity of HDACS, and its inactive analogue niltubacin (Haggarty et al. 2003)
were used. Similar to TSA treatment, tubacin inhibited HDACS activity as demonstrated by
increased acetylated a-tubulin. However, it did not disrupt HDACS6-tau interaction (Figure
3). These data support the finding above that tau interacts with the catalytically inactive
HDACS6 mutant, further demonstrating that the deacetylase activity of HDACS is not
required for HDAC6-tau interaction.
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Although tubacin treatment had no effect on HDACS6-tau interaction, it might affect tau
phosphorylation indirectly by modulating microtubule dynamics and other HDAC6-protein
complexes. To test this hypothesis, HEK cells transfected with tau were treated with 20 uM
tubacin or niltubacin for 5 h and the cell lysates were immunoblotted with both phospho-
independent and -dependent tau antibodies. Interestingly, as shown in Figure 4A and 4B,
tubacin treatment attenuated tau phosphorylation at T231 detected by AT180 antibody,
whereas tau phosphorylation at S396/S404 detected by PHF-1 and at S262 detected by 12E8
were not changed when compared with DMSO and niltubacin. Similar changes in tau
phosphorylation were also observed in HDAC6-knockdown HEK cells that stably express
tau (Figure 4C). To further confirm the effects of tubacin on tau phosphorylation, we used
immortalized mouse cortical neuronal cell line CN1.4 expressing tau under the control of a
doxycycline-inducible promoter (Krishnamurthy & Johnson 2004). Tubacin treatment
significantly attenuated tau phosphorylation at T231 in a dose-dependent manner whereas
the phosphorylation at S396/S404 was not changed (Figure 4C, 4D). In contrast to the
results in HEK cells, tau phosphorylation at S262 was increased slightly in response to
tubacin treatment (Figure 4C, 4D). Together, these data demonstrate that in cell culture
models, treatment with the HDACS inhibitor tubacin can attenuate site-specific tau
phosphorylation without disrupting HDAC6-tau interaction.

Proteasome inhibition potentiates HDAC6-tau interaction and co-localization independent
of tubulin deacetylase activity of HDAC6

Previous studies have shown a critical role for HDACS6 in aggresome formation and
autophagic degradation in response to aberrant protein accumulation (Kawaguchi et al.
2003, Iwata et al. 2005, Pandey et al. 2007). Given that proteasome inhibition and aberrant
accumulation of tau in AD brain have been well documented (Lam et al. 2000, Keck et al.
2003), we tested whether HDAC6 might be involved in abnormal tau accumulation under
pathological conditions. HEK cells were transfected with tau and HDAC6-HA followed by
treatment with 1 uM of the proteasome inhibitor MG132 for 0, 6, 16 or 24 h. Tau proteins
were probed after immunoprecipitating the cell lysates with anti-HA antibody. Both co-
immunoprecipitated tau and total tau level increased in a time-dependent manner (Figure
5A). We therefore quantified the fold increase in co-immunoprecipitated tau and total tau in
MG132 treated groups in comparison to the untreated group. The ratio of co-
immunoprecipitated tau to total tau was significantly increased after 16 h treatment and
reached a maximum after 24 h (Figure 5B), suggesting that proteasome inhibition
potentiated HDAC6-tau interaction. Immunocytochemistry showed that in contrast to the
diffuse distribution of HDACG6 and tau throughout the cytoplasm in DMSO treated cells,
these two proteins were concentrated and co-localized in a perinuclear aggresome-like
compartment in MG132 treated cells (Figure 5C).

To test whether tubulin deacetylase activity is required for the perinuclear co-localization of
HDACS6 and tau, HEK cells transfected with tau alone were pre-treated with 2.5 uM tubacin
for 8 h to inhibit endogenous HDACSG activity prior to MG132 treatment for 16 h.
Immunocytochemistry showed that even in the presence of tubacin, HDAC6 and tau were
still concentrated and co-localized in the perinuclear loci (Figure 6A). To quantify the
effects of tubacin, the number of cells containing perinuclear accumulated tau were counted.
There was no significant difference between the MG132-only treated group and the tubacin
and MG132 co-treated group (Figure 6B), suggesting that the perinuclear accumulation of
tau upon proteasome inhibition is not dependent on the tubulin deacetylase activity of
HDACS.
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Increase of HDACG6 in AD brains

In AD brains, tubulin acetylation is reduced in neurons containing NFTs (Hempen & Brion
1996), whereas tau is abnormally accumulated and hyperphosphorylated. HDACES is a key
deacetylase for a-tubulin, and the results we have presented so far imply that HDAC6 might
be involved in regulating tau phosphorylation and accumulation. Therefore, we tested
whether the level of HDAC6 might be deregulated in AD brains. Homogenates from AD
and age-matched control cerebral cortex (Figure 7A) and hippocampus (Figure 7B) were
immunoblotted for HDACG6 and actin. To quantify, a young normal brain (CTL-Y) was used
as an internal control for comparing protein intensities on different blots. HDACS protein
levels were normalized to actin and expressed as percentages of CTL-Y. We observed that
compared with controls, the protein levels of HDACG6 were increased by 52% in AD cortex
and by 91% in AD hippocampus (Figure 7C).

Discussion

HDACS6 performs pivotal functions in modulating the dynamic of the cytoskeleton network
(Gao et al. 2007, Tran et al. 2007, Zhang et al. 2007) and controlling various cell responses
to stress (Kawaguchi et al. 2003, Boyault et al. 2007b, Kwon et al. 2007). Recent studies
show that HDACS also plays critical roles in neurodegenerative diseases, especially
polyglutamine diseases, by participating in aggresome formation and coordinating the
ubiquitin proteasome system and autophagic degradation (lwata et al. 2005, Olzmann et al.
2007, Pandey et al. 2007). However, the connection at the molecular level between HDAC6
and key proteins involved in neurodegeneration has not been examined. In this report, we
identified tau as a novel interacting partner of HDAC6 and provided evidence linking
HDACS6 with tau phosphorylation and accumulation.

Previous studies have shown a-tubulin, cortactin, Hsp90, dynein, p97/VCP and Ras-
GTPase-activating protein SH3 domain-binding protein 1 (G3BP) as binding partners of
HDACS6 (Hubbert et al. 2002, Zhang et al. 2007, Kovacs et al. 2005, Kawaguchi et al. 2003,
Seigneurin-Berny et al. 2001, Kwon et al. 2007). Here we show tau is also a bona fide
interacting protein of HDACSG as they associate in vitro, in cell culture models as well as in
human brain tissue (Figure 1). The interaction is mediated by the Ser/Glu tetradecapeptide
domain SE14 on HDACS6 and the microtubule binding domain on tau whereas the C-
terminus of tau appears to inhibit HDACS6-tau interaction (Figure 2). One possible
explanation for this inhibition is that removal of the N-terminus of tau allows tighter binding
of the C-terminus to the microtubule binding domain (Jeganathan et al. 2006), which could
potentially disallow interaction with other proteins. This is supported by the data showing
that the construct missing the C-terminus still binds to HDACS. Further, given that the C-
terminus of tau has also been shown to inhibit tau assembly and polymerization (Abraha et
al. 2000), it would be interesting to determine whether HDACG can hinder the assembly of
tau filaments by competing for the C-terminal truncated tau (e.g., caspase-cleaved tau)
(Gamblin et al. 2003). Tau co-immunoprecipitated efficiently with the catalytically inactive
HDAC6 mutant and inactivation of HDACS by either tubacin or TSA did not disrupt
HDACS6-tau interaction (Figure 3). Therefore, their interaction is not dependent on the
deacetylase activity of HDACSG. This is similar to the HDAC6-G3BP interaction (Kwon et
al. 2007) but different than the HDACG6-PP1 interaction that requires active HDACG6 (Brush
et al. 2004). These findings further support the hypothesis that by forming different protein
complexes, HDACS functions as far more than just as a deacetylase.

Although we have clearly demonstrated that there is an interaction between HDACS6 and tau,
the physiological relevance of this interaction requires further clarification. Nonetheless, our
studies indicate that HDACG plays a role in modulating tau phosphorylation, albeit
indirectly. This is supported by the finding that inhibition of HDACS activity by tubacin, as
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well as shRNA-mediated knockdown, attenuated tau phosphorylation (Figure 4). Although
the underlying molecular basis is still unknown, there are three possible mechanisms to
explain this observation. (i) Inactivation or knockdown of HDACS dissociates HDAC6-
protein phosphatase complexes so that more phosphatases are available for tau
dephosphorylation. A similar mechanism was suggested previously for Akt
dephosphorylation induced by disrupted HDAC6-PP1 association (Chen et al. 2005,Brush et
al. 2004). (ii) Hyperacetylation of a-tubulin in these cells might alter the dynamic of
microtubules and thus indirectly modulate the activities and recruitment of relevant tau
kinases and phosphatases. (iii) Increased acetylation of unknown substrates and association-
dissociation of other HDACG6-protein complexes induced by HDACSG inactivation might also
be involved in regulating tau phosphorylation.

Interestingly, the dephosphorylation of tau occurred at T231 but not S396/404 or S262
(Figure 4). It is noteworthy that in a mouse model of AD, treatment with nicotinamide, an
inhibitor of Sir2, a class 111 HDAC member, also caused tau dephosphorylation at T231,
which was partially responsible for cognitive improvements following the treatment (Green
et al. 2007). T231 is an important site that has been implicated in the development of tau
pathology. For instance, T231 is hyperphosphorylated in paired helical filament in AD brain
but not in normal brain (Goedert et al. 1994). Phosphorylation at T231 plays a critical role in
regulating the ability of tau to bind and stabilize microtubules (Cho & Johnson 2004) and
might also promote tau hyperphosphorylation at other sites (Lin et al. 2007). The underlying
mechanism of the site-specific dephosphorylation is not clear. Using site-specific
pseudophosphorylated tau constructs (Ding et al. 2006) in co-immunoprecipitation assays,
we did not observe differential interaction between HDACS6 and the different
pseudophosphorylated tau proteins (data not shown). Further studies on the relationship of
HDACS, acetylated tubulin and tau kinases and phosphatases are needed to provide
mechanistic insight into the regulation of tau phosphorylation by HDACS.

In addition to hyperphosphorylation, tau becomes abnormally accumulated in dystrophic
neurites around senile plaques and in NFTs in the AD brain. Existence of chaperones,
ubiquitin ligase, and proteasome components in tau pathology clearly indicates that various
cellular machineries might be actively utilized to cope with abnormal tau accumulation (Dou
et al. 2003, Petrucelli et al. 2004, Fergusson et al. 1996). Our study suggests that HDAC6
might play a role as well in this process. In a cell culture model, proteasome inhibition
potentiated HDAC6-tau interaction (Figure 5A, 5B) and induced accumulation and co-
localization of HDACS6 and tau in a perinuclear aggresome-like compartment (Figure 5C).
Taking this data together with the demonstrated role of HDACS in facilitating aggresome
formation from other aggregation-prone proteins (Kawaguchi et al. 2003, Olzmann et al.
2007, Kwon et al. 2007), we speculate that HDAC6 might sequester abnormally
accumulated tau in a certain compartment as a neuronal response to specific pathological
stressors. It is also interesting to note that HDACG appears to be required for the autophagy-
mediated clearance of mutant huntingtin aggregates in a cell model (Iwata et al. 2005).

We also observed up-regulation of HDACG6 in AD brain that correlates with tau
hyperphosphorylation and aggregation (Figure 7). However, the cause and functional
consequence of this up-regulation are not known. The cellular concentration of HDAC6 and
p97/VCP, an AAA-ATPase chaperone, is thought to determine the fate of polyubiquitylated
proteins and an excess of HDACG6 would favor the accumulation of ubiquitylated protein
aggregates and inclusion body formation (Boyault et al. 2006,Boyault et al. 2007a).
Considering the proteasome impairment in AD brain (Lam et al. 2000,Keck et al. 2003) and
the link between HDACG6 and autophagy (lwata et al. 2005,Pandey et al. 2007), it can be
hypothesized that HDACG6 up-regulation might on one hand, facilitate sequestration of
ubiquitylated protein aggregates and recruitment of autophagic machinery to clear
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aggregates; but on the other hand, decrease tubulin acetylation and increase tau
phosphorylation by decreasing the availability of protein phosphatases for tau
dephosphorylation. Therefore, although the initial effect of an increase in HDACG levels
may be protective, prolonged increases may negatively impact neuronal cell survival in AD
and other tauopathies.
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Figure 1. HDACSG interacts with tau

A, Tau co-immunoprecipitates with HDACS in situ. Cell lysates from HEK cells transiently
transfected with tau and HDAC6-HA or tau alone were immunoprecipitated with an anti-HA
antibody followed by immunoblotting with antibodies for tau and HA. Total tau input was
shown by immunoblotting cell lysates with Tau5 antibody. B, HDACS is pulled down by
GST-tau in vitro. Cell lysates from HEK cells transiently transfected with HDAC6-HA were
incubated with GST or GST-tau conjugated glutathione beads and proteins pulled down
were immunoblotted with antibodies for HA and GST. C, Tau co-immunoprecipitates with
HDACS in vivo. Frozen cerebral cortical (left) and hippocampal (right) tissues from AD
brains and age-matched normal control (CTL) brains were homogenized and

CTL

AD
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immunoprecipitated with Tau5 antibody followed by immunoblotting with Tau5 and an anti-
HDACS antibody. Total HDACG6 input was shown by immunoblotting homogenates with
anti-HDACS and actin blots were also shown as loading controls. D, Tau co-localizes with
HDACS in vivo. Sections of postmortem hippocampal tissues from two age-matched control
brains (CTL) (2 males) and two AD brains (1 male and 1 female) were immunostained with
Tau5 antibody for tau (red) and an antibody for HDACG (green). Nuclei were stained with
DAPI (blue). Representative images of CA3 areas of one case from each group are shown.
Scale bar, 20 um.
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Figure 2. Mapping the interacting domains on HDACS6 and tau

A, Schematic diagram of C-terminal HA tagged full-length, truncated and catalytically

inactive HDACSG constructs. FL, full-length; BUZ, binder of ubiquitin zinc finger; SE14,
Ser/Glu tetradecapeptide repeat domain; CD, catalytic domain; dm, double mutant. B, SE14
domain on HDACS is required for efficient interaction with tau. Cell lysates from HEK cells
transfected with tau and different HDACG6 constructs were immunoprecipitated with HA
antibody and immunoblotted as indicated. Total tau input was shown by immunoblotting

cell lysates with Tau5 antibody. C, Schematic diagram of C-terminal V5 tagged full-length
and truncated tau constructs. N, N-terminal region; C, C-terminal region; RD, microtubule

binding repeat domain. D, Microtubule binding repeat domain on tau is necessary and
sufficient for interaction with HDACSG. Cell lysates from HEK cells transfected with

HDACS6-HA and different tau constructs were immunoprecipitated with HA antibody and

immunoblotted as indicated. Total tau input was shown by immunoblotting cell lysates with

anti-V5.
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Figure 3. Inhibition of HDACS6 by tubacin and TSA does not disrupt HDAC6-tau interaction
HEK cells were transfected with tau and HDAC6-HA or tau alone and then treated with
DMSO (20 h), tubacin (2.5 uM for 20 h or 20 uM for 5 h), niltubacin (2.5 uM for 20 h) or
TSA (5 uM for 5 h). Cell lysates were immunoprecipitated with HA antibody and
immunoblotted as indicated. Total tau and acetylated a-tubulin input were shown by
immunoblotting cell lysates with Tau5 and anti-acetylated a-tubulin, respectively. a-tubulin
was also blotted as a loading control. tub: tubacin; nil: niltubacin.
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Figure 4. Down-regulation of HDACS6 attenuates tau phosphorylation in a site-specific manner
A, Representative immunoblots showing that tubacin treatment attenuates tau
phosphorylation at the AT180 site in HEK cells. HEK cells were transfected with tau and
treated for 5 h with DMSO, 20 uM tubacin or 20 pM niltubacin. Cell lysates were
immunoblotted with Tau5 for total tau and with PHF-1, AT180 and 12E8 for tau
phosphorylated at S396/S404, T231 and S262, respectively. a-tubulin was blotted as a
loading control. B, Quantification of relative levels of phosphorylated tau from three
independent experiments described in panel A (mean £ SEM). Values were normalized to
total tau levels (Tau5) and expressed as percentages of DMSO treated group. C, Knocking
down HDACG6 in HEK-tau cells attenuated tau phosphorylation at the AT180 site. Cell
lysates from HEK-tau cell lines expressing control vector or shRNA for HDACG6 were
immunoblotted as indicated. Shown on the right are the ratios of phosphorylated tau in
HDACS6-knockdown cells versus control cells after normalized to total tau. D, Tubacin
treatment attenuated tau phosphorylation at AT180 site in CN-tau cells in a dose-dependent
manner. CN-tau cells were treated with doxycycline for 48 h to induce tau expression
followed by treatment with DMSO or 5, 10, 20 pM tubacin for 5 h. Cell lysates were
immunoblotted as indicated. E, Quantification of relative levels of phosphorylated tau from
three independent experiments described in panel D (mean £ SEM). Values were normalized
to total tau level immunoblotted by Tau5 and expressed as percentages of DMSO treated
group. *p<0.05 versus DMSO treated group.
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Figure 5. Proteasome inhibition potentiates HDAC6-tau interaction and perinuclear co-
localization

A, HEK cells were transfected with tau and HDAC6-HA and treated with 1 uM MG132 for
0, 6, 16 or 24 h. Cell lysates were immunoprecipitated with HA antibody and
immunoblotted as indicated. B, Quantification of the ratios of co-immunoprecipitated tau
versus total input tau from three independent experiments described in panel A (mean +
SEM). Values were normalized to untreated group. Co-immunoprecipitated tau increased
significantly after 16 h treatment compared with both untreated and 6 h treatment groups.
*p<0.05. C, Perinuclear co-localization of HDAC6 and tau in MG132 treated cells. HEK
cells were transfected with tau and HDAC6-HA and treated with 1 uM MG132 for 16 or 24
h followed by immunostaining with antibodies for tau (green) and HA (red). Nuclei were
stained with DAPI (blue). Scale bar, 10 um.
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Figure 6. Tubulin deacetylase activity of HDACS is not required for perinuclear tau
accumulation

A, HEK cells were transfected with tau and treated with or without 2.5 uM tubacin for 8 h
prior to treatment with 1 uM MG132 for 16 h, followed by immunostaining with Tau5
antibody for tau (red) and an antibody for HDACS6 (green). Nuclei were stained with DAPI
(blue). Scale bar, 10 um. B, Quantification of the percentage of cells containing perinuclear
accumulated tau in MG132 treated cells and in tubacin and MG132 co-treated cells from
three independent experiments (mean + SEM). N.S., not significant.
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Figure 7. Increased HDACSG protein levels in AD cerebral cortex and hippocampus

A, B, Representative HDAC6 immunoblots of homogenates from postmortem frozen
cerebral cortex (A) and hippocampus (B) of control (CTL) and AD brains. Actin was blotted
as a loading control. C, Quantification of relative HDACG protein levels in cerebral cortex
and hippocampus from seven age-matched normal control brains (5 males and 2 females,
average age =69 yr) and six AD brains (3 males and 3 females, average age =76 yr).
HDACS protein levels were normalized to actin and expressed as percentages of CTL-Y
which was used as an internal control for comparing protein levels from different blots
(mean £ SEM). *p<0.05 versus control.
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