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Microtubules are cylindrical cytoskeletal structures
found in almost all eukaryotic cell types which are
involved in a great variety of cellular processes.
Reversible acetylation on the €-amino group of
a-tubulin Lys40 marks stabilized microtubule struc-
tures and may contribute to regulating microtubule
dynamics. Yet, the enzymes catalysing this acetyla-
tion/deacetylation have remained unidentified until
recently. Here we report that B-tubulin interacts with
histone deacetylase-6 (HDAC-6) in a yeast two-hybrid
assay and in vitro. We find that HDAC-6 is a micro-
tubule-associated protein capable of deacetylating
d-tubulin in vive and in vitro. HDAC-6’s microtubule
binding and deacetylation functions both depend on
the hdac domains. Overexpression of HDAC-6 in
mammalian cells leads to tubulin hypoacetylation. In
contrast, inhibition of HDAC-6 function by two inde-
pendent mechanisms—pharmacological (HDAC inhi-
bitors) or genetic (targeted inactivation of HDAC-6 in
embryonic stem cells)—leads to hyperacetylation of
tubulin and microtubules. Taken together, our data
provide evidence that HDAC-6 might act as a dual
deacetylase for tubulin and histones, and suggest the
possibility that acetylated non-histone proteins might
represent novel targets for pharmacological therapy
by HDAC inhibitors.
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(histone deacetylase)/tubulin

Introduction

In eukaryotes, the DNA in the cell nucleus is bound by
histones and other chromosomal proteins to form a highly
organized and compact structure called chromatin. A large
body of evidence has demonstrated that chromatin plays a
critical role in regulating gene expression. A number of
post-translational protein modifications such as acetyla-
tion, methylation, ubiquitylation or phosphorylation of
histones and other nuclear proteins create a code that
orchestrates the organization and function of chromatin
(Jenuwein and Allis, 2001). These modifications are
interdependent and are under the control of signalling
pathways yet to be fully deciphered. Histone acetylation
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has been shown to affect nucleosome stability and
generally is considered to create a chromatin environment
conducive to gene activation (Cheung et al., 2000). In
addition to histones, many other proteins are also
acetylated (reviewed by Polevoda and Sherman, 2002).
For example, several transcription factors such as p53,
E2F1 or c-Jun have been found to be acetylated. In this
case, acetylation/deacetylation regulates, for example, the
ability of these factors to bind to DNA (E2F1 or p53) or to
interact with other proteins (c-Jun). Likewise, some
cytoplasmic proteins such as o-tubulin are also known to
be acetylated (Piperno et al., 1987). Acetylated tubulin is
one of the charateristics of stabilized microtubules. The
acetylases and deacetylases for non-histone substrates are
mostly unknown.

The enzymes responsible for adding or removing acetyl
groups on histones were only identified a few years ago.
Acetylation of histones is catalysed by proteins that
had been studied initially in other contexts, e.g. as tran-
scriptional coactivators, and which are now called
histone acetyltransferases (HATs) (Brown et al., 2000;
Marmorstein and Roth, 2001). Several of these HATS,
however, are also able to acetylate non-histone proteins,
and the list of new substrates continues to grow.
Conversely, histone deacetylases (HDACs) are proteins
that catalyse the removal of acetyl groups from histones
and thereby lead to gene repression (Narlikar et al., 2002).
Similarly to the HATs, HDACs may also deacetylate non-
histone proteins. In cells, HDACs are often part of large
multiprotein complexes that are recruited to promoter
sequences through their interaction with specific DNA-
binding transcription factors. HDACs have attracted a lot
of attention not only for their role in transcriptional control
but also because their pharmacological inhibition was
found to have pleiotropic effects, such as induction of cell
differentiation, arrest of cell growth (Richon er al., 2000)
or prevention of tumour development in animal models. In
addition, HDAC activity was found to be elevated in a
number of tumours, potentially leading to deregulation of
tumour suppressor genes (Marks et al., 2001). Thus,
HDACs are considered as valuable targets for cancer
treatment, and encouraging results have already been
obtained with haematological malignancies (reviewed in
Melnick and Licht, 2002). So far, >10 proteins with
HDAC activity have been identified in mammalian cells.
Based on sequence conservation, they fall into three
classes. Class I has homology to the yeast global
transcriptional regulator Rpd3 and comprises HDAC-1,
HDAC-2, HDAC-3 and HDAC-8. Class II is composed of
large proteins such as HDAC-4, HDAC-5, HDAC-6,
HDAC-7, HDAC-9 and HDAC-10, all of which
show homology to yeast Hdal. Finally, class III proteins
have catalytic domains similar to that found in the yeast
NAD*-dependent deacetylase Sir2 (Gray and Ekstrom,
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2001; Khochbin et al., 2001; Kuzmichev and Reinberg,
2001).

Among the class II members, HDAC-6 is unique in that
it has two hdac domains and also a C-terminal zinc finger
domain that binds ubiquitin (Seigneurin-Berny et al.,
2001). HDAC-10 appears to be the closest relative of
HDAC-6, but it has only an incomplete second hdac
domain (Fischer et al., 2002; Guardiola and Yao, 2002;
Kao et al., 2002; Tong et al., 2002). Although several of
the class II HDACs have been shown to play a role in
transcriptional repression, some like HDAC-4, -5 and -6
have been found to shuttle between the nucleus and the
cytoplasm (McKinsey et al., 2000a; Verdel et al., 2000).
For HDAC-4 and -5, this is regulated by association
with 14-3-3 proteins (Grozinger and Schreiber, 2000;
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In vivo deacetylation of microtubules by HDAC-6

McKinsey et al., 2000b) and, for HDAC-6, which is
predominantly cytoplasmic, partial translocation into the
nucleus was observed when cell proliferation was
inhibited (Verdel et al., 2000). In addition, HDAC-6 has
not been not found in any known HDAC-containing
repression complexes. Thus, HDAC-6 might be function-
ally distinct from other known HDACSs, and in particular
might deacetylate substrates other than histones.

Here, we report the identification of B-tubulin as a
protein interacting with HDAC-6. We show by a variety of
assays that HDAC-6 is a microtubule-associated protein
that can deacetylate o-tubulin in vitro. Pharmacological
inhibition of HDAC-6 activity in culture cells leads to an
increase in tubulin acetylation, and transient HDAC-6
overexpression reduces acetylation. Furthermore, using
disruption of the HDAC-6 gene in embryonic stem (ES)
cells, we provide compelling in vivo evidence that
HDAC-6 regulates the status of tubulin acetylation. In
contrast, global acetylation of histone H3 and H4 is not
altered in these cells. Moreover, HDAC-6 was found to be
a non-essential protein in ES cells.

Results

Identification of B-tubulin as a protein interacting
specifically with HDAC-6

We sought to identify proteins that interact specifically
with HDAC-6 and which might help explain the cellular
role and regulation of this enzyme. To this end, we set up a

Fig. 1. HDAC-6 interacts with B-tubulin and microtubules in vivo and
in vitro. (A) Co-immunoprecipitation assay. NIH-3T3 cells were treated
for 6 h with TSA at the indicated concentration in order to inhibit
HDAC activity. After cell extract preparation, HDAC-6 was immuno-
precipitated with an anti-mouse HDAC-6-specific antibody (lanes 2—4)
or with a control antibody (lane 1). The precipitate was analysed by
SDS-PAGE and blotted onto nitrocellulose membranes. The filters
were probed with antibodies against B-tubulin (TU 2.1, upper panel) or
a-tubulin (DMI1A, lower panel). (B) Co-immunoprecipitation assay in
293T cells. In this case, cells were transfected with an expression
vector encoding HA-mHDAC-6 (lanes 2 and 4) or an empty expression
vector (lanes 1 and 3). Two days after transfection, cell extracts were
prepared and B- or o-tubulin was immunoprecipitated with specific
antibodies (lanes 1 and 2 with TU2.1, lanes 3 and 4 with DM1A). The
precipitates were analysed by western blotting: the filters were probed
with antibodies against HA (upper panel), B-tubulin (TU2.1, middle
panel) or o-tubulin (DM1A, lower panel). (C) In vitro interaction be-
tween HDAC-6 and tubulin. Purified bovine tubulin (Cytoskeleton,
Inc.) was incubated with in vitro translated 33S-labelled mHDAC-6
(lanes 2 and 3) or with a control reticulocyte lysate (lane 4). B-tubulin
was immunoprecipitated with the TU2.1 antibody (lanes 2 and 4), and
the presence of HDAC-6 protein was detected by fluorography. Lane 1
contains 10% of the 33S-labelled mHDACS6 input. (D) HDAC-6 is part
of the microtubule-associated proteins in NIH-3T3 cells. Microtubules
were purified from NIH-3T3 cell lysate (lane 1) in the presence (lanes 2
and 3) or absence (lanes 4 and 5) of paclitaxel (taxol) and GTP.
Microtubules were then pelleted by centrifugation. The proteins present
in the pellet (lanes 2 and 4) and supernatant fractions (lanes 3 and 5)
were analysed by western blotting using antibodies to detect mHDAC-6
(upper panel), o-tubulin (middle panel) and B-actin (lower panel).
(E) Interaction between HDAC-6 and microtubules in vitro. Purified
bovine tubulin (Cytoskeleton, Inc.) was assembled into microtubules in
the presence (lanes 1 and 2) or absence (lanes 3 and 4) of paclitaxel
(taxol) and GTP. Subsequently, in vitro translated 33S-labelled
mHDAC6 was added and binding was allowed to proceed.
Microtubules were then pelleted by centrifugation. The proteins present
in the pellet (lanes 1 and 3) and supernatant (lanes 2 and 4) fractions
were analysed by SDS-PAGE, and the presence of HDAC-6 was
detected by fluorography.

1169



Y.Zhang et al.

yeast two-hybrid screen (Fields and Song, 1989; Gyuris
et al., 1993) and prepared a LexA-HDAC-6 fusion
protein, which was used as bait for screening an activation
domain-tagged cDNA library derived from the human
HeLa cell line. For the screen, we used either wild-type
HDAC-6 or a version of this protein in which the histidine
at positions 216 and 611 in each hdac domain had been
mutated to alanine (HDAC-6-H216A/H611A). We rea-
soned that this double mutation might lead to stabilization
of the HDAC—substrate interaction (Finnin ef al., 1999)
and thus might be advantageous for the identification of
specific interactors. In transient transfection assays, these
mutations in both hdac domains reduced the repression
activity observed upon artificial recruitment of HDAC-6 to
the promoter of a reporter plasmid, indicating that the
enzyme is functionally inactivated (data not shown). From
a screen of ~2 X 10° colonies, 11 cDNA clones were
identified that allowed growth of the yeast strain on
selective medium. Four of these cDNAs were found to be
multiple isolates of B-tubulin 2 or of its C-terminal portion
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Fig. 2. HDAC-6 interacts with B-tubulin via its HDAC domains.
(A) Schematic representation of the N-terminally HA-tagged HDAC-6
deletion constructs used. (B) Co-immunoprecipitation assay. 293T cells
were transfected with the HDAC-6 expression vectors (lanes 2—-8), and
cellular extracts were prepared. HDAC-6 expression was measured by
western blot with the anti-HA antibody (left panel). Association with
B-tubulin was measured by performing an immunoprecipitation with an
anti-B-tubulin antibody, followed by analysis of the precipitate by
western blotting with the anti-HA antibody (right panel). (C) 293T
cells were transfected with Flag-tagged HDAC-6 constructs and cell
extracts were subjected to immunoprecipitation by anti-B-tubulin
antibody. In the mutants proteins, the histidine at position 216 or 611
were mutated to alanine. d. m., double mutant protein.
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(amino acids 323-446). However, in this assay, B-tubulin
was found to interact equally with the wild-type or the
mutated HDAC-6 bait (data not shown and see below). In
addition, several clones encoding ubiquitin were also
isolated in this screen, confirming recent results
(Seigneurin-Berny er al., 2001). When retransformed
into the parental yeast strain, containing the LexA-
HDAC-6 fusion, these tubulin cDNAs all allowed growth
on selective medium and also efficiently stimulated
expression of a LexA-lacZ reporter in an HDAC-6-
dependent manner (data not shown).

To test whether HDAC-6 and B-tubulin can also interact
in mammalian cells, a co-immunoprecipitation assay
was performed. First, cell extracts were prepared from
NIH-3T3 cells and were immunoprecipitated with an
antibody against HDAC-6 (Verdel et al., 2000). The
precipitated material was separated by SDS-PAGE and
the presence of tubulin was detected by western blotting
with specific antibodies. As shown in Figure 1A, im-
munoprecipitation of HDAC-6 led to co-precipitation of
B-tubulin and also of o-tubulin (lanes 2-4). Notably,
treatment of the cells with increasing amounts of
trichostatin A (TSA), a specific HDAC inhibitor, did not
influence the interaction between HDAC-6 and tubulin
(Figure 1A, lanes 3 and 4). Next, HEK 293T cells were
transfected with a construct encoding an HDAC-6 protein
tagged at the N-terminus with the haemagglutinin (HA)
epitope. Subsequently, cell extracts were prepared and
immunoprecipitated with antibodies against - (Figure 1B,
lanes 1 and 2) or a-tubulin (Figure 1B, lanes 3 and 4). In
each case, HDAC-6 was found to co-immunoprecipitate
with tubulin (Figure 1B, lanes 2 and 4). When [B-tubulin
was immunoprecipitated with antibody TU2.1, only
HDAC-6, but not a-tubulin, was found in the precipitate
(lane 2), indicating that this antibody disrupts the o/
B-tubulin heterodimer. In contrast, immunoprecipitation of
o-tubulin with antibody DM1A led to co-immunopre-
cipitation of HDAC-6 and also B-tubulin (lane 4). These
observations suggest that the interaction between a-tubu-
lin and HDAC-6 might be mediated by B-tubulin.

HDAC-6 interacts with purified tubulin and
microtubules in vitro

To test whether HDAC-6 interacts with tubulins directly,
we used in vitro translated, radioactively labelled HDAC-6
and purified bovine tubulins for an in vitro interaction
assay. For this, tubulin was pre-incubated with HDAC-6
and subsequently immunoprecipitated with an anti-
B-tubulin antibody. The co-precipitation of HDAC-6 was
detected by fluorography. As shown in Figure 1C,
HDAC-6 bound purified tubulin (lane 2), whereas in the
sample immunoprecipitated with a control antibody
(lane 3), no HDAC-6 was detected.

Next, to test whether interaction could also be observed
with the polymerized form of tubulin, microtubules were
purified from NIH-3T3 cells (Tian et al., 2000) and the
pellet fraction, which contains microtubules and their
associated proteins (MAPs), was tested for the presence of
HDAC-6. As seen in Figure 1D, HDAC-6 was found to
associate with the polymerized microtubules (lane 2). In
contrast, actin, a common potential contaminant, was not
present in the pellet, showing the specificity of the MAP
purification and therefore of the HDAC-6 interaction
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Fig. 3. Partial co-localization of HDAC-6 and microtubules in NIH-3T3 cells. (A-F) Exponentially growing NIH-3T3 cells were fixed with cold
methanol and double-stained for endogenous HDAC-6 (green) and B-tubulin (red). Analysis was performed by confocal microscopy, and individual
stainings were merged digitally. In (G-I), cells were treated with 10 uM paclitaxel for 4 h to stabilize microtubules, and HDAC-6 and tubulin were
immunolocalized as above. In (J-R), mitotic cells were examined: (J-L) metaphase; (M—QO) anaphase; (P-R) telophase.

with tubulin. When GTP and the microtubules stabilizer
paclitaxel (taxol) were omitted from the purification, no
HDAC-6 was found in the pellet (lane 4), further
demonstrating that the interaction is specific.

Finally, microtubules were assembled in vitro from
purified dimeric tubulin, and radiolabelled HDAC-6 was
added to the reaction mixture. Subsequently, polymerized
microtubules were separated from tubulin by centrifuga-
tion. Again, HDAC-6 was found in the pellet fraction only
when microtubules were stabilized by the addition of
paclitaxel (Figure 1E, lane 1). Thus, HDAC-6 appears to
interact with B-tubulin and also with microtubules.

Domain(s) of HDAC-6 required for interaction

with S-tubulin

To define which domain(s) in HDAC-6 is required for
interaction with B-tubulin, a series of HA-tagged HDAC-6
deletion mutants (Figure 2A; Seigneurin-Berny et al.,
2001) were transfected into HEK 293T cells and associ-
ation with tubulin was detected by a co-immunoprecipita-
tion assay, as in Figure 1B. As shown in Figure 2B, the
full-length protein (lane 2) and deletion mutants contain-
ing at least one hdac domain (lanes 3, 5, 7 and 8) were
highly enriched in immunoprecipitates. In contrast, neither
the N- nor the C-terminal portion of HDAC-6, which lack
a hdac domain, was co-precipitated. These results dem-
onstrate that the hdac domain is both necessary and
sufficient for tubulin binding.

We then made use of HDAC-6 mutants that have point
mutations in either or both of the hdac domains (Grozinger
et al., 1999). Interestingly, both the single and double
mutants could be co-precipitated as efficiently as the wild-
type enzyme (Figure 2C). This indicates that the binding
between HDAC-6 and B-tubulin, while being mediated by
the hdac domain, does not depend on its catalytically
active centre.

Partial co-localization between HDAC-6 and
microtubules in NIH-3T3 cells

The biochemical interaction between HDAC-6 and
B-tubulin or microtubules prompted us to test whether
some HDAC-6 co-localizes in mammalian cells with the
microtubule network. For this, NIH-3T3 cells were fixed
and microtubules as well as HDAC-6 were revealed by
immunostaining followed by confocal microscopy. As
seen in Figure 3A-F, HDAC-6 shows a predominantly
cytoplasmic distribution with a distinct punctuated pattern
and an accumulation in particular around the nucleus, in
agreement with earlier reports (Verdel et al., 2000). This
distribution partly coincides with the microtubule network
and, when examined at high magnification, a fraction of
the microtubules appear decorated by HDAC-6 (Figure
3D-F). Furthermore, treatment of the cells with the
microtubule stabilizing agent paclitaxel (taxol) led to re-
organization of the microtubules and to concomitant
changes in the distribution of HDAC-6 (Figure 3G-I). In
contrast, the localization of HDAC-6 remained unaffected
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in cells treated with latrunculin B, a drug inducing the
disassembly of the actin cytoskeleton (data not shown).
This pattern of HDAC-6 localization strongly suggests that
a major and perhaps primary role of this deacetylase is
associated with the microtubule network and not with the
control of histone acetylation. We next examined the
localization of HDAC-6 during cell mitosis and found that
it does not co-localize with DNA (see Supplementary
figure S1 available at The EMBO Journal Online) but with
the mitotic spindle in metaphase (Figure 3J-L) and also
with y-tubulin, a centrosomal marker (Supplementary
figure S1). Interestingly, during cytokinesis, HDAC-6 is
enriched in the centre of the midbody (Figure 3M-R).
Together, these data suggest that HDAC-6 might play a
role in mitosis by affecting microtubules.

HDAC-6 inhibition leads to increased tubulin
acetylation in mammalian cells

The cytoplasmic localization of HDAC-6 together with its
interaction with microtubules suggested the possibility
that this protein might deacetylate tubulin and/or micro-
tubules. To examine this, we first treated cells with the
deacetylase inhibitors TSA, which inhibits all known
HDAC:S, or sodium butyrate, which inhibits HDACs with
the exception of HDAC-6 (Guardiola and Yao, 2002). Cell
lysates were then prepared and used to measure the level of
tubulin acetylation with an antibody that specifically
recognizes acetylated tubulin, TU6-11 (LeDizet and
Piperno, 1991). As shown in Figure 4A, treatment of
293T or NIH-3T3 cells with TSA led to an increase in
tubulin acetylation, already after 30 min. In contrast,
treatment of the cells with sodium butyrate failed to
influence the level of tubulin acetylation, suggesting that
HDAC-6 might indeed be involved. The total amount of
o-tubulin, measured by antibody DM1A, was found to be
unaffected by either inhibitor. Histone acetylation was,
as expected, increased significantly by both inhibitors
(Supplementary figure S2). In agreement with these
observations, immunostaining of cells treated with TSA
showed a strong increase in tubulin acetylation, whereas
trapoxin B (TPX) or butyrate did not change the level of
tubulin acetylation (Figure 4B). To demonstrate a link
between HDAC-6 expression and tubulin deacetylation
more directly, 3T3 cells were transiently transfected with
expression vectors encoding different HDAC-6 proteins,
and tubulin acetylation was monitored by immunostaining.
As shown in Figure 4C, in cells transfected with wild-type
HDAC-6, tubulin acetylation became undetectable, while
it was clearly visible in untransfected cells. In contrast,
expression of the different HDAC-6 mutants failed to alter
tubulin acetylation. Interestingly, mutants that encode a
single hdac domain (e.g. N + DD1) and had been found to
still interact well with B-tubulin (see Figure 2) also failed
to deacetylate tubulin. This suggests that HDAC-6
enzymatic activity requires the presence of two intact
hdac domains (see also below).

HDAC-6 deacetylates o-tubulin Lys40 in vitro

Although treatment of cells with TSA led to a rapid
increase in tubulin acetylation (see Figure 4A), the data
presented so far do not demonstrate unambiguously a
direct involvement of HDAC-6 in tubulin deacetylation.
To test this, an in vitro deacetylation assay was used. For
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this, two peptides corresponding to amino acids 33—46 of
human o-tubulin were synthesized with or without
acetylation of the lysine residue at position 40. As
shown in Figure 5 (1a—c), a mixture of the two synthetic
peptides could be well resolved by HPLC and mass
spectrometric analysis. Additional peptide fragmentation
allowed unambiguous identification of the peptides even
in a complex mixture (1b and Ic). The acetylated peptide
was next used for an in vitro deacetylation assay
performed with HDAC-6 protein. As shown in Figure 5
(2a and b), incubation of the acetylated peptide with
HDAC-6 led to efficient peptide deacetylation. For this,
the hdac domains were necessary, as the HDAC-6 protein
mutated in both hdac domains (HDAC-6-H216A/H611A)
completely failed to deacetylate the peptide (3a and b).
Likewise, the mock-transfected cell extracts did not show
any tubulin deacetylase activity (data not shown). To
obtain more quantitative results, a radioactive assay was
used. HDAC-1,- 5 and -6, as well as mutated versions of
the latter protein were used to deacetylate in vitro a
radioactively acetylated peptide derived from o-tubulin.
As shown in Figure 6A, HDAC-6, but not HDAC-1 or
HDAC-5, efficiently deacetylated the peptide. In addition,
the HDAC-6 proteins with mutations in the hdac domains
were found to be completely inactive. In contrast, when an
acetylated peptide derived from histone H4 was used, all
proteins except the mutated versions of HDAC-6 and
HDAC-5 were capable of efficient deacetylation, in
agreement with earlier results (Supplementary figure S3).
Similarly to histone deacetylation activity, tubulin deace-
tylation by HDAC6 was sensitive to TSA but not to either
TPX or butyrate (Figure 6B). Furthermore, the deletion
constructs from Figure 2 were assayed for TDAC activity
(Figure 6C). Consistent with our previous in vivo data
(Figure 4C), only the full-length wild-type HDAC-6 could
deacetylate tubulin, whereas the deletions were not active
for tubulin deacetylation even if they contained an intact
hdac domain and still bound tubulin.

HDAC-6 controls tubulin acetylation in vivo

To test directly the role of HDAC-6 in the control of
tubulin acetylation in vivo, we made use of mouse ES cells
in which the HDAC-6 gene is flanked by lox P sites. These
cells are derived from line E14, which has a male
genotype. Since the HDAC-6 gene is on the X chromo-
some, treatment of a targeted ES cell clone with Cre
recombinase would lead to a knockout allele. Therefore, a
targeted ES cell clone, in which exons 7-10 in the first
hdac domain are flanked by loxP sites and contain a floxed
NeoR TK cassette (see Figure 7A; details to be published
elsewhere) was used for transient transfection of a Cre
recombinase expression vector. After selection against
thymidine kinase (tk) resistance, clone 126 was identified
as a floxed clone having the tk-Neo cassette deleted but
retaining all HDAC-6 exons, while clone 124 was found to
be knockout (Figure 7A and B). Cells from these two
clones were used to examine the status of tubulin and
histone acetylation in vivo. Cells were grown under non-
differentiating conditions and cell extracts were examined
by western blotting. As seen in Figure 7C, the knockout
cells indeed completely lack HDAC-6 protein, but have
normal levels of HDAC-5 or B-catenin. The absence
of HDAC-6 resulted in elevated o-tubulin acetylation
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Fig. 4. Pharmacological inhibition of HDAC-6 activity leads to
increased tubulin acetylation in vivo. (A) Exponentially growing 293T
or NIH-3T3 cells were treated for 30 min, 1 h or 4 h with different
concentrations of the HDAC inhibitors TSA or sodium butyrate, as
indicated. Cell extracts were prepared and analysed by SDS-PAGE
followed by western blotting. The membranes were probed with anti-
bodies recognizing o-tubulin, either indiscriminately (DM1A) or only
when acetylated (TU6-11). (B) NIH-3T3 cells were treated for 4 h with
the indicated chemicals and then fixed. Immunostaining was used to vi-
sualize the level of HDAC-6 (green) and of tubulin acetylation (red).
(C) Balb/c 3T3 cells were transfected with the indicated expression
vectors encoding HDAC-6 proteins tagged at the N-terminus with the
HA epitope. Expression of HDAC-6 deletions was monitored with an
anti-HA antibody (red), and the state of tubulin acetylation was
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mixture. The deacetylated TU peptide formed had a mass of 1376.6 Da as shown in (2b). The specific fragment ions y10 and b10 are indicated and
explained in the inset of (2b). (3a) Analysis of the products of the incubation of the acetylated peptide with the doubly mutated protein
HDAC-6-H216A/H611A shows only the acetylated peptide. This peptide had a mass of 1418.5 Da, and the two specific fragment ions y10 and b10

could be detected again (3b).

without change in the protein level of o~ or B-tubulin.
Strikingly, the global acetylation level of histone H3 or H4
did not appear to be affected by the complete absence of
this HDAC. Furthermore, the increase in tubulin acetyl-
ation was confirmed further by immunostaining of the ES
cells (Figure 7D). Wild-type or HDAC-6-deficient ES
cells did not show any obvious morphological difference
and both could differentiate in vitro equally well into
embryoid bodies (Supplementary figure S4), indicating
that in ES cells at least, HDAC-6 is not essential. In
culture, the ES cells lacking HDAC-6 proliferated
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marginally more slowly than the floxed cells (Figure 7E),
and in a colony formation assay they formed equivalent
numbers of colonies, which were, however, somewhat
smaller than those from the control cells (Figure 7F).

Discussion

HDAC-6 is a tubulin deacetylase

Post-translational modifications play a critical role in the
regulation of protein structure and function. In particular,
phosphorylation/dephosphorylation by protein kinases and
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phosphatases form the mechanistic basis for signal
transduction cascades transmitting signals from the cell
membrane to the nucleus. So far, protein acetylation/
deacetylation has been discovered predominantly in
histone tails and thereby implicated in regulation of
chromatin structure and gene transcription. However, the
list of non-histone proteins that are acetylated is growing
continually, and there the role of aceytylation awaits to be
understood. In this report, we have identified B-tubulin as a
protein interacting specifically with HDAC-6. We found
that, within HDAC-6, the hdac domains are necessary and
sufficient for interaction with the C-terminal portion of
B-tubulin. HDAC-6 was known to be a predominantly
cytoplasmic protein (Verdel et al., 2000) and, by
immunostaining of cells, we observed some co-localiza-
tion of HDAC-6 with the microtubule network.
Furthermore, treatment of cells with agents stabilizing
(taxol) or disrupting (nocodazole; data not shown)
microtubules led to significant redistribution of
HDAC-6, indicating that association of these two proteins
is not fortuitous. In contrast, disruption of the actin
microfilament network by latrunculin B had no effect on
the localization of HDAC-6 (data not shown). We found
that treatment of cells with the HDAC inhibitor TSA led to
an increase in tubulin acetylation, detectable both in cell
extracts and by immunostaining of cells. In contrast,
HDAC inhibitors such as TPX and sodium butyrate, which
are known not to affect HDAC-6 activity, failed to alter
the pattern of tubulin acetylation in cells. Furthermore,
transient expression of HDAC-6 was found to reduce
dramatically the level of tubulin acetylation in 3T3 cells.
For this, the presence of both hdac domains was needed.
By in vitro experiments, we could show that HDAC-6, but
not HDAC-1 or HDAC-5, deacetylates Lys40 of o-tubu-
lin. Finally, we took advantage of ES cells in which the
HDAC-6 gene had been disrupted by gene targeting. In
these cells, which completely lack HDAC-6, tubulin
acetylation was found to be dramatically increased while
global acetylation of histone H3 and H4 was unaffected. In
addition, in vivo, during development and differentiation
of the mouse mammary gland, expression of HDAC-6
showed an inverse pattern to that of acetyl-tubulin (N.Li,
unpublished result). Together, these data suggest that the
primary function of HDAC-6 is to deacetylate o-tubulin,
and thereby to influence the stability of the microtubule
network. Consistent with this, Hubbert ez al. (2002) very
recently found that 3T3 cells stably overexpressing
HDAC-6 have an increased motility, probably due to the
deacetylation of microtubules. The denomination HDAC
therefore appears to be a misnomer that merely reflects the
initial identification of HDAC-6 through its homology
with ‘true’ HDACs such as HDAC-1.

Mechanism of deacetylation by HDAC-6

The interaction between HDAC-6 and B-tubulin might be
used as one way of regulating the substrate specificity of
HDAC-6. By binding to B-tubulin, HDAC-6 is recruited to
either tubulin dimers or microtubules and can deacetylate
Lys40 of o-tubulin. The binding between HDAC-6 and
tubulin can be uncoupled from the deacetylation reaction
since a point mutation in the active centre abolished the
enzymatic activity but did not impair the interaction with
B-tubulin. Recently a conserved ER (Esal-Rpd3) motif
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allele; in this case, exons 7-10 of HDAC-6 are removed and no functional HDAC-6 is made. (B) Southern blot analysis of DNA from a floxed ES cell
clone (No. 126) as well as from a knockout clone (No. 124). The position of the floxed or knockout allele is indicated. (C) Analysis of protein
expression in floxed or knockout ES cells. Protein extracts were prepared from ES cell clones No. 126 and 124 and analysed by SDS-PAGE followed
by western blotting with the indicated antibodies. (D) Immunostaining of HDAC-6 (green) and acetylated tubulin (red) in floxed or knockout ES cells,
as indicated. (E) Growth curves of HDAC-6 floxed and knockout ES cell lines. Equal numbers of cells (1 X 10°) were seeded in triplicate and aliquots
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seeded and cultivated for 8 days in triplicate. Cells were then fixed and stained with Methylene Blue. One representative plate of each genotype is
shown.

was identified near the active centre of the hdac domain The catalytic mechanism for the hdac domain has been

and also in the HAT domain (Adachi et al., 2002).
Mutation and structure analysis of this motif in both Esal
and Rpd3 suggested that it might be involved in the
process of substrate (histone) binding. Our observations
also suggest that the tubulin recognition domain is distinct
from the active centre of HDAC-6. Further detailed
mutational analysis of the hdac domain will be required
to verify this hypothesis.
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proposed by Finnin et al. (1999) after resolving the
structure of an HDAC core domain from a hyperthermo-
philic bacterium. Except for HDAC-6 and HDAC-10, all
HDAC:Ss have only one catalytic domain and are inhibited
similarly by, for example, TSA and TPX. In contrast,
HDAC-6 has two catalytic domains and HDAC-10 has one
complete and one incomplete catalytic domain (Fischer
et al., 2002; Guardiola and Yao, 2002; Tong et al., 2002).



Both of these enzymes are resistant to inhibition by TPX
and sodium butyrate. Here we found that in vitro and
in vivo deacetylation of tubulin or histone by HDAC-6
requires the presence of two intact hdac domains. A single
mutation in one hdac domain was sufficient to eliminate
the entire activity, irrespective of the substrate. In vivo, the
deacetylases often are found in large repression complexes
in heterodimer or homodimer forms. This suggests that
in vivo, the active deacetylase complexes may need more
than one hdac domain, and mutation in one of the hdac
domains may be sufficient to impair the activity of the
whole complex. Additional experiments will be needed to
test this hypothesis further.

HDAC-6, a dual- or multi-specificity deacetylase?
HDAC-6 was identified by searching for mammalian
homologues of yeast histone deacetylase HDALI
(Grozinger et al., 1999; Verdel and Khochbin, 1999). In
vitro, HDAC-6 acts, as shown here, on a tubulin peptide
and also on microtubules (Hubbert et al., 2002) as well as
on a histone H4-derived peptide substrate (Supplementary
figure S3) or on purified core histones (Grozinger et al.,
1999). Although in HDAC-6-deficient ES cells the
acetylation of histone H3 and H4 did not change signifi-
cantly (Figure 7), it cannot be ruled out that in certain cell
types, or possibly in response to specific signals, HDAC-6
participates in deacetylating histones, and potentially other
nuclear proteins, in vivo. We observed that, in transient
transfection assays, artificial recruitment of HDAC-6 to
promoter DNA represses the transcription of reporter
plasmids, suggesting that the presence of HDAC-6 in the
nucleus does have an impact on gene activity (data not
shown). In addition, Verdel et al. (2000) showed that the
subcellular localization of HDAC-6 is controlled by
specific signals. A potent nuclear export signal at the
N-terminus is essential for maintaining HDAC-6 in the
cytoplasm: block of CRM1 activity by leptomycin B led to
redistribution and nuclear localization of HDAC-6. Also,
arrest of proliferation and subsequent differentiation of a
mouse melanoma cell line was found to be associated with
translocation of a fraction of the HDAC-6 protein into the
nucleus (Verdel et al., 2000). Other class II HDACs also
shuttle in and out of the nucleus to deacetylate histones,
and their subcellular distribution is influenced in part
by their interaction with 14-3-3 proteins (Grozinger and
Schreiber, 2000; McKinsey et al., 2000b). Thus, the
substrate specificity of HDAC-6 may be controlled at
several levels: first, regulated subcellular localization
determines the availability or unavailability of the poten-
tial targets; secondly, targeting to the substrate (tubulin) is
achieved by selective interaction with the hdac domain;
and finally, the active centre provides the direct substrate
specificity.

HDAC-6 is not essential in ES cells

Here, we found that disruption of the HDAC-6 gene did
not obviously alter the morphology of ES cells (data not
shown). Yet, proliferation of HDAC-6-deficient ES cells
was slightly slower than control cells, at least under the
non-differentiating culture conditions used. Moreover, the
ES cells lacking HDAC-6 could differentiate in vitro
into embryoid bodies as efficiently as wild-type cells.
Interestingly, when tested in a colony formation assay,

In vivo deacetylation of microtubules by HDAC-6

knockout ES cells formed similar numbers of colonies,
which, however, were smaller than colonies from wild-
type cells (Figure 7F); at present, it is not clear whether
this is a direct consequence of the tubulin hyperacetyl-
ation. In the case of HDAC-1-deficient ES cells, it was also
found that in vitro differentiation was normal. However, in
this case, proliferation was significantly impaired and this
was correlated with an increase in expression of the cyclin-
dependent kinase inhibitors p21 and p27 (Lagger et al.,
2002). Also, acetylation of histone H3 and H4 was
elevated in the mutant cells. In addition, HDAC-1 was
found to be essential for early embryonic development:
mutant embryos die before E10.5, probably as a conse-
quence of the proliferation defect. Clearly, definition of the
precise biological role(s) of the different HDACs in higher
eukaryotes will require analysis of their function by gene
targeting in the mouse, and these experiments are in
progress.

The dramatically increased level of tubulin acetylation
in HDAC-6-deficient ES cells, without a major observable
phenotype, raises the question of the in vivo role of
acetylated microtubules and of the contribution of the
tubulin deacetylase/acetylase to cell function. Acetylated
tubulin is not required for cell survival since it is missing
from some eukaryotic cells even though the Lys40 in
o-tubulin is highly conserved. Moreover, attempts have
been made to determine the in vivo function of acetyl-
ated tubulin by either dominantly overexpressing, in
Chlamydomonas, a tubulin mutant in which Lys40 was
replaced by another amino acid (Kozminski et al., 1993),
or by exchanging, in Tetrahymena thermophila, the wild-
type tubulin gene with a mutated version (Gaertig et al.,
1995). In both cases, the mutants had no detectable tubulin
acetylation but were indistinguishable from the wild-type
cells. Preliminary experiments suggested that in 3T3 cells
overexpressing HDAC-6, taxol still could stabilize the
microtubule structure in the absence of tubulin acetylation
(C.Caron, unpublished results). These data suggest
that tubulin acetylation might be redundant for those
organisms or that it is an effect secondary to tubulin
stabilization. Clearly, important questions remain open
about the role of tubulin acetylation in multicellular
organisms.

Non-histone substrates as targets of

HDAC inhibitors

HDAC inhibitors have been shown to be potent inducers of
growth arrest, differentiation and apoptotic cell death of
transformed cells in vitro and in vivo. The overexpression
of several HDACs and the HDAC-dependent aberrant
transcriptional repression of tumour suppressor genes have
been implicated as an important oncogenic mechanism in
different types of cancers such as myeloid leukaemia and
lymphoma (Melnick and Licht, 2002). Recent genome-
wide studies in yeast have demonstrated that each HDAC
has a distinct specificity, both on the histone tails and in the
chromatin context (Peterson, 2002). In addition, the
finding that HDACs also have non-histone substrates,
e.g. tubulin, as shown here and by Hubbert et al. (2002),
suggests that some of the effects ascribed to HDAC
inhibition may reflect the function of these newly identi-
fied substrates. Therefore, it will be desirable to develop
inhibitors that are HDAC specific and possibly also
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substrate specific. Tubulin-binding agents constitute an
important class of antimitotics and are widely used for the
treatment of solid tumours and haematopoietic malignan-
cies. For example, docetaxel and paclitaxel act to promote
tubulin polymerization and the formation of stable
microtubules, which are resistant to disassembly by
physiological stimuli: cells exposed to these agents exhibit
an accumulation of disorganized microtubule arrays.
Since, as shown here, inhibition of HDAC-6 leads to
tubulin hyperacetylation, which is a marker for stable
microtubules, it might be very interesting to investigate the
collaboration of these two different kinds of chemicals.

Materials and methods

Co-immunoprecipitation

For co-immunoprecipitation, ~500 pg of extracts from either NIH-3T3
cells or HEK 293T cells transfected by Fugene (Roche) were incubated
overnight with the primary antibody at 4°C with gentle agitation. Rabbit
IgG or mouse IgG was used as control. After this, 20 ul of protein
A-Sepharose slurry were added and samples were incubated for 1 h at
4°C with gentle agitation. Beads were washed three times with IP buffer
(20 mM HEPES pH 7.4, 0.5 mM EDTA, 150 mM NaCl and 0.1% Triton
X-100) and subsequently resuspended and boiled in 20 pl of loading
buffer for SDS-PAGE.

Immunofluoresence and immunoblotting

For tubulin and HDAC-6 staining, cells were fixed in methanol at —20°C
for 10 min and stained with mHDAC-6 polyclonal antibody (Verdel et al.,
2000), TU2.1 for o-tubulin or TU6-11 for acetylated tubulin (Sigma). The
DNA was counterstained by propidium iodide (PI) or 4’,6-diamidino-2-
phenylindole (DAPI).

Protein lysates were resolved by electrophoresis on 8 or 12%
SDS—polyacrylamide gels and subsequently blotted to nitrocellulose
membranes (Bio-Rad). Antibodies used were: TU2.1, TU6-11, Flag-M2
and DMI1A (Sigma), mHDAC-5 and mHDAC-6 (Verdel et al., 2000),
acetylated H3 and acetylated H4 (Upstate).

Translation in vitro and binding assay

Mouse HDAC-6 was translated in vitro by using plasmid pcDNA3.1-HA-
mHDAC-6 F1 (Seigneurin-Berny et al., 2001) and the TNT T7 Coupled
Reticulocyte Lysate system (Promega). [*>S]methionine was included to
label translated protein. For the binding assay, 5 pl of the final translation
reaction mixture was incubated with 5 ng of purified bovine tubulins
(Cytoskeleton Inc., Denver, CO) in PIPES buffer [80 mM PIPES pH 6.8,
1 mM MgCl,, | mM EGTA, 1 mM dithiothreitol (DTT), 5% glycerol, 1%
Triton X-100] at 4°C for 4 h. Tubulins were then immunoprecipitated
with anti-B-tubulin antibody TU2.1 (Sigma). Fluorography of S was
performed to detect co-precipitated HDAC-6.

Microtubules and MAP preparation

Microtubules were assembled and purified from NIH-3T3 cells as
described previously (Tian et al., 2000). Briefly, NIH3-T3 cells were
swollen in 9 vols of ice-cold swelling solution and homogenized in 2 vols
of swelling solution containing Complete® proteinase inhibitor mixture
(Roche). After adding PIPES pH 6.8 to 0.1 M, the homogenate was
centrifuged in a TLS-55 rotor (Beckman) at 50 000 r.p.m. for 90 min at
2°C. Paclitaxel and GTP were added to the supernatant at a final
concentration of 20 uM and 0.5 mM, respectively. The cytosolic extract
was warmed briefly to 37°C (3—-5 min) and then chilled for 15 min on
ice. The cytosolic extract was transferred to a chilled centrifuge tube
underlaid with ice-cold PEG buffer containing 10% (w/v) sucrose, 20 uM
paclitaxel, and 0.5 mM GTP. Microtubules were pelleted through the
sucrose cushion by centrifugation at 29 000 r.p.m. in a TLS-55 rotor for
30 min at 2°C. Microtuble proteins were washed once by PEG buffer with
paclitaxel and GTP, and analysed by SDS-PAGE and immunoblotting.

In vitro microtubule binding assays

Taxol-stabilized microtubules were assembled from dimeric tubulin
(Cytoskeleton Inc.) in G-PEM buffer (80 mM PIPES pH 6.8, 1 mM
MgCl,, | mM EGTA and 1 mM GTP) as instructed by the manufacturer.
The microtubule binding experiments were performed as described (Tian
et al., 2000). Briefly, 50 pl of in vitro translated, [*>S]methionine-labelled
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mouse HDAC-6 were diluted in 200 pl of PB (80 mM K-PIPES pH 6.9,
1 mM EGTA, 1 mM MgCl,) containing Complete® proteinase inhibitor
mixture (Roche). The mixture was spun at 50 000 g for 1 h at 4°C in a
TLS-55 rotor. A 100 pl aliquot of supernatant was incubated with or
without 50 pg of microtubules for 30 min at 37°C in the presence of
10 uM paclitaxel and 1 mM GTP. The microtubule and mHDAC-6
mixtures were layered over 2.5 ml of 15% sucrose in PB buffer in the
presence of 10 uM paclitaxel and 1 mM GTP, and spun for 30 min at
30000 g. Both supernatants (above the sucrose) and pellets were analysed
for the presence of mHDAC-6 by autoradiography. The gels were then
stained with Coomassie Blue to confirm that an equal amount of
microtubules was loaded on the gel in each sample.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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